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Objective: The objective of this study was to evaluate the interplay effects in proton-based stereotactic body radiotherapy (SBRT) using 4D robust optimization combined with iso-energy layer repainting techniques for non-small cell lung cancer (NSCLC).

Materials and Methods: Twelve patients with early-stage NSCLC who underwent 4DCT were retrospectively selected. A robust CTV-based 4D plan was generated for each based on commercial Treatment planning system (TPS), considering patient setup errors, range uncertainties, and organ motion. The 4D static dose (4DSD) and 4D dynamic dose (4DDD) were calculated using a hybrid deformable algorithm and simulated proton delivery system. An index [image: image] was developed to quantitatively evaluate the interplay effects. The interplay effects of the 4D robust plan and multiple iso-energy layers (3, 4, 5, 6, and 7) of the robust repainting 4D plan were calculated based on [image: image] to select the optimal times for layer repainting.

Results: Due to the interplay effects, the mean target values D2 and D5 increased to 1.28 and 1.01%, and the target values D98 and D95 decreased to 2.01 and 1.77%, respectively, for the 4D Robust SBRT plan. After multiple iso-energy repainting times, the interplay effects of the target values D98 and D95 tended to migrate, from 2.01 to 0.92% in target value D98 and from 1.77 to 0.89% in target value D95, respectively. Moreover, a positive linear correlation was observed between the optimal interplay effect mitigation and target range of motion.

Conclusion: In proton-based 4D Robust SBRT, the interplay effects degraded the target dose distribution but were mitigated using iso-energy layer repainting techniques. However, there was no significant correlation between the number of repainting layers and improvements in the dose distributions. The optimal layer repainting times based on the interplay effect index were ascertained according to the patient characteristics.
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INTRODUCTION

Proton spot scanning-based stereotactic body radiotherapy (SBRT) has been shown to outperform photon-based SBRT in patients with early-stage non-small cell lung cancer (NSCLC). Proton has a superior Bragg peak increasing the dose delivered to tumors and sparing healthy organs, such as the lungs, esophagus, and spinal cord (1, 2). However, patient setup errors and range and target motion uncertainties must be addressed to make full use of the advantages of proton-based SBRT for lung cancer (3).

The motion of lung tumors has been evaluated based on 4DCT imaging. Most lung tumors have limited motion, less than 5 mm, especially in locally advanced NSCLC (4). Patient setup and range uncertainties are the primary factors to consider during IMPT planning. In early-stage NSCLC, approximately 50% of lung tumors move more than 5 mm and some even move more than 2 cm in the superior–inferior direction (5), where interplay effects caused by the interference between the beam spot and intra-fractional respiratory motion is dominant and should be taken into account. Otherwise, the quality of the dose distribution can be severely degraded. The effects should be minimized as much as possible. Robust optimization combining with 4DCT imaging (4DRP) (6, 7) mitigates the interplay effects. The appropriate repainting strategy (8, 9) can also manage the interplay effects. However, there are few clinical reports on the effectiveness of combining 4DRP and repainting with proton-based SBRT for IMPT in patients with early-stage NSCLC. Moreover, an interplay index for quantitative evaluation is needed to assess the effectiveness of combining 4DRP and repainting. The interplay effects can be estimated by calculating the single-fraction 4D static dose (4DSD) and single-fraction 4D dynamic dose (4DDD) based on 4DCT images (10, 11). The 4DSD is calculated based on the assumption that the tumor moves in 4DCT images without considering the delivery system’s time dependence. The 4DDD is calculated by taking into account the delivery system’s time dependence. However, this method is not very intuitive and cannot provide changes in the target volume or organs at risk (OARs), such as target conformity, homogeneity, and OAR volume dosimetry.

In the current study, a 4D Robust plan was generated for selected patients. The interplay effects were quantitatively evaluated using a target index and OAR index. A multiple iso-energy layer repainting strategy was also used to further mitigate the interplay effects to explore the optimal mitigation outcomes.



MATERIALS AND METHODS


Patient Characteristics

A total of 12 patients with early-stage (IA/IB) NSCLC were selected for this study, which was approved by the local institutional research review board. The clinical target volumes (CTVs) were contoured by the attending radiation oncologists at each 4DCT phase. The internal target volumes (ITVs) were created by encompassing the extent of 10 CTV motions in 10 4DCT phases. The patients’ information is summarized in Table 1. The inclusion criteria were as follows: (i) the tumor was small with no distant metastasis, each <5 cm in diameter, (ii) the patients’ body surface was more than 4 cm away from the tumor and did not require the use of a range shifter, and (iii) the patients underwent specialized respiratory training to maintain a stable respiratory cycle for approximately 3–5 s.


TABLE 1. Summary of patient characteristics including tumor location, size, and motion range.

[image: Table 1]


Target Range of Motion

The target range of motion was obtained by calculating the maximum deformation vector lengths (DVLs) in the target area (9, 12). The maximum inhale phase T0 and maximum exhale phase T50 were used for deformable image registration (DIR) (13) to obtain the DVL. The DIR algorithm was developed by RaySearch and performs well in lung applications (14). Voxels in the CTVs were selected and the target range of motion was calculated according to the DVL formula:

[image: image]

where xT0,i−xT50,i,yT0,i−yT50,ii,zT0,i−zT50,i are the components in voxel i of the deformation vector field between the T0 and T50 phase images in the 4DCT images.



4D Robust Treatment Planning


Spot Scanning SBRT

Pencil beam scanning proton plans were generated for the patients via RayStation (RaySearch Laboratories, Version 6.1 sp1, Stockholm, Sweden) using proton energies between 70 and 225 MeV with beam data from a typical pencil beam scanning dedicated nozzle manufactured by IBA (Ion Beam Applications S.A., Louvain-la-Neuve, Belgium). The spot sizes at the iso-center in air varied between 2.5 mm at 225 MeV and 6.8 mm at 70 MeV. At least greater than 95% of the CTV received a prescribed dose of 60 Gy [RBE] in five fractions. Two or three suitable oblique coplanar beams were used for the plan with the beam direction according to the tumor location. Then, a 4D Robust optimization algorithm (7) was used based on the 4DCT images considering the patient setup, range uncertainties, and target motion. Before optimization, the minimum and maximum spot weights were 0.02 and 4 MU, respectively.



Uncertainty Modeling

Proton-based SRBT is sensitive to the patient setup, range uncertainties, and organ motion, so all of the uncertainties should be considered in the model. Inter-fractional patient setup uncertainties were simulated by shifting the patient iso-center in the antero–posterior (A–P), superior–inferior (S–I), and right–left (R–L) directions by 5 mm, yielding six dose distributions and the corresponding influence matrices (the beamlet dose distributions per unit intensity). Range uncertainties were simulated by scaling the stopping power ratios by ±3.5% to generate two additional dose distributions and influence matrices corresponding to the minimum and maximum proton ranges, respectively. The organ motion uncertainty was considered using 4DCT images consisting of 10 respiratory cycle phases to generate 10 dose distributions with each respiratory cycle phase.



4D Robust Optimization

The 4D Robust optimization plans (4DRP) were generated by optimizing the CTV dose in 10 4DCT phases considering the modeling uncertainties. Robust optimization taking into account the set S of scenarios was implemented using minimax optimization (15). The objective function was

[image: image]

where X is the set of feasible variables (spot weights for spot scanning IMPT), d(x;s) is the dose distribution as a function of variable x, scenario s, and fiis the i structure’s penalty function. The robust optimization objective were used in CTV with a minimum dose objective of 60 Gy [RBE] (weight 100) and a maximum dose objective of 60 Gy [RBE] (weight 60). A dose fall-off function from 60 Gy [RBE] to 10 Gy [RBE] over 1 cm (weight 10) was used to lower the dose to the normal tissue as much as possible. The equivalent uniform dose (EUD) (16) on the normal lung was approximately 5 Gy [RBE] with a dose volume effect parameter of 1 (A = 1). In the final dose calculation, the Monte Carlo dose engine was used with 0.5% statistical uncertainty and a 3 mm× 3 mm× 3 mm dose grid resolution.



Interplay Effect Calculation

An overview of the interplay effect process is shown in Figure 1. The black flowchart shows how the 4DSD was produced, while the blue flowchart shows how the 4DDD was produced.


[image: image]

FIGURE 1. Flowchart of the 4D static dose (4DSD) and 4D dynamical Dose (4DDD) for 4D robustly SBRT plan.


The quantitative interplay effect index was represented by the differences in the DVH metrics [image: image] between 4DSD and 4DDD over 4DSD for each region of interest (ROI).

[image: image]

where [image: image] and [image: image] are specific DVH metrics for one ROI in the 4DSD distribution or 4DDD distribution. [image: image] represents the 4DSD at 95% of the CTV volume. If the value of [image: image] was positive, the DVH metrics increased in the 4DDD distribution and vice versa.

We used the CTV and lung minus ITV (lung – ITV) as the ROIs to obtain the quantitative interplay effects. The DVH metrics in the CTV included the minimum target dose (D98[cGy(RBE)]: dose at 98% of the target volume), prescription dose (D95[cGy(RBE)]: dose at 95% of the target volume), and maximum dose (D2[cGy(RBE)]: dose at 2% of the target volume). The target EUD (A = 10) metrics were also included for interplay evaluation. For lung – ITV, the DVH metrics of the lungs included V5, V20, and V30, which were the percentage volume of lungs receiving 500 cGy [RBE], 2000 cGy [RBE], and 3000 cGy [RBE], respectively. The lung – ITV average dose and EUD (A = 1.2) (17) were also calculated for evaluation.



Iso-Energy Layer Repainting

The repainting strategy used for the 4D robust plans was layered repainting, where each energy layer is rescanned several times before switching to the next energy level. Zenklusen et al. (8) proposed two different methods to divide a plan into layers: scaled and iso-layered repainting. Scaled repainting involves simply dividing each layer in a present number of layers. In contrast, in iso-layered repainting, the MU per spot is limited by the maximum value. In this study, we segmented 4DRP by scaling the repainting 3, 4, 5, 6, or 7 times and obtained new repainting plans called 4DRP-SN3, 4DRP-SN4, 4DRP-SN5, 4DRP-SN6, and 4DRP-SN7, respectively. The layers were divided with respect to the minimum MU per spot, which means that some spots with the same energy levels consecutively contained fewer and fewer spots, but the minimum number of spots was not smaller than the limited minimum MU per spot. For the current study, the machine’s minimum MU (0.02 MU) was used during the division to ensure that all of the spots in the rescans were directly deliverable.

The optimal interplay effect mitigation in the 12 patients was assessed by comparing the value of interplay effect index [image: image] and [image: image] to obtain the minimum index of [image: image] and [image: image] over five different iso-energy repainting plans. In other words, the smaller the interplay effect index, the better the interplay effect mitigation outcome.



Statistical Analysis

Student’s t-test was used to compare the following results between 4DRP(SN3), 4DRP(SN4), 4DRP(SN5), 4DRP(SN6), and 4DRP(SN7), respectively: (1) the interplay effect in the target DVH metrics (D2, D5, D95, D98, and Target EUD) and (2) the interplay effect in lung minus ITV DVH metrics (V5, V20, V30, and EUD); p < 0.05 was considered statistically significant. We compared (1) and (2) to investigate whether increasing the number repainting layers mitigated the interplay effects in the target and lungs. A linear regression model was used to evaluate the correlation between the optimal interplay mitigation vs. the tumor range of motion. This study was conducted using a linear model created with Excel software version (v.2016, Microsoft, Redmond, WA, United States)1 to predict the correction.



RESULTS


Interplay Effects of the 4DRP

As shown in Figure 2, the DVH target and OAR metrics changed in the 4D robust plan due to the interplay effects. Targets D2 and D5 increased while D98 and D95 obviously decreased.


[image: image]

FIGURE 2. The statistical difference with DVH metrics of interplay index between 4D static dose (4DSD) and 4D dynamical dose (4DDD) for all the patients.


The mean value of [image: image] and [image: image] increased to 1.28 and 1.01% according to the interplay index, and [image: image] and [image: image] decreased to 2.01 and 1.77%, respectively. For the OARs, the mean value of [image: image], [image: image], and [image: image] increased less than 1%.



Interplay Effects After Repainting

Using patient #2’s treatment plan as an example, the 4DSD distribution, 4DDD distribution of the 4DRP, and 4DDD distributions of the 4DRP(SN3), 4DRP(SN4), 4DRP(SN5), 4DRP(SN6), and 4DRP(SN7) were investigated. In the 4DSD distribution, the isodose line of the prescription dose (PD) basically covered the tumor volume (Figure 3a). Considering the interplay effects, the distribution of the dose lines markedly deteriorated, and the PD isodose lines failed to cover the target area (Figure 3b). Further executing the repainting at different layer repainting times, the target area was again covered by the isodose lines of the PD dose lines (Figures 3c–g). No significant changes occurred in the isodose lines of the lungs.


[image: image]

FIGURE 3. The 4D static dose distribution 4DSD (a) and 4D dynamical dose distribution 4DDD (b) in the transverse plane for patient #2 of the 4D robust plan 4DRP and 4DDD in the five numbers of layer repainting plan based on 4DRP, marked as 4DRP(SN3) (c), 4DRP(SN4) (d), 4DRP(SN5) (e), 4DRP(SN6) (f), and 4DRP(SN7) (g). The target CTV is red filled and PD line is 6000 cGy (Red), shown as the legend from the dose line.


Figure 4 shows the static interplay effect index in the target and lung DVH metrics. The interplay effect index [image: image] and [image: image] decreased as the number of layers increased (Figure 4A). Specifically, the mean values of [image: image] were 2.01, 1.48, 1.21, 1.03, 1.01, and 0.92% and the mean values of [image: image] were 1.77, 1.42, 1.13, 1.01, 0.91, and 0.89% for 4DRP(SN3), 4DRP(SN4), 4DRP(SN5), 4DRP(SN6), and 4DRP(SN7), respectively. Compared to [image: image] and [image: image] in 4DRP, 4DRP(SN3) was lower, with a significant difference (p < 0.05), whereas no significant differences in the other metrics were observed in the target. In the normal tissue lung, as shown in Figure 4B, the interplay effect index [image: image] and [image: image] increased when three layers repainting was conducted on 4DRP. The average value was 3% for 4DRP vs. 4.5% for 4DRP(SN3) in [image: image] and 3.4% for 4DRP vs. 5.1% for 4DRP(SN3) in [image: image], but no significant difference was observed when the number of iso-energy layers was more than three.


[image: image]

FIGURE 4. (A) The tendency of interplay effect index on DVH metrics of target and (B) shows the tendency of interplay effect index of OAR.




Relationship Between the Optimal Interplay Effect Mitigation and Target Range of Motion

Figure 5 shows the process of exploring optimal interplay effect mitigation via multiple iso-energy layer repainting for target coverage metrics. The optimal interplay effect mitigation was attained by comparing the [image: image] index among 4DRP(SN3), 4DRP(SN4), 4DRP(SN5), 4DRP(SN6), and 4DRP(SN7) with the smallest absolute value. Then, a statistical correlation study was conducted to evaluate the correlation between the optimal interplay mitigation and target range of motion that showed a linear relationship between the two (Figure 6). For [image: image], the expression was [image: image], while for [image: image], it was [image: image], where DVF is the maximum deformation vector field or target range of motion. A positive correlation was observed between the optimal interplay effect index and target range of motion.


[image: image]

FIGURE 5. The process of exploring optimal interplay effect mitigation through multiple iso-energy layer rescanning by comparing the interplay index [image: image].



[image: image]

FIGURE 6. The linear relationship between the optimal interplay effect mitigation on target (D95, D98) and motion range.




DISCUSSION

4D Robust optimization has been proven to mitigate the interplay effects of IMPT planning and can make the difference between the planned dose and delivery dose less than the established criterion (for example, 3%) (18). However, compared to conventional IMPT planning, proton-based SBRT has led to more consideration of the interplay effects and should have strict standards (19). Therefore, it might be ineffective to rely only on 4D Robust optimization alone to mitigate the interplay effects. Thus, we proposed 4D Robust optimization combined with an iso-energy layer repainting strategy in early-stage NSCLC patients.

In the current study, 4D robust plans were evaluated based on the quantitative interplay index for patients with early-stage NSCLC. The results showed that the target coverage decreased due to the interplay effects (Figures 2, 3). Multiple iso-energy layer repainting was subsequently used to mitigate the interplay effects. The target coverage increased as the number of iso-energy repainting layers increased (Figure 4), but this was not applicable for specific patients. Therefore, the optimal iso-energy repainting times were explored based on the quantitative interplay index. A positive linear relationship occurred between the optimal interplay effect mitigation and target range of motion. Our results confirmed that 4D Robust optimization combined with iso-energy layer repainting technology further mitigated the interplay effects, which has important clinical significance.

The motion of lung tumors was evaluated based on 4DCT images. Only 35 to 39% of the tumors moved more than 5 mm in locally advanced NSCLC, but the percentage increased to 50% for early-stage NSCLC (5). In the current study, the target range of motion was assessed using the maximum DVLs of the DIR within the target. The results showed that all of the patients had a more than 5-mm range of motion, which was also evaluated by the difference between the ITV volume and mean CTV volume over all phases (the CTV change rate in the 4DCT images). Figure 6 shows that there was a positive linear relationship between the tumor range of motion and CTV change rate. Thus, the target range of motion was obtained based on the differences in the ITV and CTV contours in the 4DCT images. DIR errors should be considered. Anaconda, implemented in RayStation, is a hybrid method utilizing a combination of image intensities and controlling structures from contoured image sets (13). Anaconda demonstrates a good performance in the thoracic region compared to other commercially available algorithms based on previous studies (14).

In practice, when using spot scanning, the number of spot rescans should be proportional to the patients’ spot weights in a range of motion up to 5 mm. However, the optimal number of repainting layers remains debatable due to patient- and machine-specific parameters, such as the patient breathing cycle, energy switch times, and other factors (20). Seco et al. (21) investigated a phase-controlled repainting and breathing-sampled strategy in which the number of rescans was decided using a motion-monitoring system. Engwall et al. (9) investigated offline breath-sampled layered repainting methods in which the number of iso-energy layers was spread uniformly throughout the breathing cycle, the optimal method of mitigating interplay effects. In the current study, multiple iso-energy layer repainting times were used to explore the optimal number of interplay mitigation rescans based on the quantitative metrics (Figure 5). A positive linear correlation occurred between the optimal interplay effect mitigation and target range of motion, demonstrating that breathing motions are dominated by the interplay effect.

One limitation of this study was associated with the method of simply dividing each layer in the present number of layers, which resulted in small weighted spots that might have been deleted after multiple iso-energy rescans. The dose distribution before and after the iso-energy rescans was compared to avoid this scenario in this study.



CONCLUSION

In proton-based SBRT, interplay effects degrade the target dose distribution and can be mitigated using iso-energy layer repainting techniques. However, in this study, there was no significant correlation between the number of repainting layers and improvement in the dose distributions. We recommend using the optimal layer repainting times based on the interplay effect index according to the patient characteristics.
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Background

Machine learning (ML) algorithms are increasingly explored in glioma prognostication. Random survival forest (RSF) is a common ML approach in analyzing time-to-event survival data. However, it is controversial which method between RSF and traditional cornerstone method Cox proportional hazards (CPH) is better fitted. The purpose of this study was to compare RSF and CPH in predicting tumor progression of high-grade glioma (HGG) after particle beam radiotherapy (PBRT).



Methods

The study enrolled 82 consecutive HGG patients who were treated with PBRT at Shanghai Proton and Heavy Ion Center between 6/2015 and 11/2019. The entire cohort was split into the training and testing set in an 80/20 ratio. Ten variables from patient-related, tumor-related and treatment-related information were utilized for developing CPH and RSF for predicting progression-free survival (PFS). The model performance was compared in concordance index (C-index) for discrimination (accuracy), brier score (BS) for calibration (precision) and variable importance for interpretability.



Results

The CPH model demonstrated a better performance in terms of integrated C-index (62.9%) and BS (0.159) compared to RSF model (C-index = 61.1%, BS = 0.174). In the context of variable importance, CPH model indicated that age (P = 0.024), WHO grade (P = 0.020), IDH gene (P = 0.019), and MGMT promoter status (P = 0.040) were significantly correlated with PFS in the univariate analysis; multivariate analysis showed that age (P = 0.041), surgical completeness (P = 0.084), IDH gene (P = 0.057), and MGMT promoter (P = 0.092) had a significant or trend toward the relation with PFS. RSF showed that merely IDH and age were of positive importance for predicting PFS. A final nomogram was developed to predict tumor progression at the individual level based on CPH model.



Conclusions

In a relatively small dataset with HGG patients treated with PBRT, CPH outperformed RSF for predicting tumor progression. A comprehensive criterion with accuracy, precision, and interpretability is recommended in evaluating ML prognostication approaches for clinical deployment.
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Introduction

High-grade glioma (HGG), including WHO grade III and IV class, is the most common and lethal primary cancer in central nervous system (1). Particle beam (e.g., proton and carbon ion) radiotherapy (PBRT), with both biological and physical advantages (2, 3), can potentially improve the outcome of HGG. Our recent results showed promising efficacy of PBRT in HGG (4). However, the inherent high heterogeneity of HGG, as the dominant factor contributing to general poor treatment efficacy, induces markedly variation of individual outcome (5–7). Adequate outcome prediction, particularly at individual level, is essential but remains challenging for developing precision strategy of PBRT for HGG.

Machine learning (ML), a branch of artificial intelligence, has been employed to predict prognosis in a variety of cancer types. Noticeably, series of studies applying ML algorithms to predict the survival of HGG under standard photon-based radiotherapy have reported good performance in recent years (8–13). However, it is still controversial that which methods among ML algorithms and conventional modeling can achieve better performance in survival analysis, particularly in terms of time-to-event censored data (14–16). Hence, it is a critical need to explore which model can contribute to higher accuracy and precision of survival prediction at patient-level for HGG with PBRT.

The most typical and commonly used model of ML and conventional statistics for cancer censored survival data are random survival forest (RSF) and Cox proportional (CPH), respectively. The RSF is an ensemble ML method constructed with numerous independent decision trees, each of which receives a random subset of samples and randomly selects a subset of variables at each split in the tree for prediction. The final prediction results of a RSF model are the average of the prediction of each individual tree. The CPH model is a well-recognized statistical technique to explore the correlation between the survival time and covariates.

To our knowledge, there was no study to explore whether conventional statistics and ML method differ in the ability to predict progression or survival for HGG patients treated with PBRT. Therefore, we retrospectively collected important clinical characteristics of HGG patients underwent PBRT, as well as fundamental molecular markers and treatment information. Then, all HGG patients were randomly split into training set or testing set, and CPH model and RSF model were compared with their performance to predict progression-free survival (PFS). The model with superior performance was then utilized to build a nomogram as in individual prediction tool of progression for HGG patient underwent PBRT.



Methods and Materials


Study Population and Data

Institutional review board (IRB) approval was obtained from the Shanghai Proton and Heavy Ion Center (SPHIC) prior to conducting this study. Variables from three categories: patient-related, disease-related and treatment-related information was retrospectively collected. Patient-related data collected included age, gender, and Karnofsky Performance Score (KPS). Disease-related features included tumor location that was classified as invasion of subventricular zone (SVZ) or non-SVZ (17) invasion and molecular markers, including Isocitrate dehydrogenase (IDH) gene and O[6]-methylguanine-DNA methyltransferase (MGMT) promoter status. Treatment-related information consisted of surgical completeness that was divided into gross-total resection (GTR) and non-GTR (subtotal resection, partial resection, and biopsy), and the target volume for PBRT.



Particle Radiotherapy

Conventional MR was fundamental images for radiation planning of HGG. The l-[methyl-()11C]methionine (MET)/O-(2-[18F]fluoroethyl)-L-tyrosine (FET)-positron emission tomography (PET) was optional and further required after the latest escalating boost trial initiated. In the case of incomplete resection, dose escalation trials utilizing proton followed by carbon-ion boost were encouraged to target residual lesion. Doses of PBRT were measured by Gray Relative Biological Equivalent (GyE) to account for the RBE differences compared to photon beam The clinical target volume (CTV) of high risk (CTVhr) was defined as gross-tumor volume (GTV) in residual lesion detected on imaging studies and surgical bed plus 5-mm expansion, and the CTV for lower risk (CTVlr) consisted of GTV plus 15-mm margin and edema area. The standard protocol of PBRT for all patients was CTVhr with proton beam to 60 GyE, and CTVlr with proton beam to 50 GyE.



Statistical Analysis and Modeling Process

Progression-free survival (PFS) time is defined as the duration between the time of diagnosis and the date of progression. The Response Assessment in Neuro-Oncology (RANO) criteria (18) with interpretation modifications (19), including parameters for changes in T1-weighted enhancing lesion and non-enhancing T2/fluid attenuated inversion recovery (FLAIR) lesion, were used to determine disease progression.

The statistical analysis was performed using the R software. Baseline differences between the training set and testing set were assessed using the Mann-Whitney U test for continuous variables. Survival curves were plotted using the Kaplan-Meier method and compared using log-rank test.

Prior to constructing CPH and RSF models, the data set was split into two mutually exclusive sets. Nearly 80% of the entire dataset was assigned as the training set, which was utilized to generate the prediction model. The remaining 20% of the data was designated as the testing set, for use in estimating the model’s accuracy. During this procedure, a five-fold cross-validation that putted the dataset stratified by progression status and then sorted by survival time was performed for the purpose that the number of patients with progression and the range of survival time should be (roughly) equal across all folds. By creating folds in this way models would be tested on dataset that was mostly representative of what they saw in the training data.

CPH and RSF models were trained using the RandomForestSRS and survival R packages, respectively. The hyperparameter tuning of RSF model was performed with five-fold cross-validation on the training set. In particular, the RSF model, as an extension of random forest (RF) that ensembles tree method for analyzing time-to-event data, must select two central hyperparameters: number of randomly drawn candidate variables (mtry) and number of trees. Given several studies on the influence of hyperparameters on RF model regarding performance and variable importance, mtry= or mtry=p/3 for regression with p being the number of predictor variables is reasonable (20, 21). As our dataset contained 10 predictor variables, the mtry was set to 3. Considering the number of trees, two studies using real datasets show that 100 trees can often achieve the biggest gain of RF model performance (22, 23). Thus, the present study used 100 trees for RSF approach.

Predictive performance of model was measured with five-fold cross-validation by discrimination and calibration via the pec R package. The concordance index (C-index), which ranges from 0.5 (random prediction) to 1 (perfect prediction), reflects the discrimination power to rank individuals from low to high risk. The brier score (BS) is a metric of calibration, with lower value representing improved model accuracy. A final nomogram was developed using the method with the greatest predictive accuracy for individualized estimation of survival.




Results


Demographics, Clinical Characteristics, and Treatment of Patients

The entire study cohort consisted of 82 consecutive HGG patients, who underwent PBRT at Shanghai Proton and Heavy Ion Center, between 6/2015 and 11/2019. All 82 patients underwent tumor resection, then PBRT with concurrent TMZ of the Stupp protocol. In total, 10 features, including age, sex, symptom duration, tumor location, WHO grade, surgical intervention, IDH status, MGMT promoter status, CTVhr volume, and CTVlr volume, were collected from each patient. The demographics, molecular markers and PBRT information of the dataset are detailed in Table 1.


Table 1 | Characteristics of all 82 patients, their condition, and treatment.





Survival Analysis of the Entire Cohort of Patients

The median follow-up period was 16.6 months. At the last follow-up, 37 patients (4 grade III, 33 grade IV) had tumor progression. Progression-free survival (PFS) time was censored for 45 patients (54.9%). The 6-, 12-, and 18-month PFS rates were 93.4%, 68.3%, and 46.6% for the total dataset, respectively. The entire cohort was exclusively split into a training set and a testing set of 65 patients (79.3%) and 17 (20.7%) patients, respectively. No significantly different PFS was revealed between the training and testing datasets by Kaplan-Meier survival curve (P = 0.680, Figure 1).




Figure 1 | Kaplan-Meier survival curves of progress-free survival for the training and testing set.





Comparing the Performance of Cox Proportional Hazard Model With Random Survival Forest

The training set was utilized to build CPH and RSF model. The prediction performance of different models was compared in testing set with both C-index and BS. Figures 2A, B respectively illustrated the C-index and BS plots for PFS at various time points. The integrated C-index of CPH and RSF model was 62.9% and 61.1%, respectively. The integrated BS of CPH and RSF was 0.159 and 0.174, respectively (reference = 0.181). Figure 3 showed the PFS probability with a series time points at 6-, 12-, 18-, and 24- month for each individual in the testing cohort, based on the predicting results of CPH (Figure 3A) and RSF (Figure 3B) models.




Figure 2 | Plots of concordance index (C-index) and brier score (BS) for comparing Cox proportional hazards (CPH) models and random survival forest (RSF) in the testing dataset. (A) Plot of C-index; (B) Plot of BS.






Figure 3 | The probability of progress-free survival for each individual in the training data set, according to the results of Cox proportional hazards model (A) and random survival forest model (B).





Identification of Prognostic Factors Using CPH and Random Survival Forest

The clinico-pathological features were compared for the correlation to PFS in the training set. According to the CPH model (Table 2), univariate analysis documented that age (P = 0.024), WHO grade (P = 0.020), IDH gene (P = 0.019), and MGMT promoter status (P = 0.040) were significantly correlated with PFS; multivariate analysis showed that age (P = 0.041), surgical completeness (P = 0.084), IDH gene (P = 0.057), and MGMT promoter (P = 0.092) had a significant or trend toward the relation with PFS. The RSF model (Figure 4) ranked the features in order of importance for PFS, with merely age and IDH status being significantly important variables; meanwhile, tumor grade showed negative importance, meaning that removing a given feature from the model actually improved the performance.


Table 2 | Cox proportional hazard regressions for progression-free survival in the training set.






Figure 4 | Variable importance of indicated by random forest survival model.





Nomogram Based on Cox Proportional Hazard Model for Individual PFS Prediction

Given that the CPH model outperformed RSF model in both discrimination and calibration, a nomogram was built on the base of CPH model to predict the progression probability of HGG patients underwent PBRT at individual level. The variables, including age, MGMT promoter, IDH gene, WHO grade and surgical completeness, that were indicated as significant in univariate analysis or significant (or trend forward) in multivariate analysis, were utilized to conduct the nomogram. In the present nomogram (Figure 5), each of the variables was given a point according to hazard ratio (HR). By adding up the total score from each variable and locating it onto the total points scale, the probability of 6-, 12-, and 18- month PFS would be obtained.




Figure 5 | A nomogram of predicting the probability of 6 month-, 12 month-, and 18 month- progression free survival (PFS) at personnel level. The scores of each variable are as follows: age (years) presented as continuous value, MGMT promoter (1 = methylation, 2 = unmethylation/not known), IDH gene (1 = mutant, 2 = wild), WHO grade (3 = Grade III, 4 = Grade IV), resection completeness (1 = gross total resection, 2 = non gross total resection).






Discussion

Prognosis prediction plays a critical role in clinical and personal decision-making for HGG patients, particularly in the condition of considering the rare source of PBRT as alternative treatment. There have been attempts to conduct traditional statistics and ML methodology to predict individual survival. CPH and RSF model are extensively used in application of cancer survival that generally refers to time-to-event censored data. The main objective of this study was to compare the performance between CPH and RSF models for predicting HGG’s progression underwent PBRT. Our results showed that CPH model present better fit to predict individual PFS in accuracy, precision, and interpretability. Then, we constructed an individual prediction research tool of nomogram based on CPH model for PFS in HGG patients treated with PBRT.

The main advantage of our study is that it approached progression prediction based on a time-to-event dataset. Indeed, there is increasing studies integrating various ML algorithms into improving the predictability of prognosis for cancer. However, most of ML approaches assume that event status is known for all subjects with the utility limited to continuous or binary model. Indeed, right-censored data, referring to the follow-up ends on a subject prior to a patient experiencing an event (i.e., tumor progression or death), is universal in cancer survival. In application of ML approaches analyzing cancer survival, common strategy is to split the patients’ outcome into ordered categorical data based on measuring the disease status at a particular time point. However, this relatively ad hoc method does not take the element of time-to-event into account, can merely provide point estimates of outcome and may incur the risk of biasing predication accuracy in the clinical realm (24). The method of RSF utilized in the present study is an extension of random forest for time-to-event data, represents an attractive ML approach that allows for the computation of personnel-level survival prediction through more granular insight and mitigates the systemic bias associated with incomplete follow-up.

Another advantage of our study is that the performances of different models were graphically compared with a comprehensive aspect of discrimination and calibration at various time points, rather than a fixed time. Discrimination represents the ability of a model to separate observations on subjective-level, whereas calibration is a descriptor of a predictive model that characterizes the agreement between the observed and predicted outcome on a population level. C-index, the main metric quantified of discrimination in this study, reflects the probability that for a random selection of any 2 HGG patients, the patient with earlier tumor progression is ranked with higher risk of progression according to the model. Hence, the C-index takes into account of both the occurrence of the event and the length of follow-up and is particularly well suited for time-to event data analysis. Indeed, any model (i.e., CPH model) with the ability to forecast properly ordered but proportional event times can score high value of C-index (25). Hence, the evaluation of calibration, another metric of prediction accuracy, is essential but unfortunately under-explored in time-to-event models for many studies. Even in studies that performed the assessment of calibration, the method of a calibration plot can only provide information at a specific time point (e.g., 1-year survival probability). Here, in our study, we presented a measurement of BS plot to assess the model performance at various time points. In precise, the BS measures the mean squared difference between the predicted progression probability and the actual outcome for all HGG patients at group level. Note that BS takes on a value between 0 and 1, and the lower of BS indicates that better predictions are calibrated.

The most important finding of the present study is that CPH outperformed RSF with both C-index and BS in the predictability of progression for HGG patients underwent PBRT in a relatively small sample. In terms of C-index, our result was consistent with a study enrolling 289 cases as a testing set and 98 cases as a validation test conducted by Gittleman et al. (16), in which C-index for predicting survival of lower-grade glioma at 60, 90, and 120 months were measured for CPH (0.844, 0.843, 0.841) and RSF (0.806, 0.791, 0.782), respectively. However, it is still controversial which method can consistently achieve better accuracy of predicting prognosis via the measurement of C-index in glioma. Audureau et al. (26) conducted a retrospective multi-centric study enrolling 777 patients with recurrent glioblastoma, split into a training set of 407 cases and an external validation set of 370 cases; the results presented the discrimination C-indexes of CPH and RSF as 69.80% and 70.14% in the external validation set, respectively. Based on a larger population from the Surveillance, Epidemiology, and End Results (SEER) database that comprised 20,821 glioblastoma cases split into a training and validation test set with an 80/20 ratio, Senders et al. (14) revealed the integrated C-index of CPH and RSF as 0.69 and 0.68, respectively. On the hands of model calibration, neither of the studies performed such analysis. All these three studies lack the assessment of BS, or any other methods of calibration, for the comparison of CPH and RSF. Our study, to our knowledge, is the first study to directly compare the discrimination and calibration for CPH and RSF in glioma.

In looking at variables with significant relation to survival in our results, CPH model documented that age, MGMT promoter, surgical completeness, IDH gene and KPS had a significant or trend toward relation with tumor progression. In comparison, only IDH status and age were indicated with significant importance affecting PFS according to the RSF model. It should be noted that all the significant variables in our CPH model are well-known prognostic factors in the clinical decision-making of HGG. In brief, the CPH model identified more statistically significant prognostic factors that are generally considered important in decision making in a clinical setting. Hence, we believe that CPH model had a better interpretability as compared to RSF in terms of exploring the critical factors for predicting tumor progression after PBRT. There is a possibility that the relatively small sample and/or the different mathematical underpinnings contributed to this different effect. In principle, RSF model is based on searching for the best variables used to split the node by maximizing the log-rank methods, and the variable importance refers to a measurement of the increase of predicting error when perturbation is added to the variable. While in CPH model, the importance of variables can be interpreted as HR and P-value. Indeed, one common drawback of RSF is a bias toward inclusion of variables with many split points that may lead to a bias in resulting summary of variable importance (27–29).

We also constructed a nomogram based on CPH model due to its superior performance over RSF model. As a pictorial representation that uses various potential prognostic markers to depict a scoring model, nomogram is provided as a visual tool to generate a probability of a clinical outcome for a given individual. Patients’ survival-related nomograms for HGG have been developed in series of studies (30–35), but with a common drawback that some critical patient-related, tumor-related or treatment-related information were not incorporated. Moreover, all these studies were only applied for patients treated with photon-based radiotherapy, but not PBRT. In the context of PBRT, previous results from Germany and Japan showed that photon radiation combined with carbon ion boost improved the outcome of HGG patients (3); and recently, we reported our early experience with an encouraging efficacy of PBRT in HGG (4). It is well known that PBRT has been increasingly spread worldwide to treat cancer, and great expectation has been placed with PBRT to improve the dismal outcome of HGG. The present nomogram in our study can provide a tool of reference for counseling PBRT as a treatment option for HGG based on common-used prognostic markers, and may be informative of future precise medicine of PBRT in HGG.

There are several limitations of this study to be discussed. First, due to the retrospective nature of this study, our results were derived from a relatively limited observation database that may introduce some inevitable bias. Statistically, it is of better generalizability to compare methods with a prospective design, or at least external validation dataset. Meanwhile, with a phase III clinical trial going in our institution (36), the present study provided a blueprint of methodology to perform a prospective validation in the future. Second, our study was designed as a purely academic research to compare the prediction performance of CPH and RSF in discrimination, calibration and interpretability. The present nomogram based on CPH model should not be directly implemented in the clinical practice prior to a prospective validation. Nevertheless, based on our results, we recommend evaluating fitted ML models on several criteria rather than a singular focus on prediction accuracy. Third, though the variables in our studies consisted of systematical information occupying important role in the management of HGG, it should be noted that the critical issue of inherent high heterogeneity within HGG could not be well settled through these features. Noticeably, radiomic, particularly referring to functional brain imaging technique, can provide an integrative and dynamic view of the whole tumor tissue and serve as a reliable tool to tackle the issue of heterogeneity. In this context, our ongoing phase III trial adopts multi-modal imaging, including MET-PET, perfusion weighted imaging (PWI), diffusion tensor imaging (DTI), and MR spectroscopy (MRS), for each patient (36). Thus, more comprehensive models that include imaging parameters will be assessed in the future.



Conclusion

This study indicated a superior accuracy of CPH as compared to RSF in a relatively small sample data of HGG patients for predicting tumor progression after PBRT. As more approaches about ML techniques are implemented to glioma prognostication purposes, comprehensive criteria with discrimination and calibration, as well as interpretability, is recommend in evaluating fitted models for clinical deployment.
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Meningeal tumors represent approximately 10–25% of primary brain tumors and occur usually in elderly female patients. Most meningiomas are benign (80–85%) and for symptomatic and/or large tumors, surgery, with or without radiation therapy (RT), has been long established as an effective means of local tumor control. RT can be delivered to inoperable lesions or to those with non-benign histology and for Simpson I–III and IV–V resection. RT can be delivered with photons or particles (protons or carbon ions) in stereotactic or non-stereotactic conditions. Particle therapy delivered for these tumors uses the physical properties of charged carbon ions or protons to spare normal brain tissue (i.e. Bragg peak), with or without or a dose-escalation paradigm for non-benign lesions. PT can substantially decrease the dose delivered to the non-target brain tissues, including but not limited to the hippocampi, optic apparatus or cochlea. Only a limited number of meningioma patients have been treated with PT in the adjuvant or recurrent setting, as well as for inoperable lesions with pencil beam scanning and with protons only. Approximately 500 patients with image-defined or WHO grade I meningioma have been treated with protons. The reported outcome, usually 5-year local tumor control, ranges from 85 to 99% (median, 96%). For WHO grade II or III patients, the outcome of only 97 patients has been published, reporting a median tumor local control rate of 52% (range, 38–71.1). Only 24 recurring patients treated previously with photon radiotherapy and re-treated with PT were reported. The clinical outcome of these challenging patients seems interesting, provided that they presented initially with benign tumors, are not in the elderly category and have been treated previously with conventional radiation dose of photons. Overall, the number of meningioma patients treated or-re-irradiated with this treatment modality is small and the clinical evidence level is somewhat low (i.e. 3b–5). In this review, we detail the results of upfront PT delivered to patients with meningioma in the adjuvant setting and for inoperable tumors. The outcome of meningioma patients treated with this radiation modality for recurrent tumors, with or without previous RT, will also be reviewed.
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Introduction

Meningiomas are the commonest primary brain tumor and account for 10–25% of all cases (1). The WHO classification describes three different histological grades: WHO grade I meningioma account for up to 80% of cases and have a low recurrence rate; WHO grade II comprise approximately 20–30% of cases and have a recurrence rate of ~30–40%; and grade III meningioma comprise around 1–2% and invariably recur (2). Asymptomatic and incidental meningiomas do not usually require active treatment and can be safely monitored (3, 4). However, for symptomatic or growing tumors, surgery is still the primary treatment modality, can achieve long-term tumor control and in some cases can be curative (5). However, despite advances in surgical techniques not all meningioma are appropriate for surgery (e.g. due to anatomical location) nor are all meningioma amenable to complete resection (e.g. due to proximity to critical neurovascular structures or tumor consistency). Furthermore, even when meningiomas are completely resected, recurrence can still occur. In meningiomas that recur, surgery is more challenging due to scar tissue, and is associated with higher rates of morbidity and mortality. Recently several integrated molecular models to predict the risk of recurrence risk have been developed (6, 7), which, once prospectively validated prospectively, could be used to guide to the use of adjuvant radiotherapy. Due to the risk of recurrence, radiotherapy has a clear role in the management of meningioma in order to achieve durable, long-term control. It is used in the adjuvant setting for most malignant meningioma, for some atypical meningioma and for the occasional benign meningioma. Currently the standard modality is fractionated external beam radiotherapy with photons or radiosurgery for small tumors that are not in direct vicinity of critical structures. The expansion of proton beam facilities has led to increased use of this modality. The main difference between photons, delivered in stereotactic- or non-stereotactic condition, and protons is the remarkable dose distribution obtained with the latter, where the dose is delivered at a narrow area at the distal end of the proton trajectory (i.e. the Bragg Peak). For small target volumes, it may be questionable if proton therapy (PT) delivered with a Gantry obtains a better dose distribution than radiosurgery (8), for larger tumors, for which this latter treatment modality is not an option, protons usually always achieve an improved dose-conformation when compared to photons. The aim of this review is to describe the contemporary experience of using PT for the treatment of intracranial benign- and non-benign meningioma.



Proton Therapy for Brain Tumors

The dose deposition in tissue of proton beams is described by a sharply defined Bragg peak, where the bulk of the dose is deposited; beyond the peak the deposited dose drops to zero within a few millimeters (9) (Figure 1). The maximum depth (proton range) depends only on the initial energy of the proton beams. The resulting PT dose distributions present both superior dose conformality and lower total integral dose when compared to the photon ones. Intensity Modulated Proton Therapy (IMPT) technique (10), available for Pencil Beam Scanning (PBS) systems, can achieve particularly steep dose gradients, thus increasing furthermore the PT advantages. Brain tumors, including meningiomas, typically located in close proximity to many critical organs at risk (OAR), can clearly benefit from PT dose conformality and healthy tissue sparing (11). This rationale is further supported by the dose-dependent relationship for many radiation induced toxicities which develop after RT for brain tumors. This is the case, for instance, of dose to the hippocampus which correlates with memory outcomes (12) and dose to the hypothalamus and pituitary which correlates with the severity of endocrine dysfunction (13). The increased OAR dose sparing and integral dose reduction typical of PT is even more crucial in cases of re-irradiation where PT is frequently the only possible treatment modality. Figure 2 details such a case treated at the Paul Scherrer Institute with 52.2 GyRBE administered after a photon irradiation for tumor recurrence. Of note, the second irradiation with protons could completely spare the contralateral temporal lobe and optic nerve (Figure 2). As shown in the dose–volume histogram (Figure 2), PT enabled complete sparing of the initial target volume (i.e. pre-irradiated Isodose line 100%) treated with photons and thus made re-irradiation possible. Many factors such as the tumor location (14), size and shape of the target volumes influence the magnitude of the PT dosimetric advantages compared to photons. A very recent study (15) for skull base meningiomas, comparing VMAT, IMRT and IMPT reported a significant mean dose reduction up to 48% for the bilateral hippocampi for IMPT as compared to VMAT. Similar differences were found when comparing mean dose to the normal brain tissue; the comparison between IMRT and IMPT resulted in even larger differences in dose to OAR, thus possibly leading to a clinically relevant reduction of late neurocognitive side effects.




Figure 1 | Typical depth dose curve in water for a clinical 170 MeV proton beam used to treat intracranial meningioma.






Figure 2 | Axial distributions for the (A) proton (IMPT) and (B) photon (VMAT) plans. In magenta and orange the isodoses lines of the pre irradiation (50% and 100% of 54 Gy respectively); (C) DVHs of the optic nerve right, chiasma, right temporal lobe and ROI defined within the 100% isodose line of the pre irradiation (square markers for the proton plan and triangular markers for the photon plan). VMAT, Volumetric modulated Arc Therapy (photon plan); IMPT, Intensity Modulated Proton Therapy (Proton plan).



PT can be administered to meningioma patients with several delivery paradigms. Historically, protons were delivered with a passive scattering system with which the distal end of the proton tracks are controlled/modulated through the use of compensators and the lateral aspect of the proton beam is shaped by brass apertures. In contrast, spot-scanning PT, or as it is called currently pencil beam scanning (PBS) PT, pristine proton pencil beams are scanned in the target volume with different energies to achieve the wanted depth dose distributions. This is in essence a discrete way of administering dose using a ‘step and shoot’ paradigm. A US group has shown that PBS achieved a better cochlear and lens sparing when compared to passive scattering delivery in brain tumor patients treated with cranio-spinal irradiation (16). Using the same delivery model, radiation volume is virtually divided into numerous slices in dynamic raster scanning, which are subdivided into voxel points. These slices are scanned sequentially but continuously using the focused particle pencil beam.

The steep dose gradients of IMPT, essential to achieve very high dose conformality, are sensitive to range and setup uncertainties, hence potentially affecting the quality of PT delivered dose distributions. Those effects can be mitigated by various techniques, the most effective ones being robust planning (17) and robust optimization (18). The radiation biological characteristic of protons is also a concern in PT, where a constant generic relative biological effectiveness (RBE) value of 1.1 is clinically used. It is anyway well known that RBE increases with increasing Linear Energy Transfer (LET), thus presenting with the highest value in the distal fall-off (19). As proton RBE values are still associated with considerable uncertainties, radiobiological evaluation of PT plans focus preferably on linear energy transfer (LET), a physical parameter which can be calculated quite accurately based on treatment planning information. Adjustment of treatment fields’ direction or LET optimization of PT plans can contribute to LET reduction in case of high LET areas localized in critical structures. Research developments in these areas of PT are likely going to further increase its clinical benefits.



Proton Therapy for WHO Grade I Meningioma

Table 1 details the PT series delivered to WHO grade I meningioma. Of note, approximately half (n = 237; 45.5%; Table 1) of the meningioma patients were treated with either hypo-fractionated stereotactic PT (SFPT) or with proton radiosurgery (pSRS). For non-SFPT/pSRS series, the Paul Scherrer Institute recently published the results of 61 WHO grade I meningioma patients treated with pencil beam scanning PT to a median dose of 54 GyRBE (Table 1) (22). For those patients progressing/recurring, most of them failed within the treatment field. The estimated tumor local control (LC) and overall survival (OS) was 95.7 and 92.1%, respectively (Table 1). The difference in LC rates between benign and non-benign tumors were significantly different (p <0.01) in this PT cohort. Only 1/10 WHO grade I patients had a grade CTCAE 3 adverse event during follow-up. Wenkel et al. reported on 46 WHO grade I meningioma patients (median age, 50 years; range, 11–74) treated with combined photon-proton radiotherapy (26). The ratio of median photon and proton dose was 18.4%, but some patients were treated with photon > proton doses depending on the availability of the proton treatment unit on the Harvard–Cambridge campus. Most tumors (29/46; 63%) were treated for recurrence, either after subtotal (n = 19) or gross total resection (n = 10). Only nine (20%) patients were treated postoperatively with protons. Of note, the dose level delivered by the Boston group is substantially higher (median, 59 GyRBE; Table 1) than other groups treating these patients with protons worldwide. After a median follow-up of 53 months (range, 12–207) the estimated recurrence-free- and OS were 88 and 77%, respectively. The 10-year toxicity-free survival was 80%. A substantial number of patients (4/46; 8.7%) presented with visual/ocular toxicity (Table 1), and dosimetric analysis revealed that these patients received a maximum median dose of 63.2, 67.5 and 67.4 GyRBE to the Chiasma, Optic nerve left- and right, respectively. Of note, no patient died of progressive disease but one patient died (CTCAE grade 5) of brain necrosis 22 months after therapy. Slater et al. reported another series on 72 skull-base WHO grade I-II meningioma and the outcome of 47 patients with benign tumors (25) was detailed in this paper. The median total doses in the entire cohort for patients (age range, 9–87 years) with and without histologic verification were 59 and 57 GyRBE (range, 50.4–66.6). With a median follow-up of 74 months (range, 3–83), the estimated 5-year LC was 99%. Overall, 6 patients developed radiation induced toxicity, which included visual adverse events (n = 3) and brain necrosis (n = 2). The Heidelberg group reported on 102 skull-base histologically proven (WHO grade I, n = 60) or image-defined meningioma patients treated with proton therapy using the raster scanning delivery paradigm (28). The median age of patients (80% female) was 52 years (range 45–59) and after a median follow-up of 46.8 months, four local progressions were observed. As a result of the small number of events, the median PFS was not reached. The estimated 5-year PFS and OS were 96.6 and 96.2%, respectively (Table 1). Three (2.7%) patients developed brain necrosis, of which two were symptomatic, but no visual toxicity was observed. Finally, another skull-base meningioma series was published by the Orsay group in Paris reporting on the outcome of 51 patients (42 females; 82.4%) (23). Forty-four (86.3%) patients had histologically proven WHO grade I meningioma and the median age of patients was 56 years (range, 11–75). The mean/median follow-up period was 25.4/21.0 months with a range of 1–90 months and only local failure was observed. The estimated 4-year LC and OS were 98 and 100%, respectively.


Table 1 | Pencil beam scanning or passive-scattering proton therapy delivered to presumed or histologically-proven WHO grade I tumors.



For the SFPT/pSRS series, the largest series originates from the Uppsala group which reported the outcome of 170 WHO grade I meningioma patients (mean age, 54.2 years; 22–85) treated with hypo-fractionated (3–4 GyRBE per fraction) SFPT delivered with a horizontal beam (20). Most of these benign meningiomas (155/170; 86.1%) were skull base tumors in female (135/170; 79.4%) patients treated with five fractions of 4 GyRBE, due to the limited availability of the Gustav Werner cyclotron of 10 weeks annually. Median delivered dose was 21.9 GyRBE (14–46). After a median follow-up of 84 months, the estimated 5- and 10-year progression-free survival rates were 93 and 85%, respectively. Only 3 (1.7%) patients died of meningioma. Radiation-induced adverse events were seen in 16 (9.4%) patients, with pituitary insufficiency (37.5% of all toxicities) being the most common. Brain radiation necrosis was observed in 5 (2.9%) patients, most (4/5) being asymptomatic (Table 1). Older patients and patients with tumors located in the middle cranial fossa had a lower risk for tumor progression. The Boston group has also been delivering pSRS for benign meningioma and reported the outcome of these patients with a median follow-up of 32 months (range, 6–133) (24). One fraction of 10.0–15.5 GyRBE (median, 13.0) was delivered to histologically proven or image-defined <4 cm (median volume, 2.1 cm3) meningiomas. Of note, atypical features were observed in 6 (12%) patients but these features did not meet the criteria for a diagnosis of atypical meningioma. Patients with tumor <2 mm from the optic apparatus were not eligible for pSRS. In this series from 2011, the estimated 3-year local tumor control was 94%. Three (6%) patients presented with radiation-induced complications, of which two were brain complications (Table 1). Finally, the South African group have reported the results of 23 WHO grade I skull-base meningioma patients (27). SFPT was delivered either in three fractions with mean dose, 20.3 GyRBE to 18 patients. Noteworthy, 16 fractions or more, with a dose range of 54.0–61.6 GyRBE, was delivered to another five patients. Median volume of these meningiomas was 15.6 cm3. The median follow-up time was 40 months (range, 13–69). For the SFPT group, two local failures were observed and the estimated 5-year local control was 88%. No events were observed in the fractionated group. One (3.7%) patient in the hypo-fractionated group developed temporal lobe epilepsy.

These data show that protons can either be delivered conventionally, with or without a pencil beam scanning paradigm, or in stereotactic conditions (i.e. SFPT and pSRS). The meningiomas treated with SFPT or pSRS were usually smaller than their non-stereotactic PT counterparts, with a median tumor volume reported in the three series listed in Table 3 of 13.0, 2.1 and 15.6 cm3, respectively. Interestingly, no increased toxicity (visual toxicity or brain necrosis) was observed with SFPT/pSRS when compared to PT (Table 1). Additionally, the outcome was also identical, with the lowest PFS/RFS at 10 years of 85 and 88% for SFPT/pSRS and PT, respectively (Table 1).



Proton Therapy for WHO Grade II–III Meningioma

The French group has reported on 24 patients (50% females) with non-benign meningioma (atypical, n = 19; malignant, n = 5) only treated with postoperative proton/photon therapy (29). Most patients (n = 18; 75%) were treated after subtotal resection to a mean/median total photon/proton dose of 65/68 GyRBE. After a median follow-up time of 32.2 months (range, 1–72), 10 (41.7%) progression/recurrences were observed. The mean RFS interval and estimated 5-year local tumor control were 27.2 months and 46.5%, respectively. Noteworthy, survival was significantly associated with dose, with a cut-off of 60 GyRBE. The relative risk of dying of meningioma was 8.3 (1.2–57; p = 0.029) for those not treated at this dose level. One patient developed radiation-induced necrosis 16 months after the delivery of 68 GyRBE-Gy, of which 34 Gy was with photons (Table 2). The Paul Scherrer Institute has also reported the outcome of 33 grade II and 2 III meningioma patients treated with protons only (22). The median administered dose was 62 GyRBE with a range of 54 to 68. The majority (9/14; 69%) of all treatment failures from the meningioma cohort were non-benign tumors. The estimated 5-year LC was these tumors was 68%. All but 2 (8/10; 80%) in-field treatment failures were of WHO grade II–III histology. Interestingly, only one brain necrosis (CTCAE grade 3) occurred in a WHO grade II patients (Table 2), the other brain necrosis (CTCAE grade 5) and brain edema occurred in WHO grade I patients (Table 1). Out of the seven observed visual toxicity, only one occurred in a WHO grade II meningioma patient (Table 2). In the Heidelberg series (28), all but two WHO grade II or III meningiomas were treated with carbon ion therapy. The outcome of these two patients treated with protons has not been reported separately. Hug et al. reported on 16 patients treated with photon/proton therapy (Table 2). These patients were included in the analysis of a larger (n = 31) cohort of patients with non-benign histology treated with high-dose photon and combined photon/proton therapy (31). Interestingly, the local control of patients treated with protons was significantly (p = 0.003) higher than those treated with photons. The same statistical result (p = 0.025) applied also for those treated at a dose of 60 GyRBE or higher, regardless of the delivery of photons or protons/photons. In this series, two patients developed symptomatic brain necrosis, one of whom was treated with protons/photons to a dose of 72 Gy RBE (Table 2). One last patient treated with 68.4 GyRBE combined photon-proton therapy extensive visual field deficits and retained no functional vision. Finally, Mac Donald et al. reported on 22 WHO grade II meningioma patients (30) treated with protons only. Noteworthy, 6 patients had presumed radiation-induced meningiomas. After a follow-up period of 7–104 months (mean, 39.2), five patients progressed/recurred. The estimated 5-year LC was 71.1% (Table 2). The authors have seen the same impact on radiation dose and patient’s outcome as did the French (29) and other US (31) groups. The 5-year LC of those patients treated with > and ≤60 GyRBE were 87.5 and 50%, respectively (p = 0.038). One symptomatic CTCAE grade III temporal lobe necrosis was observed (Table 2). No SFPT or pSRS delivery was reported for non-benign meningiomas.


Table 2 | Pencil beam scanning or passive-scattering photon/proton therapy delivered to presumed or histologically-proven WHO grade II-III tumors.





Re-Irradiation With Proton Therapy for Recurrent Meningioma After Radiotherapy

The Heidelberg group reported on 42 recurring patients who underwent prior RT for their meningioma (21). Compatible with the treatment policy of this center, most meningioma patients (34/42; 81%) were considered high-risk patients as a result of tumor volume, WHO grading or individual patient’s history, and were thus treated with carbon ion therapy. Only 8 (19%) patients were retreated with PT. For the entire cohort, the median follow-up time was 49.7, with a male/female gender ratio of 0.68. Most patients had a WHO grade II (n = 25) or III (n = 6) recurring tumor. Due to the limited number of patients, the analysis has been made with the combined carbon ion therapy and PT patients. The 1- and 2-year PFS were 71 and 56.5%, respectively. The median PFS for all patients was 34.3 months. Interestingly, the difference in PFS between WHO grades I and II–III tumors was significant (p = 0.03). The estimated median, 1- and 2-year OS was 61 months, 89.6 and 71.4%, respectively. Three (7.1%) patients presented with radiation-induced brain necrosis. All these patients presented with WHO grade II (n = 1) and III (n = 2) meningiomas and were retreated with 51 GyRBE delivered with carbon ions after an initial photon dose delivery of 54, 60 and 60 Gy, respectively. Additionally, four patients (9.5%) had worsening of their visual symptoms during follow-up.

Another series reported on the outcome of 16 recurring meningioma (WHO grade I, seven; grade II, eight and WHO grade 3, one) patients re-treated with PT (32). The median photon and proton dose for the initial treatment and for the re-irradiation was 54 Gy (range, 13–65.5) and 60 GyRBE (range, 30–66.6), respectively. After a median follow-up of 18.8 months after PT, 7 (44%) intracranial recurrences/progression were observed. The estimated 2-year RFS and OS were 43 and 94%, respectively. Patients with benign recurring meningioma had a significantly (p = 0.03) longer PFS than those with non-benign tumors. Of note, the late high-grade toxicity was substantial. Overall, 5 (31%) patients (median age, 72.9 years; range, 58.4–75.1) with WHO grade II (n = 4) and I (n = 1) tumors presented with late grade 3 toxicity, consisting of hydrocephalus (n = 3), seizures (n = 1) and carotid stenosis with consequentially cerebrovascular ischemia (n = 1). Three, one and one patients received 60, 59.4 and 54 GyRBE proton dose respectively for their re-treatment. No death resulting from this re-irradiation with protons was observed.



Discussion

WHO grade I meningioma accounts for a substantial number of primary brain tumors in adults and are the most prevalent benign primary neoplasm of the brain. RT has been used with curative attempt in WHO grade meningioma patients whose tumors are not amenable to surgery, for subtotally resected (Simpson >III) tumors, for recurrent tumors or more rarely in the adjuvant setting (33). This treatment modality is an important component of the therapeutic armamentarium for meningioma delivered to mostly elderly patients. However, RT can result in a number of radiation-induced adverse events, including but not limited to cognitive impairment, pituitary dysfunction and secondary cancers. Regarding the former, a systematic review of 11 published series assessing the impact of surgery on the cognitive functioning of meningioma patients observed that most of these patients suffer from deficits in several cognitive domains comparative to the normative values (34). Interestingly, surgery seemed to improve cognitive function in most of these studies. Three series assessed the cognitive function of meningioma patients undergoing RT after surgery. Most of these studies (35, 36) but not all (37), showed that RT with or without surgery had an impact on the patients’ visual, verbal and working memory when compared to healthy controls, although the specific cognitive impairment attributable to RT alone was not assessed and no pre-treatment assessment of cognitive function was performed, which are both major disclaimers in the interpretation of these results. Nevertheless, it is safe to say that any radiation modality that could decrease the likelihood of cognitive impairment in elderly patients who are at risk of such a complication would be advisable.

The precise position of the Bragg peak (38) within the meningeal tumor has the possibility to decrease the dose delivered to critical structures within the brain and to decrease the overall brain integral dose. A recent dose comparative planning study assessing photon and proton therapy techniques for 20 meningioma >3 cm in size reported a mean dose and brain volumes receiving intermediate radiation dose (i.e. 20–30 Gy) approximately 50% lower (p ≤0.01) with intensity modulated PT (15). Additionally, the dose delivered to 40% of the bilateral hippocampus was significantly decreased by 74% in this study. These results are in line with other studies (39). Dose comparison analysis of PT vs. volumetric modulated arc photon radiotherapy have shown that integral doses were significantly (p <0.01) higher in all photon plans with a reduction of approximately 50% with PT (40). Substantial clinical evidence (41), while not unanimous (42), supports the notion that radiation-induced injury to the hippocampus may correlates with neurocognitive outcome of patients who are treated with RT. As such, PT may decrease the likelihood of long-term cognitive impairment and may be an option for elderly meningioma patients who are at greater risk of cognitive dysfunction or those younger patients with pre-existing clinically relevant neurocognitive impairment (Table 3).


Table 3 | Indications for proton therapy in the management of WHO grades I–III meningioma.



The survival of benign meningioma patients is substantial and secondary tumors may be observed after the delivery of adjuvant or radical radiation therapy (44). As such, any therapeutic modality that decreases the risk of radiation-induced tumors should be offered when appropriate. Chung et al. compared the reduction of secondary cancer risk in 558 pediatric and adult proton patients with matched photon patients identified in the SEER database (45). The observed secondary cancer incidence at 10 years was significantly decreased from 8.6% with photons to 5.4% with protons (Hazard ratio of 0.54; p <0.09). Importantly protons were delivered to patients with a passive scattering delivery paradigm that produced more neutrons than PBS (46, 47). The latter delivery may thus produce even less radiation-induced malignancies. It is noteworthy that the majority of meningioma patients managed with protons have been treated with a passive scattering delivery mode, as shown in Tables 1 and 2.

Radiation therapy is also a risk factor for developing radiation-induced meningioma and other tumors, and have been observed in 2.4–2.7% of patients in large case-series with a long (i.e. 20 years) follow-up period (48, 49). The use of conformal treatment such as PT may decrease the likelihood of developing secondary neoplasms by decreasing the low-bath dose delivered to the brain. The larger the meningioma is, the highest would be the theoretical advantage, as suggested by other authors (Table 3) (50, 51), for tumor induction and the aforementioned cognitive toxicity of this treatment modality. Theoretical tumor induction computations have shown in children that protons significantly decrease the risk of this unwanted complication (52), and the same effect has been suggested in adults with meningioma (43). Arvold et al. predicted a tumor-induction reduction of 50% with protons in a computational study on benign meningioma (39).

That being said, the potential benefit of PT has to be weighed against its substantial additional costs when compared to photon radiotherapy (53). Over 500 WHO grade I or image-defined meningioma have been treated with PT (Table 1). The clinical results (5-year LC >95% and toxicity rates) appear to be in line with the photon series. No cost effectiveness analysis has been made so far for PT delivered to this benign tumor. Based on the limited level of evidence (Table 3), PT can be considered for a benign meningioma patients if volumetrically challenging or if the patient has a higher risk of presenting radiation-induced toxicity after treatment.

WHO grade II and III meningiomas are tumors with poorer prognosis than benign meningiomas (54). Although the incidence has been substantially increased with the new 2016 WHO meningioma classification, it is still considerably lower than their benign counterparts. As such, the number of patients treated with protons for non-benign meningioma is substantially lower than for WHO grade I tumors by an order of 5 (Tables 1, 2). These former tumors, especially WHO grade III meningiomas, show a local aggressive behavior, with or without distant brain or non-brain failures (55, 56). Although, the administration of radiation for WHO grade III tumors is certain, the role of radiotherapy for WHO grade II tumors is less clearly defined (57). Several survey have shown that only a minority of centers would recommend RT after Simpson I–III resection for WHO grade II meningioma (58). To address this important question, a phase III intergroup trial (ROAM; EORTC 1308) has been activated in 2016 randomizing Simpson 1–3 WHO grade II meningioma patients between observation and adjuvant RT delivering 59.4 Gy (59). This active study has an accrual target of 190 patients and over 60% of the patients have been currently accrued in this trial in Europe, Australia and New-Zealand. A systematic survey of 10 studies of adjuvant RT for grade II and III tumors showed that incomplete resection and dose delivered of <50 Gy were associated with a poorer 5-year PFS (60). Several retrospective analyses (Table 2) (29–31) of PT series have shown that increasing the delivered radiation dose may improve the patient outcomes. This parallels the experience with photon series (61–63). These dose–response observations in various analyses may validate the use of PT used with a dose-escalation paradigm (Table 3). A recent prospective European study (EORTC 22042-26042) has shown that the delivery of 60 Gy with photon-RT for Simpson I–III WHO grade II meningioma was associated with substantial toxicity, as grade 3–4 adverse event were observed in 10.7 and 3.6% of patients, respectively (64). This phase II-parallel non-randomized study assessed also the efficacy of high-dose radiotherapy in three other independent cohorts. Although the toxicity of the observational study for Simpson IV–V tumors treated with 70 Gy using photons has never been reported due to the small patients’ numbers, the toxicity of photon treatments at this dose level was notable (Weber DC, personal communication). As such, if moderate dose escalation is pursued, using the physical advantage of the proton beam’s properties to conform the dose deposition at a specific depth, the administration of PT in non-benign meningioma should be considered (Table 3). This has been the dose-strategy of all groups delivering PT for non-benign meningioma with doses up to 72 GyRBE (median/mean, 62–68) administered to these patients with no demonstrable increase the reported toxicity (Table 2). The reported outcome after PT is good, with a median 5-year LC of 52% for WHO grade II–III tumors (Table 2) but caution should be exercised not to over-estimate these results due to the small number (16–35; median 23) of patients and short follow-up intervals of those series (Table 2). The level of evidence justifying the administration of PT for non-benign meningioma, as with its benign counterpart, is low (Table 3).

The management of recurring or progressing meningioma after RT, especially high-grade tumors, is challenging. The therapeutic strategy is often limited but salvage options may include additional surgery and/or re-treatment with a radiation-modality such as brachytherapy (65, 66), photon radiotherapy including but not limited to normo- or hypo-fractionated radiotherapy/radiosurgery, and PT (32). Systemic therapy, including the administration of check-point inhibitors (67), is usually ineffective and rarely translates into radiological objective responses, although WHO grades II–III meningioma patients appear to benefit more from chemotherapy than whose with grade I disease (5, 68). Re-challenging these patients with radiation therapy again could potentially cause serious radiation-induced adverse events, as the organs at risk, including but not limited to the optic apparatus, brainstem and cochlea, have received a substantial dose of radiation already. As such, re-irradiation should be performed using highly conformal radiation techniques. The dose-deposition of particle therapy offers excellent sparing of organs at risk in direct vicinity of the recurrent tumor (Figure 2). Dose comparison analysis of PT vs. volumetric modulated arc photon radiotherapy have shown that integral doses were significantly (p <0.01) higher in all photon plans with a reduction of approximately 50% with PT (40) for recurring meningioma treated with re-irradiation. Using these techniques does not however nullify this risk, as illustrated in the Imber et al. study which reported a >30% rate of high-grade late radiation induced adverse events (32). Assessing the characteristics of these patients with late toxicity, it seems that age (median age, 72.9 years) and previous administered dose (median, 60 Gy) are important factors to consider when assessing the possibility of re-irradiating recurrent meningioma treated with prior RT with protons. Thus, one should consider PT for re-irradiation of non-elderly patients with recurring WHO grade I tumors treated previously with 50.4–54 Gy of radiation (Table 3), as those have the highest PFS and the lowest toxicity rates after re-irradiation. As for newly diagnosed or recurrent meningiomas treated with upfront PT, with or without surgery, the level of clinical evidence justifying the use of protons for re-irradiation is low (Table 3).

Regarding patient outcomes, most series reporting the results of PT for the management of WHO I and II–III tumors have shown that the local tumor control or survival of non-benign meningioma patients is lower than for patients with WHO grade I tumors (Tables 1, 2). The Swiss group demonstrated that the 5-year LC rate was significantly lower (68 vs. 95.7%) for non-benign meningiomas when compared to WHO grade I tumors (22). This decrease in outcome-metrics is observed for non-benign meningiomas, even when these challenging tumors are treated with a dose-escalation paradigm (Table 2). This observed trend mirrors the results of modern photon RT series that report a PFS for atypical meningioma of approximately 70% (69). As such, we must be aware of developing a zealotry about PT for non-benign meningiomas and health providers must consider all existing published evidence before advocating protons for the management of these tumors. Possible explanation for this finding include but are not limited to the referral bias of large/recurrent tumors treated with PT, the span of multiple eras of proton technology (passive scattering, pencil beam scanning, intensity modulated PT, proton radiosurgery) and imbalances between the photon and proton groups with respect to known (age, gender, Simpson resection grade, tumor size, mitotic index) (69–71) and unknown baseline prognostic factors. Additionally, small patient numbers for this rare tumor and differences in patient cohorts between the photon and proton series complicate the interpretation of these findings.

PT is usually delivered to large and volumetrically complex meningiomas. The mean largest volume in the WHO grade 1 PT series is 193 cm3 (Table 1) and is usually larger than in photon series. It may be highly appropriate to treat these challenging patients with highly conformal radiation with a treatment modality that decreases the integral brain dose. The radiosurgery series have shown undisputedly that the largest the tumor volume is, the highest the likelihood of observing a radiation-induced adverse effect. A recent US series reporting on WHO grade I and II meningiomas treated with radiosurgery, has shown that patients who experienced cerebral edema were more significantly (p = 0–028) likely present with larger tumors on univariate analysis (72). These results are in line with other recent series (73–75). These clinical data legitimate thus the use of protons for selected meningioma patients with large tumors, especially if treated in a dose-escalation paradigm.

Visual toxicity and/or brain necrosis are classical complications of high-dose RT for the treatment of meningioma, too well known to merit a repeat citation here. It is reassuring to observe that proton series with a dose-escalation paradigm have not reported increased toxicity to the optic apparatus or brain (Table 2), when compared to photon series (76, 77). Taking the modern PT series, the observed rate of visual or brain toxicity is 0–1.5 and 2.9–4.5%, respectively (Table 2). In these PT series, radiation-induced toxicity was usually observed when the dose constraints were relaxed, such as those patients treated with 63.2–67.4 GyRBE to the optic apparatus (26). It is important however to note that adverse events occur with photon or proton radiation even when the dose constraints are consciously met and when the patient has no risk factors (76). In the Swiss series, the only grade 5 brain necrosis occurred in a WHO grade I patient treated with 54 GyRBE with all dose-constraints met. In the same series, the two optic nerve and the two other retinopathy observed were also planned respecting all optic apparatus dose constraints. Regarding the toxicity on these organs at risk, several groups have tried to identify dose metrics predictive of clinically relevant toxicity (78–82) but the results are not robust and the implementation of these constraints is problematic in some patients with WHO grade II or III tumors. Care should be taken that patients should be aware of these rare adverse events in the informed consent process that should adhere to national guidelines.

Our review has a number of limitations that future studies should address. Firstly, all reviewed data are retrospective in nature and are thus subject to a known and unknown biases that have been only partially discussed in this section of the manuscript. The reviewed data lacked prospectively captured patient-reported outcomes and quality of life that are important in the area of modern neuro-oncology. PSI will submit soon the analysis of the QoL of meningioma patients treated with protons using the EORTC C30 and BN20 questionnaires. These data will also enhance substantially our understanding of how exactly PT may distinguish itself clinically from other radiation modalities. Prospective cohort studies from other institutions will greatly benefit our understanding of meningioma patient outcomes treated with protons and are arguably required at this juncture in time. The concept of an international prospective registry, such as the one proposed by the European Particle Therapy Network in its Clinical Work-package 1 (83), performed under a standardized protocol is immeasurably desirable, for it will allow more homogenous data to accumulate from multiple European experiences. These could then bolster our ability to perform more robust bias assessments, assess the true value of protons for this indication and justify any decision-algorithms, with or without cost–benefit analyses. Finally, the relatively short follow-up time and more importantly the limited number of patients in the cohorts limit somehow the generated level of evidence, especially so for secondary malignancies.



Conclusions

The delivery of PT for the treatment of intracranial meningioma may be discussed in clinical settings including but not limited to volumetrically challenging tumors, non-benign histology or for the re-irradiation of recurring/progressive tumors. Patient with a high-risk of radiation induced toxicity may also benefit from the decrease of dose delivered to critical structures such as the optic apparatus and the brain. The outcome of approximately 500 WHO grade I meningioma patients have been reported with excellent tumor control rates and rare radiation-induced adverse events. For WHO grade II–III meningiomas treated with a dose-escalation paradigm, the toxicity profile is clinically acceptable. Re-irradiation of progressing/recurring tumors with protons should be discussed on a case to case basis and should be limited to those younger patients with benign tumors that should most benefit from protons.
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Radiation-induced late side effects such as cognitive decline and normal tissue complications can severely affect quality of life and outcome in long-term survivors of brain tumors. Proton therapy offers a favorable depth-dose deposition with the potential to spare tumor-surrounding normal tissue, thus potentially reducing such side effects. In this study, we describe a preclinical model to reveal underlying biological mechanisms caused by precise high-dose proton irradiation of a brain subvolume. We studied the dose- and time-dependent radiation response of mouse brain tissue, using a high-precision image-guided proton irradiation setup for small animals established at the University Proton Therapy Dresden (UPTD). The right hippocampal area of ten C57BL/6 and ten C3H/He mice was irradiated. Both strains contained four groups (nirradiated = 3, ncontrol = 1) treated with increasing doses (0 Gy, 45 Gy, 65 Gy or 85 Gy and 0 Gy, 40 Gy, 60 Gy or 80 Gy, respectively). Follow-up examinations were performed for up to six months, including longitudinal monitoring of general health status and regular contrast-enhanced magnetic resonance imaging (MRI) of mouse brains. These findings were related to comprehensive histological analysis. In all mice of the highest dose group, first symptoms of blood-brain barrier (BBB) damage appeared one week after irradiation, while a dose-dependent delay in onset was observed for lower doses. MRI contrast agent leakage occurred in the irradiated brain areas and was progressive in the higher dose groups. Mouse health status and survival corresponded to the extent of contrast agent leakage. Histological analysis revealed tissue changes such as vessel abnormalities, gliosis, and granule cell dispersion, which also partly affected the non-irradiated contralateral hippocampus in the higher dose groups. All observed effects depended strongly on the prescribed radiation dose and the outcome, i.e. survival, image changes, and tissue alterations, were very consistent within an experimental dose cohort. The derived dose–response model will determine endpoint-specific dose levels for future experiments and may support generating clinical hypotheses on brain toxicity after proton therapy.
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Introduction

Tumors of the central nervous system are still an entity with a very poor prognosis, with a current relative 5-year survival rate of around 19 – 22 % (1). However, patients of younger age (1) as well as those treated for low grade tumors (2) have a substantially better perspective. Preserving cognitive abilities and quality of life is of paramount importance to these patients. For radiotherapy, this requires the reduction of dose delivered to the tumor-surrounding normal tissue below a critical threshold dose.

An advantage of proton therapy (PT) over photon radiotherapy is its inherent physical properties: Particles stop in the tissue after depositing their energy maximum (Bragg Peak), leading to a reduced integral dose (3) and sparing of normal tissue. Thus, brain tumors and pediatric patients are often treated with this modality (4, 5). In recent years, there has been a surge in PT treatment facilities (6), and several smaller cohort studies indicate beneficial effects of PT such as improved overall survival (7) or prevention of brain-volume loss (8). However, data from randomized multi-center clinical trials is still lacking (9).

At the same time, preclinical data and observations from clinical practice call for a better biological understanding of the normal brain tissue toxicities after PT (10). While a constant relative biological effectiveness (RBE) of 1.1 relative to photon radiotherapy is used for treatment planning, several in vitro (11) and rare in vivo (12) studies suggest a variable and higher RBE. Increased RBE values occur particularly at the field edges, which are usually located in the normal tissue due to clinical safety margins. Additionally, particular brain areas such as the periventricular region (13, 14), the neural stem cell compartment (15, 16), and the corpus callosum (16, 17) are suspected to be more sensitive to radiation. If the higher RBE and the particular radiosensitivity of brain substructures prove to be clinically relevant, treatment planning and dose calculations would have to be adjusted accordingly (18).

Normal tissue toxicities caused by radiotherapy alone are hard to estimate in patients who often receive a combination of surgery, chemo- or immunotherapy (19) and also suffer from residual tumor, tumor recurrence or pseudo progression (20). Nevertheless, radiation-induced brain injury or neurologic complications are known side effects (4, 21). A suitable preclinical model would offer the potential to investigate radiation effects without confounding factors, model accurate predictions, and test effective counteractive measurements. Another advantage of the preclinical setting is the availability of tissue histology, which provides valuable insights into the underlying cellular changes.

Despite recent successes, meaningful in vitro models for normal brain tissue still fall short, with extensive cultivation requirements and missing complexity (22, 23). Classical in vivo brain irradiation experiments in rodents are performed with photons and designed to treat either the whole or half of the brain (24–27), which is not reflecting the clinical practice, where the irradiated normal tissue is minimized as much as possible. Since there is a strong dose-volume effect of normal tissue toxicities (28), more clinically relevant treatment fields are needed.

We recently established a workflow for high-precision proton irradiation of mouse brains (29, 30) and showed immediate DNA damage induction in a defined subvolume (31). Being able to reproduce clinical fields including a dose gradient and tissue sparing, investigating underlying tissue damaging mechanisms or alternative treatment options is now possible. As radiosensitivity differs not only between humans and mice, but also between mouse strains (32), it is mandatory to define the proton radiation doses that evoke side effects in murine brains comparable to clinical observation in patients. Therefore, the primary endpoints of this pilot study were (i) to determine a dose able to evoke clinically relevant tissue changes, and (ii) to elucidate the time dynamics of these side effects. To avoid age as confounding factor and enable experimental insights within a reasonable time frame, we decided to irradiate mice older than 60 days (33) and use a follow-up period of 6 month.

So far, no experimental data on high-dose proton irradiation of mouse brain subvolumes has been published, thus we relied on photon data of rat brain irradiation as reference point. The dose–response curve for the appearance of necrosis in irradiated rat brains lays between 20 Gy to 80 Gy at 19 month post irradiation (34) and image changes in MRI were observed for doses >30 Gy at 15 month after treatment (35). In the present study, we explored late side effects by applying increasing proton doses in a range of 40 Gy to 85 Gy. The longitudinal follow-up consisted of regular contrast-enhanced (CE) MRI, recording of animal health status, and final histological analysis. To model inter-patient variability, the two mouse strains C57BL/6 and C3H/He were compared as representatives for high radiation resistance and sensitivity (27, 32), respectively. In this way, we comprehensively characterized and established two robust, predictable animal models to tackle future research questions in the field of proton radiobiology.



Material and Methods


Animals

Eight to nine weeks old C57BL/6JRj (“C57BL/6”) and C3H/HeNRj (“C3H/He”) were delivered from Janvier Labs (Saint Berthevin Cedex, France) at least one week before starting the experiments. Only female mice were used to exclude potential sex differences. Animals were housed in Euro Standard Type III with up to five animals per cage at a 12:12 h light-dark cycle. Food, water, and Kaolin pellets (K50001, Brogaarden, Lynge, Denmark; “Pica test”) were available ad libitum. Nesting material as well as polycarbonate tunnels or mouse igloos were offered as cage enrichment. All experiments were approved by the Saxon authorities (Landesdirektion Sachsen, DD24.1-5131/449/32) and are in accordance with institutional, national, and European (EU Directive 2010/63/EU) animal welfare regulations.



Magnetic Resonance Image Acquisition

MR images were acquired with a 1.0 T small animal MR scanner (nanoScan® PET/MRI, Mediso Medical Imaging Systems, Budapest, Hungary) using a mouse head coil. Mice were anesthetized with 1–2 % isoflurane (Baxter Deutschland GmbH Medication Delivery, Unterschleißheim, Germany; vol./oxygen). The eyes were protected with Bepanthen eye cream (Bayer Vital GmbH, Leverkusen, Germany).

A field of view (FOV) covering the mouse brain was defined. In each imaging session, first a T2-weighted (T2w) MR scan was acquired with a 3-dimensional (3D) fast spin echo sequence (transverse slices, repetition time (TR) = 1,000 ms, effective echo time (TE) = 97.7 ms, FOV = 31.3 mm, 128 × 128 matrix size, slice thickness (ST) = 0.23 mm, number of slices (NS) = 90). Afterwards, Magnevist® contrast agent (Bayer Vital, Leverkusen, Germany, ~ 5 µl/g body weight) was injected intraperitoneally (i.p.) 10 min before running a CE 3D gradient echo spoiled T1-weighted (T1w) sequence (transverse slices, TR = 15 ms, TE = 3.1 ms, FA = 25°, FOV = 60 mm, 256 × 256 matrix size, ST = 0.23 mm, NS = 90).

MR scans were recorded in the week prior to irradiation and biweekly thereafter, starting either in the first or second week after treatment. Measurements of the sham-irradiated animals as well as selected internal control scans, i.e. scans before irradiation, can be found in Supplementary Figure S1. After three months, the measurement interval was increased to up to five weeks. An additional diagnostic MR scan was acquired in case of decreasing health status of an animal.



Irradiation Setup and Dosimetry

A 90 MeV proton beam was shaped laterally by an aluminum collimator with an aperture of 4 mm. To ensure that the Bragg peak position was in the mouse brain, the proton range was adjusted by a 47.6 mm polycarbonate range compensator. Figure 1A shows a schematic representation of the irradiation setup and Figure 1B an  overview of the experimental design. The thickness of the range compensator was optimized using the Giraffe multilayer ionization chamber detector (IBA Dosimetry, Schwarzenbruck, Germany) to obtain a proton range in water of about 6.3 mm for the C3H/He mice. Because C57BL/6 mice are of smaller size, an additional 1 mm poly(methyl methacrylate) slab was added adjacent to the collimator, resulting in a proton range of about 4.9 mm in water (Figure S2). The 3D dose distribution, including the proton range at treatment position, was verified by EBT3 dosimetry film stacks [stopping power ratio 1.3 (36), Ashland Inc., USA, LOT: 04181701] that were calibrated beforehand with ionization chambers (capped Markus chamber, model 34045, PTW, Germany). Film readout was adapted for proton doses higher than 20 Gy through evaluation of the green color channel (37) using the fit procedures described by (38). Monte Carlo beam transport simulations of the 3D dose distribution in mouse brains and film stacks were performed by means of the software “Tool for Particle Simulation” [TOPAS (39),] as described in (31). Figure 2 shows one representative simulated proton dose distribution for each mouse strain.




Figure 1 | Irradiation setup and experimental procedure. (A) Schematic representation of the beam shaping system. Left to right: A 90 MeV proton beam (red) exits the vacuum beam line and passes through a transmission monitor ionization chamber (TM). A brass (left) and an aluminum collimator (right) shape the beam which is range adjusted by a polycarbonate (PC) compensator before irradiating the mouse within the transportation box. Dimensions in mm. (B) Overview of the workflow and the specified endpoints. Modelling, MRI measurements, and histology are correlated to find the dose evoking clinically comparable normal tissue toxicities.






Figure 2 | Representative mouse brain CTs in treatment position for one C3H/He and one C57BL/6 mouse with dose distributions from Monte-Carlo beam transport simulations. Little dose was deposited within the contralateral hemisphere. The extent of the brain that received at least a certain fraction of the dose maximum Dmax is given as absolute volume V and as percentage of the brain volume. Scale bars 2 mm.



For absolute and relative dosimetry during mouse irradiation, a two-step process as described in (31) was applied. Briefly, the treatment dose was defined on the basis of EBT3 film stacks. The mean film dose within the 80% isodose area around the Bragg peak maximum was assumed as treatment dose. For comparison, a TOPAS simulation was performed to calculate the mean dose within the volume circumscribed by the 80% isodose line around the Bragg peak. Both, the dose estimated on basis of 2D films and the 3D simulated dose agreed within 10 %. In a second step, a correlation factor between treatment dose and mouse head entrance dose was determined as basis of the measured depth dose distributions. The entrance dose is easily accessible with EBT3 films placed at treatment position perpendicular to the incoming proton beam. To monitor the dose delivery during treatment, monitor units (MU) measured by the ionization chamber at beam exit (model 34058, PTW, Freiburg, Germany) were correlated to the mouse head entrance dose. Beam delivery was automatically switched off when the requested MU were reached. For mouse irradiation, a dose rate of about 10 Gy/min (Bragg peak) was applied to deliver physical doses (“high”, “intermediate”, “low”) of 80, 60, and 40 Gy to C3H/He mice, and of 85, 65, and 45 Gy to C57BL/6 mice. Each dose group contained three animals; one sham-irradiated animal per strain served as control. The quality assurance of dose delivery included the irradiation of EBT3 films with a defined dose range at entrance position to check for MU-dose correlation, and the irradiation of several film stacks during each campaign to verify the depth dose distribution.



Animal Irradiation

At an age of 11–13 weeks, the right hippocampal area of the mice was irradiated with protons at the experimental beam line of the UPTD as described in (31). A designated mouse bedding unit (29) maintained mouse hygiene status and body temperature.

For treatment planning, a cone-beam computed tomography (CBCT) and orthogonal x-ray images were acquired in the week before radiation (40). We defined the target coordinates with the µRayStation 5 treatment planning software (RaySearch Laboratories, Stockholm, Sweden) using relative coordinates within the brain (cranial-caudal: 0.56, dorsal-ventral: 0.4) in accordance with the Allen Mouse Brain Atlas (41). On the treatment day, mice were anesthetized (i.p. ketamine (100 mg/kg, WDT eG, Garbsen, Germany)/xylazine (10 mg/kg, Serumwerk Bernburg AG, Bernburg, Germany)) and a second planar x-ray image was acquired. The two x-ray images were used to reposition the animal with the in-house developed RadiAIDD positioning software (https://github.com/jo-mueller/RadiAIDD).



Scoring and Sample Processing

The health status of mice was scored twice per week on a scale from 0–5 considering reduction of body weight, behavior, general appearance, and the skin reaction (grade 0–4). The catalogue of scoring criteria was composed according to guidelines from (42) and (43) and a translation can be found in the Supplement (Tables S1 and S2). To exclude bias and inter-observer variance, a majority of the scorings was performed by the same experienced observer, who was blinded for the applied radiation dose. Substitute observers were trained beforehand. Mice were removed from the experiment by cervical dislocation either when the score revealed deterioration of the animal’s health or after the maximum follow-up period of six month was reached. One C3H/He mouse of the 40 Gy group had to be censored in week 24 after irradiation due to a skin injury unrelated to the experiments. Brains were excised and fixed in 4 % formalin overnight at room temperature. Afterwards, tissue samples were processed for paraffin embedding with a semi-enclosed Benchtop Tissue Processor (Leica Biosystems, Wetzlar, Germany).



Histochemistry

In brain areas with T1 contrast agent accumulation, consecutive paraffin sections in the transverse plane of 3 µm thickness were prepared every 100 µm and dried overnight at 37°C. Slices were dewaxed and rehydrated and—for immunohistochemistry—heat-induced antigen retrieval with citrate buffer (pH = 6) was conducted. Hematoxylin and eosin (H&E) staining was performed according to standard procedure.

For immunofluorescence, sections were blocked for 1 h at room temperature with 1x Rotiblock (Carl Roth, Karlsruhe, Germany, A151) supplemented with 0.1 % Triton X-100 (SERVA Electrophoresis GmbH, Heidelberg, Germany, 37240). Antibodies against glial fibrillary acidic protein (GFAP), ionized calcium-binding adapter molecule 1 (Iba1), Nestin, and the Ki-67 protein as well as their respective secondary antibodies were diluted in 1x Rotiblock and incubated either 1 h at room temperature or overnight at 4°C. After DNA counterstaining with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, D3571), sections were embedded with fluorescence mounting medium (Agilent Technologies, Santa Clara, USA, S302380) and dried overnight. Antibody specifications as well as their respective concentrations are listed in Supplementary Table S3.



Microscopy Image Acquisition and Analysis

Microscopic images were acquired with a 10x or 40x objective at a ZEISS Axio Scan.Z1 digital slide scanner (Carl Zeiss AG, Oberkochen, Germany) by the Light Microscopy Facility of the Center for Molecular and Cellular Bioengineering (CMCB) and with a 40x objective at an AxioImager M1 or Z2 (Carl Zeiss AG, Oberkochen, Germany). Images were post-processed using Zen 2.3 (blue edition, Carl Zeiss Microscopy GmbH, 2011) or, for visualization of gliosis, with Fiji (ImageJ 1.52p, 64 bit Windows) (44) by applying a background subtraction (rolling ball radius 20 pixel) and the look-up table “Red Hot”.



Data Analysis and Statistical Evaluation

Appearing brain tissue changes were categorized by a neuropathologist (MM) in H&E samples. The volumes of regions with CE image signal on the T1w MR images were contoured by two independent experimenters each (Figure S3) using the Medical Imaging and Interaction Toolkit [MITK, v2018.04.2 (45)]. Total brain volumes were delineated in the T1w MR images by one observer for three mice per strain. T2w MRI data was filtered using BM3D (46) with a sigma of 1.5 (Matlab R2013a, The Mathworks Inc., Natick, MA, USA) for qualitative analysis, which comprised binary scoring of the presence of abnormal T2 signal intensities (hyper- and hypo-intense). The analysis was performed by three independent observers. GraphPad Prism 7 for Windows (Version 7.02, GraphPad Software, Inc., San Diego, CA, USA) was used for plotting Kaplan-Meier survival curves and survival analysis with a log-rank test. The group size of three animals in this pilot study circumvents any further statistical analysis.



Dose-Volume Response Model

The onset time ton of the first appearance of contrast agent accumulation in the T1w MR images after irradiation as well as the time evolution of the volume V were modelled as a function of irradiation dose D. The onset time,

 

was assumed to decrease logarithmically with increasing dose. The time constants t1 and t2 are model parameters and were obtained by matching Equation (1) to the experimental CE data for the C3H/He mice. The resulting model was then applied to the CE data of the C57BL/6 mice for model validation.

For follow-up time points t ≥ ton (D), the logarithm of the CE volume,

 

was assumed to increase linearly with dose and with follow-up time t to the power of b. The threshold dose D0 as well as the parameters a and b were obtained by globally fitting Equation (2) to the CE volume time series of all C3H/He mice. For the C57BL/6 mice data, the values for a and D0 obtained from the C3H/He data were maintained and only the parameter b was adapted to match the time dependence of the experimental outcome of all C57BL/6 mice. The model is included in the Supplementary Excel File.




Results

In the weeks following treatment, general appearance and behavior of the mice remained normal and body weight either increased or remained stable (Figures 3A, B). All irradiated mice developed a skin reaction grade 1, i.e. dry desquamation and hair loss, approximately one month after treatment, with a slight delay in the lowest dose group (Figure 3C, clinical score change from 0 to 1). Effects appeared strictly within the irradiated area. The regrown fur lost its pigmentation, appearing white thereafter (Figure S4). Health deterioration occurred in C3H/He after high- (3/3) and intermediate- (2/3) dose irradiation and in C57BL/6 only in the highest dose group (3/3). If general well-being deteriorated, its decrease was rapid after a certain latency time and mice were sacrificed within few days according to the health scoring (Figures 3C, D). The major indicator of health decline was body weight loss; behavioral and appearance changes were recorded only on the last measurement day in most of the mice. Changes in body weight were more apparent in C3H/He animals. This is also reflected by their generally higher weight gain in the measurement period.




Figure 3 | Weight curves of (A) C3H/He and (B) C57BL/6 shown as percent of initial body weight. (C, D) General health scoring of mice included skin reaction (grade 0–4), body weight reduction, general appearance, and behavior, according to a fixed set of criteria. A combined score of 5 was set as the stopping criterion.





The Pica test as indicator for nausea showed no difference between irradiated and non-irradiated animals. Even when the animal suffered from radiation-induced weight loss, no clear indication of nausea, i.e. white colored feces, was observed. Autopsy after euthanasia always revealed an empty digestion tract, but no organ aberrations.

We found prolonged survival for C57BL/6 mice compared to C3H/He mice (Figures 3, and 4A, B) in the highest dose group [C57BL6: (76 ± 13) days, C3H/He: (64 ± 9) days]. All C57BL/6 mice irradiated with intermediate doses reached the maximal follow-up time, while only one out of three C3H/He mice in this dose group survived until the final measurement day. Animals irradiated with the lowest dose as well as the control animals survived until the end of the observation period.




Figure 4 | Mouse survival, onset of CE in T1w and signal onset in T2w MRI. (A, B) C57BL/6 mice showed an increased survival rate compared to C3H/He, whereas (C–F) onset times of MR image changes exhibited a similar pattern in both mouse strains, with a clear dose-dependency. T2w signal only appeared after T1w CE was observed. The log-rank test indicates that there is a significant difference in survival and signal onset in MRI between the dose groups.



Regardless of the prolonged survival of C3H/He animals, MRI data showed contrast agent accumulation after similar dose-dependent onset times for both animal strains (Figures 4C–F). T1w CE appeared consistently before the occurrence of image changes in T2w MRI. We found no T2w hyper-intensities in animals exposed to 45 Gy, 40 Gy, and 0 Gy proton irradiation. Onset of CE was located within the area of the designated dose maximum (Figures 2 and 5).




Figure 5 | Exemplary CE T1w MR images of (A) C3H/He and (B) C57BL/6 for one selected mouse per dose group. The time points were chosen to reflect signal onset (blue arrow) in the different treatment groups. CE appeared sooner for higher doses. However, the progression pattern in the mouse strains matched and if the stopping criterion, i.e. health deterioration, was reached, affected volumes corresponded also between different doses. Scale bars 2 mm.



The CE volume increased progressively after its initial occurrence (Figure 6). An exception was the lowest dose group (45 Gy) of C57BL/6 mice, where the data indicates an initial progression period followed by a mild recovery at the end of the observation period. The rate of CE volume growth strongly depended on the applied dose as well as on the mouse strain: Progression was faster for higher doses and C3H/He animals. To prevent implicit dependence of the observed effect on differences in total brain size between the two mouse strains, we contoured the total brain volume in three individuals and found comparable sizes (491.4 ± 16.7 mm3 and 488.6 ± 4.7 mm3 for C3H/He and C57BL/6, respectively). During the observation period, no noticeable brain volume increase occurred. While longer surviving animals showed slower progression, final CE volumes and health deterioration were within the same magnitude for all animals. In general, as expected for a normal tissue reaction, a high consistency within the dose groups was noted.




Figure 6 | CE-volume increase in T1w MR images and the dose-volume response model (black curves) derived from experimental data for (A) C3H and (B) C57BL/6 mice. Onset and progression were earlier and faster for higher doses. C57BL/6 progressed at a lower rate than C3H/He animals.



The acquired data was used to generate a dose-volume response model to predict the signal onset and the rate of CE volume increase based on Equations (1) and (2), respectively (Table 1). The onset time of the first image changes in MRI as function of dose showed for all six dose groups (i.e., both strains) a highly consistent dependence on dose and only small variances within each dose group. Onset time could therefore be precisely estimated by the according model for all 18 mice resulting in high R2 values of 0.97 and 0.92 for C3H/He and C57BL/6, respectively.


Table 1 | Parameters for the dose-volume response model for irradiated brain subvolumes of C3H/He and C57BL/6 mice.



For the modelling of the image change volume over time as a function of dose, in total 153 measured data points were included, that is, on average measured volumes at 8.5 time points were available per mouse. Accordingly, the time dependence of the image change volume was robustly modelled. On the other hand, only three different dose levels entered the modelling per mouse strain. To test model performance, first, a model was built on one cohort (all C3H/He mice, R2 = 0.80) and, second, applied to an independent cohort (all C57BL/6 mice, R2 = 0.76). Despite using two different mouse strains, only one model parameter (i.e., b) had to be adapted to fit the smaller CE volume growth rates observed for the C57BL/6 mice.

T2w image changes followed the CE in T1w images with a time delay, but occurred initially within the same brain regions. T2w image changes comprised both T2 hyper- and hypo-intensities and generally had a more diffuse and heterogeneous appearance (Figure 7). However, at later time points the extent of T2 hyper-intense signal did outreach the volume with CE. T2 hyper-intensities were never observed in animals of the lowest dose group. On the other hand, one C3H/He animal irradiated with 40 Gy exhibited an area of hypo-intense T2w signal, which was also seen in the three C3H/He mice of the intermediate dose group before onset of hyper-intense signal. In C57BL/6, T2w hypo-intensities appeared as late effect for two animals (85 Gy and 65 Gy).




Figure 7 | Exemplary T2w MR images of (A) C3H/He and (B) C57BL/6 for one selected mouse per dose group. Signal onset (blue arrow) occurred faster in high dose animals and did not appear in the lowest dose group. In most animals, the initial T2w image change was a hyper-intense signal; however, hypo-intensities were observed first in C3H/He mice irradiated with 60 Gy. Scale bars 2 mm.



Selected animals of each dose group were histologically evaluated to validate the MR imaging results and obtain pathologic findings on a microscopic level. H&E staining (Figure 8) revealed a broad range of normal tissue toxicities, which predominantly appeared within the irradiated field. We noted gross morphological alterations such as microfocal edema, white matter damage, and cytoplasmic changes. Fibrin extravasation, incomplete necrosis, and small areas of complete necrosis were present. Vessels had started to proliferate strongly and showed indications of dysfunction such as dilatation, chaotic organization, and hyalinosis. Gliosis of astrocytes and microglia occurred as well as microglia-lymphocyte nodules and macrophage invasion, mainly visible by residual siderophages, a sign of past micro-bleedings. Hippocampal sclerosis and granule cell dispersion were induced, especially in hippocampi irradiated with high doses. Incidence and severity of the side effects depended strongly on the delivered dose (Table 2). In general, the spatial transition from undamaged tissue to severe tissue alterations and vice versa was narrow and occurred within a range of 300 – 500 µm, which is attributed to the steep dose gradients of the proton beam. The H&E staining revealed only a weak effect in the low dose group.




Figure 8 | Exemplary H&E images of an 80 Gy proton irradiated (A–F) or control (G–I) C3H/He brain. The right hemisphere was exposed to proton radiation; the left hippocampus received no dose. Microfocal edema (D–F), vessel proliferation (D–F), hyalinosis and dilatation (F, blue arrows) of vessels, incomplete necrosis (D–F), siderophages (F, brown color), and white matter damage (D–F) were noted in the irradiated brain. The hippocampus had a reduced cell density and granule cell dispersion (D, E). None of these effects were present in the contralateral side (A–C) and the control animal (G–I). Pink: parenchyma, violet: cell nuclei, red: erythrocytes, brown: siderophages. Scale bars (left to right): 2 mm, 500 µm, 100 µm, 100 µm.




Table 2 | Overview of normal brain tissue toxicities observed after proton irradiation with different doses in C3H/He and C57BL/6.



Comparison of MRI data and histology could correlate image changes with tissue alterations (Figure 9). CE in T1w sequences appeared in regions with vessel proliferation and vasodilation. T2w hypo-intense spots were associated with calcification or haemorrhage and fibrin extravasation, whereas hyper-intense signal was linked to edema, angiogenesis, and vessel dilatation.




Figure 9 | Correlation of MR image data and H&E histology. (A) Angiogenesis and vessel dilatation were observed in regions of contrast agent accumulation in T1w MRI. T2 hypo-intense signal could be related to (B) calcification or (C) fibrin extravasation and haemorrhage. (C) Hyper-intense spots in T2w sequences corresponded to edema and immensely dilated vessels. Scale bars (left to right): 2 mm, 1 mm, 200 µm.



The microglial immune reaction, astrogliosis, and vessel aberrations were confirmed with further cell-type specific staining. This also revealed previously undetected effects in the low dose group, where abnormalities were not noticed in H&E histology. Proliferation of microglia (Iba1-positive) and astrocytes (GFAP-positive) occurred in the irradiation field, especially in the hippocampus, the area of the dose maximum, and around edema (Figure 10). Astrocytes formed a glial scar around injured tissue. At higher doses, there was—to a lesser extent—also an effect in the contralateral hippocampus with an increased GFAP expression. In general, tissue alterations were more pronounced and spatially widespread at higher doses.




Figure 10 | Distribution of gliosis in the proton irradiated C3H/He mouse brain. Gliosis is indicated by an increased number of astrocytes (GFAP, upper row) and microglia (Iba1, lower row) within the irradiated field and, for higher doses, also in the contralateral hippocampus. Staining was either performed within the same slice or in consecutive ones (within 15 µm distance, due to adaption of the staining protocol).



The incidence of reactive gliosis was verified with a co-staining of GFAP and Nestin: double-positive cells, as well as a high number of Nestin-positive vessels were observed predominantly in the irradiated field and particularly within the glial scar tissue (Figures 11A, B). Brain areas affected by gliosis showed an increased amount of Ki-67 positive cells, indicating cell proliferation (Figure 11B). Brains of mice irradiated with 40 Gy/45 Gy formed no glial scar due to largely absent tissue damage and had only few double-positive cells as well as little reaction outside the irradiated area.




Figure 11 | Cell type specific markers and cell nuclei (DAPI, blue) in representative irradiated brain sections of C57BL/6 mice. (A) Nestin-positive vessels (pink), GFAP-positive astrocytes (green), and Nestin-GFAP double-positive astrocytes in an animal irradiated with 85 Gy. No double-positive cells appear in the control animal. Scale bar 50 µm. (B) Consecutive slices showed the glial scar (left, Nestin-GFAP double-positive cells, green and pink) and proliferating, Ki-67-positive cells (right, green) located in the irradiated brain area, mainly around edema (white lines, 65 Gy). Scale bar 100 µm. (C) Iba1-positive microglia (red) increased in number and changed their morphology upon proton irradiation. Higher doses exhibit a bushy or amoeboid-like shape. Scale bar 50 µm.



Microglia in the irradiated brain area increased in number and transformed their morphology to an activated state. Control animals show only resting local microglia with round, small cell somas and long, thin processes. Upon proton irradiation, cell shapes change from ramified to amoeboid with decreased cell spread, bushy processes, and increased soma sizes (Figure 11C). Again, changes were minor after low-dose (40 Gy/45 Gy) and more pronounced after high-dose (80 Gy/85 Gy) irradiation.



Discussion

Normal tissue toxicity following radiotherapy is a clinical challenge, particularly in brain tumor patients, and the availability of meaningful preclinical models is crucial for understanding the induced side effects. Existing preclinical studies focus on half- (47) or whole-brain irradiation (27) and thereby disregard the dose-volume effect, impairing clinical relevance. In this pilot study, we established and comprehensively characterized a suitable in vivo model to investigate long-term side effects after proton irradiation of the hippocampal area as a relevant brain subvolume. For this, we used a follow-up with longitudinal evaluation of MR image changes and general well-being in addition to final histopathological findings.

The incidence, latency period, and severity of observed normal tissue toxicities, i.e. MR image changes, skin reaction, weight reduction, and histological abnormalities, strongly depended on the delivered dose for all investigated endpoints, as found previously (34, 35, 48). Interestingly, all observed effects were very consistent across the different dose groups although the experiments were planned as a pilot study with n = 3 mice per condition. As a first visible side effect, hair loss and subsequent whitening of the fur occurred. This can effectively be used to determine the correct application position of the proton beam. The Pica test for detection of nausea or headaches did not reveal any outcome and is thus not helpful to assess animal burden in this context. While apparent behavioral changes occurred late, body weight changes have proven as a reliable indicator for mouse health deterioration after proton brain irradiation. Therefore, a meaningful scoring system for future experiments should consider the weight kinetics. The investigated two mouse strains were chosen to represent a patient population with heterogeneous radiosensitivities (32); the proposedly more radiosensitive C3H/He showed a faster progression of therapy-related BBB damage and weight loss. However, our data may not allow a definite conclusion on that matter, since C3H/He had a larger fraction of their brain volume irradiated, leading to a higher integral dose. In particular the small dimensions of the preclinical setup combined with anatomic differences between the mouse strains complicate the irradiation of identical volumes. Alternatively, a voxel-wise correlation of dose and damage might be a promising approach to reveal strain-specific differences as well as variances in radiation response between the brain regions.

In the MRI measurements, the earliest detectable image change was contrast agent accumulation, which implies leakage into the tissue and signifies increased vessel permeability or breakdown of the BBB. CE in T1w MR images was observed in all irradiated animals and formed sharp outlines, thus enabling a clear differentiation from the surrounding brain tissue. On the other hand, T2w hyper-intensities occurred only in intermediate and high dose animals and exhibited a diffuse appearance. Retrospective analysis of H&E staining could verify the existence of white matter damage, edema, and incomplete necrosis in brain areas with CE and hyper-intense MR image signal. In two of the animals with T2w hypo-intensities, histology revealed calcification in the respective region, in another animal subarachnoid hemorrhage and fibrin extravasation were diagnosed. This is in agreement with existing literature: intracerebral bleeding, accumulation of mineral substances, or protein-containing lesions are some morphological changes causing T2w hypo-intensities in patients (49). Origin of the image changes in both sequences was consistently in the region of the dose maximum, but with progressing side effects, surrounding tissue was affected and a T1/T2 mismatch occurred. Above-mentioned MR image changes are classic clinical features of late radiation injury and frequently occurring in patients after brain radiotherapy (50–52) as well as in previous reported preclinical experiments (35, 47, 53, 54). The distinctive feature of our study is the in-depth comparison of MR image changes with tissue alterations in histology. One restriction was the rather low MRI signal-to-noise ratio combined with a weak T2-weighting of the sequence. This impaired more differentiated evaluation of imaging data and may provide an explanation for the onset of T2w image changes, which appeared consistently after T1-CE. Clinical data frequently describes an inverted course of events with an earlier occurrence of image changes in T2w imaging (52). However, contrast agent accumulation was clearly distinguishable and the onset and qualitative evaluation of image changes in T2w images was possible after applying a BM3D noise reduction filter. Hence, the imaging protocol was deemed feasible as it allowed for high-throughput measurements with acceptable scan times. From the MRI data, we could derive a dose-volume model that consistently predicts onset time and progression of the BBB breakdown as well as animal survival. This model can now be used to choose suitable dose levels for evoking clinically relevant radiation toxicities at realistic preclinical time points in the two mouse strains C3H/He and C57BL/6. Despite the small animal number, we consider the proposed model from this pilot study useful and applicable, due to its consistency and successful validation in an independent cohort. Especially the finding that increased radiation dose leads to quicker onset of radiation pathology confirms the outcome of earlier in vivo mouse photon irradiation studies (55). Additional testing of the model in future experiments with larger cohorts and especially at other dose values is recommended. Future studies could investigate to which extend the modelled behavior also applies to cancer patients suffering from radiation-induced tissue damage, where a similar progression of CE volume increase was observed. In particular, the observed distinct dose dependence of the onset time and velocity of CE volume increase should be tested in an appropriate clinical cohort. Taken together, our findings clearly prove the value of preclinical experiments for interpreting medical imaging results, in turn helping to improve patient diagnosis.

For a deeper understanding of the tissue changes, specific cell types were investigated in greater detail. The strong gliosis observed in H&E staining proved to be originated from both astrocytes and microglia. Ki67-positive cells were present in the respective area, demonstrating active local proliferation. Especially around injured tissue, such as edema or hemorrhages, Nestin-positive astrocytes appeared. These cells are known to form the so-called “glial scar”, which is a typical mechanism to self-limit tissue damage that protects against invading inflammatory cells (56). Microglia recruitment to the radiation lesion and cell activation was observed in all dose groups, but the extent showed a clear dose dependence visible in both cell distribution and morphology. Especially after high-dose irradiation, microglia were highly circular with big soma sizes, signifying activation (57). Interestingly, the contralateral hippocampus was affected by gliosis. This has been described before (58) and was attributed to global neuroinflammation resulting from brain irradiation (59). After severe trauma and BBB damage, additional invading immune cells take part in the inflammatory reaction. We did not observe peripheral macrophages after low dose irradiation, whereas specimen of higher doses showed residual siderophages, i.e. blood cell clearing macrophages as a sign of past micro-bleedings, and occasional lymphocyte-microglia nodules. Another prominently changed tissue component is the vasculature, exhibiting vessel dilatation, -hyalinosis, and -angiogenesis. These alterations have also been observed in patient biopsies or autopsies (60, 61) and indicate dysfunctional blood flow and ensuing limited nutrient supply in the respective tissue. The underlying reason could be radiation-induced microvascular injury and a subsequent decline of the vessel population, leading to tissue hypoxia. Apoptosis of CNS vessels as early as 24 h post irradiation has been observed, and experimental data indicates a slow recovery of endothelial cell density with leaky immature vessels (62, 63). Studies on sleep apnoea (64) and brain radiation (65) reveal angiogenesis, reactive gliosis, neuroinflammation, and altered hippocampal neurogenesis as reaction to hypoxic conditions. Vessel proliferation, inflammation, and reactive astrogliosis were indeed confirmed in our final histopathological analysis; and even though altered neurogenesis was not investigated, it is possibly one mechanism contributing to the observed massive gliosis (58). Two hitherto unidentified histological changes following radiation are granule cell dispersion and hippocampal sclerosis, which are known from epilepsy (66) or neurodegenerative diseases (67), but not radiotherapy. Since patient biopsies or autopsies of irradiated hippocampi are very rare, further preclinical studies will be needed to elucidate whether these side effects may contribute to neurocognitive decline after brain radiation.

Our results suggest that alleviating or reversing therapy-related toxicities might be possible; for example by reducing the inflammatory reaction (59) or protecting the vasculature by VEGF blockade (68, 69). The mouse model presents a valuable tool to screen for such potential treatment approaches and characterize their underlying mechanisms before entering clinical trials. Future studies should include longitudinal histology as well as high resolution T1w and T2w MRI together with additional sequences that represent the current clinical standard, such as FLAIR imaging and diffusion weighted imaging. This would allow for improving the link between MR image changes seen clinically after radiotherapy to preclinical MRI and, most importantly, the underlying histological changes. Additionally, high resolution MRI could help to elucidate radiation-induced normal tissue toxicities further, e.g. regarding specific brain regions of interest such as the periventricular area (13, 14) which appears to be particularly radiosensitive. Complementary “omics” analysis or liquid biopsies could reveal suitable biomarkers for predicting the potential onset or the occurrence of late side effects, which could support patient stratification and treatment. Furthermore, the influence of hippocampal-sparing proton irradiation on cognitive abilities, the role of the stem cell niche, and the beneficial potential of exercise during and/or after radiotherapy (70) are interesting research questions which can be tackled using the presented model. This pilot study could therefore achieve its primary endpoints: (i) we defined a dose delivered as a single fraction by a laterally confined 4 mm proton beam in one brain hemisphere within the range of 40 – 50 Gy as suitable for preclinical experiments focused on clinically relevant normal tissue alterations after brain radiotherapy. (ii) The chosen follow-up time of 6 month proved long enough to capture relevant tissue changes while still enabling data analysis within a reasonable time frame. The onset and dynamics of observed MR image changes provide valuable insight for deciding on appropriate analysis time points in longitudinal studies for maximizing the significance of the results while minimizing the number of animals needed.

In summary, we were able to induce normal tissue changes in murine brains similar to clinical observations following partial brain irradiation using a proton beam with a clinically relevant field formation. From MRI measurements, we established a dose–response model, which can be applied for more accurate experimental planning. In addition, histology identified hippocampal sclerosis and granule cell dispersion as potential side effect of radiation which could contribute to neurocognitive decline. With regard to future studies, our model offers the possibility to study existing and generate new clinical hypotheses for radiation-induced brain damage, reveal underlying mechanisms in greater detail, and, most important, find suitable treatment and prevention strategies.
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Background

The conventional dose rate of radiation therapy is 0.01–0.05 Gy per second. According to preclinical studies, an increased dose rate may offer similar anti-tumoral effect while dramatically improving normal tissue protection. This study aims at evaluating the early toxicities for patients irradiated with high dose rate pulsed proton therapy (PT).



Materials and Methods

A single institution retrospective chart review was performed for patients treated with high dose rate (10 Gy per second) pulsed proton therapy, from September 2016 to April 2020. This included both benign and malignant tumors with ≥3 months follow-up, evaluated for acute (≤2 months) and subacute (>2 months) toxicity after the completion of PT.



Results

There were 127 patients identified, with a median follow up of 14.8 months (3–42.9 months). The median age was 55 years (1.6–89). The cohort most commonly consisted of benign disease (55.1%), cranial targets (95.1%), and were treated with surgery prior to PT (56.7%). There was a median total PT dose of 56 Gy (30–74 Gy), dose per fraction of 2 Gy (1–3 Gy), and CTV size of 47.6 ml (5.6–2,106.1 ml). Maximum acute grade ≥2 toxicity were observed in 49 (38.6%) patients, of which 8 (6.3%) experienced grade 3 toxicity. No acute grade 4 or 5 toxicity was observed. Maximum subacute grade 2, 3, and 4 toxicity were discovered in 25 (19.7%), 12 (9.4%), and 1 (0.8%) patient(s), respectively.



Conclusion

In this cohort, utilizing high dose rate proton therapy (10 Gy per second) did not result in a major decrease in acute and subacute toxicity. Longer follow-up and comparative studies with conventional dose rate are required to evaluate whether this approach offers a toxicity benefit.





Keywords: high dose rate, proton therapy, cancer, early, subacute, toxicity



Introduction

Proton Therapy (PT) is a particle therapy that utilizes a Bragg Peak to reduce the radiation dose received by healthy tissue, as demonstrated by previous in silico studies (1). PT is preferred in patients with a long-life expectancy, to mitigate the risk of late sequela (e.g., secondary malignancy, cardiovascular complications, etc.) or in patients where the ideal dose is difficult to achieve without a significant toxicity risk. Several studies have demonstrated a clinical advantage of PT over conventional photon radiotherapy (2–6), with many prospective clinical trials ongoing.

To further improve the therapeutic ratio, several preclinical studies identified a considerable biological advantage to delivering radiation dose rate higher than the conventional 0.01 to 0.05 Gy/second. “FLASH” radiotherapy, or dose rates exceeding 10 Gy per 100 ms, significantly reduced the radiation damage to healthy cells/tissue without a decline in anti-tumoral effect (7–9). This was initially demonstrated with electrons (7–9), but subsequently with photons (10) and protons (11–13). There is a scarcity of clinical data utilizing FLASH radiotherapy, with only 1 case report to date, which showed that electron FLASH reirradiation may mitigate toxicity and allow radiation delivery even if the theoretical cumulative doses to healthy tissue would be exceeded (14).

A recent clinical device (Proteus One©, Ion Beam Application) was designed to deliver pencil-beam scanning with pulsed proton at high dose rate, approximately 200–1,000 times faster than the classical dose rate (125 million protons per pulse leading to approximately 10 Gy/s per spot, depending on the range and energy needed) (15). Toxicity with this dose rate level per spot has not yet been reported.

The purpose of the current study is to analyze the early toxicities for tumors treated pencil-beam scanning with pulsed high dose rate protons.



Materials and Methods


Patient Selection

With institutional review board approval, we retrospectively analyzed patients receiving PT at our institution between September 2016 and April 2020. This study included patients that were treated for a benign or malignant tumor, had at least 3 months of clinical follow-up, and received radiation with only PT (without a photon component). Reirradiation was included, defined as an overlap in the previous field with the current GTV. Patients addressed from other centres were not included because of the lack of updated follow-up.



Follow-Up

Patients were followed weekly during PT or more frequently if necessary. A 1-month clinical follow-up was performed after the completion of PT. Benign tumors underwent magnetic resonance imaging (MRI) and clinical follow-up 4 months after completing PT and every 6 months thereafter. Malignant tumors underwent imaging according to the standard of care for that malignancy, which included an MRI of the irradiated region and clinical follow-up every 4 months for 2 years, then every 6 months for 3 years, and a computed tomography (CT) scan of the thorax and abdomen if required (e.g., head and neck cancer, sarcomas, etc.).

Tumor response was evaluated according to RECIST (response criteria in solid tumors) 1.1 criteria (16) and toxicities according to the fifth version of the Common Terminology Criteria for Adverse Events (CTCAE). Toxicity was considered “acute” if occurred during PT or within 2 months of completing PT, and “subacute” if occurred >2 months after completing PT. Late toxicity was not reported due to short follow-up.



Proton Therapy

PT was delivered with Pencil Beam Scanning (PBS), utilizing the Proteus One© device (Ion Beam Application©), which is a synchrocyclotron with active pencil beam scanning and pulsed beam PT. Approximately 125 million protons are delivered per pulse/spot with an energy of 100 to 226 MeV as a function of the target depth. The dose rate per spot is approximately 10 Gy per second, depending on the energy. The characterization of this beam was previously reported by Rossomme et al (15). PT immobilization was performed with a thermoplastic mask for head and neck targets or vacuum body cast for extracranial targets.

The dosimetry was performed using the Raystation treatment planning system © version 6.0 before June 2019 and version 8.0 after June 2019 (Raysearch Laboratories, Stockholm, Sweden). Dose constraints from Feuvret et al (17). and by Marks et al (18). were used for head/neck and extracranial targets, respectively. A relative biologic effectiveness factor for protons of 1.1 was incorporated. PBS plans were calculated using robust optimization (3% range uncertainties-3 mm positioning uncertainties, for cranial target and 3%–5 mm for extracranial target). Robustness was applied for CTV, brain stem, spinal cord, optic nerves, optic chiasm, femoral head, and digestive tract.



Statistical Analysis

Tumor response was defined by progression, stabilization, partial response, or complete response. Time-to-event outcomes were estimated from the date of last PT fraction to an event or censored at last follow up. This included local control (LC), and progression-free survival (PFS). LC and PFS were evaluated via Kaplan-Meier method with a 95% confidence interval (IC 95%). Median follow-up was evaluated by the Schemper method. All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS) version 16.0 on Windows®.




Results


Characteristics of Patients and Treatments

Characteristics of patients and treatments are described in Table 1. A total of 127 patients were included. This cohort most commonly consisted of benign disease (55.1%), head and neck location (95.1%), and ECOG ≤ 1 (95.8%). Majority of patients had treatments prior to PT, which included surgery (56.7%), chemotherapy (26%), and previous radiotherapy to the same location (14.2%). Two patients were irradiated with a bifractionated schedule because of previous radiation.


Table 1 | Patient and treatment characteristics.



The most common diseases in this study include: meningioma (10.4%), followed by malignant paranasal and nasal sinus tumors (4.3%), and low-grade gliomas (4%).

Chemotherapy was also delivered concomitantly with PT (10.2%) and adjuvant after PT (11%). Concomitant chemotherapy was used for Ewing sarcoma (n=3, vincristine, doxorubicin, ifosfamide), rhabdomyosarcoma (n=6, ifosfamide, vincristine), malignant sinus tumor (n=3, platinum-based chemotherapy), and metastatic lymph node from a vulvar squamous cell carcinoma (n=1, platinum-based chemotherapy). After PT, 1 patient underwent surgical resection.

Among patients with meningioma, malignant sinus tumor and low-grade gliomas, the median total PT dose delivered was 56 Gy (54–60), 68.2 Gy (45–70.4), and 55.8 Gy (54–60), with a median dose per fraction of 2 Gy (1.8–2), 2 Gy (1.8–3), and 2 Gy (1.8–2), and a median CTV size of 41.4 ml (6.7–250.9), 88.2 ml (22.1–572.8), and 65.5 ml (6.2–422.1), respectively.

Among patients with pelvic (n=14) or paraspinal tumors (n=2) the median total PT dose was 65.1 Gy (50.4–73.5), with a median dose per fraction of 2 Gy (1.8–2.4), and a median low risk and high risk CTV size of 437.4 ml (83.2–2,106) and 112.5 ml (14.5–560.9), respectively.

Median follow-up was 14.8 months (3;-42.9). Locally, 5 (3.9%) patients experienced a complete response, 31 (24.4%) a partial response, 71 (55.9%) stabile disease, 5 (3.9%) progressive disease (PD), and 17 (11.9%) did not relapse after combine combination of surgery and PT (local control). The 1-year local control and progression-free survival were 89.2% and 85%, respectively.



Acute Toxicities

Acute toxicities are defined as side-effects that occur during PT or within 2 months of completing PT (Table 2). Maximum acute toxicity grade was 0, 1, 2, and 3 for 20 (15.7%), 58 (45.7%), 41 (32.3%), and 8 (6.3%) patients, respectively. There were no grade 4 or 5 acute toxicities.


Table 2 | Acute toxicities.



The most frequent acute toxicity was alopecia (n=40), primarily in targets close to skin or eyelids (88 patients). Figure 1A describes an example of alopecia occurring during PT in a patient treated for meningioma (Patient 1). The second most frequent acute toxicity was radiation dermatitis (n=39), which occurred when irradiating close to the skin surface. An example is a vertex angiosarcoma patient treated to 66 Gy (2 Gy per fraction, no concomitant chemotherapy) (Figure 1B), who presented with a grade 3 dermatitis at 46 Gy, which slowly healed 1 month after completing PT (Patient 2). Of note 10 out of 13 patients irradiated with concomitant chemotherapy presented with dermatitis.




Figure 1 | Dose distribution (A, left) and grade 1 alopecia (A, right) during proton therapy (PT) of patient with meningioma; dose distribution (B, Left) and grade 3 dermatitis (B, right) 1 month after PT for Merckel carcinoma of the vertex; dose distribution for cystic adenoid carcinoma of the right parotid (C, right, axial view; C, left, coronal view).



Only one patient with a head and neck tumor received radiation to their primary and bilateral lymph nodes, whereas all other patients received radiation to only their primary or ipsilateral neck (e.g., salivary gland tumors). Figure 1C describes a 79 year-old patient with non-operable cystic adenoid carcinoma irradiated to 73.5 Gy (2.1 Gy per session) (Patient 3). This treatment was well tolerated with only grade 1 oral mucositis and no dysgeusia.

In pelvic and paraspinal tumors (n=16), PT was well tolerated with no grade ≥ 3 gastrointestinal toxicities. Of note, there were only 4 grade 1 gastrointestinal toxicities in this subgroup (3 diarrhea and 1 nausea).



Subacute Toxicities

Subacute toxicity, which occurred >2 months after completing PT, are detailed in Table 3. Maximum subacute toxicity grade was 0, 1, 2, 3, and 4 for 50 (39.4%), 39 (30.7%), 25 (19.7%), 12 (9.4%), and 1 (0.8%) patient(s), respectively. There were no grade 5 toxicities.


Table 3 | Subacute toxicities.



The most common subacute toxicity was dry eye (n=20, 18% among cranial targets, no grade ≥3 toxicity), followed by seizures (n=14, 12.6% among cranial targets). All patients with grade 3 seizures (n=6) were due to a new onset seizure with no prior seizure history. Seizures were medically manageable for all patients. Histology of patients who presented with a subacute onset seizure was as follows: meningioma (n=7), low grade glioma (n=4), ependymoma (n=1) and pituitary adenoma (n=1). Of these, 8 presented with baseline seizures, 7 of which were on antiepileptic drugs. Median delay to new onset or worsening of seizure was 4.6 months (0.8–34.2) from the end of PT. Of the pelvic and primary tumors, there was 1 grade 3 toxicity (colonic obstruction), in a previously irradiated pelvic sarcoma, requiring hospitalization and resolved with medical management. There was 1 grade 4 toxicity (left optic nerve disorder), which occurred in a 72-year old women treated for skull-based meningioma surrounding optic nerves bilaterally. Left blindness occurred 1 year after PT with no evidence of relapse. D1, D2 and Dmean to the left optic nerve were 53.7 Gy, 53.7 Gy, and 53.3 Gy, respectively.




Discussion

To our knowledge the current study is the first to report early outcomes after high dose rate pulsed proton therapy. The cohort primarily consists of cranial targets and benign disease. The acute toxicities were as expected according to dosimetry, especially for acute onset alopecia and dermatitis.

Unfortunately, the use of high dose rate pulsed PT did not provide a significant “FLASH-like” radioprotective effect.

According to the FLASH electron therapy data, we should have observed a much lower rate and intensity of acute side-effects. In the preclinical setting, Favaudon et al. delivered 15 Gy in a single FLASH dose (60 Gy/s) to the whole lungs without inflammatory infiltration or extracellular matrix deposition after 62 days, whereas mice irradiated with classical dose rates (0.03/s) presented with dense inflammatory infiltrate and extracellular matrix deposition (7).

In our cohort, no patient received lung irradiation and cannot comment on whether our “FLASH effect” might be dependent on the nature of the irradiated tissue. However, Montay-Gruel et al. reported that FLASH photon therapy could also have a protective effect during brain irradiation (8, 10). Unfortunately, we observed seizure rates of 3.6% (n=4 of 111 patients with cranial irradiation) during PT and 12.6% (n=14 of 111 patients with cranial irradiation) 2 months after PT. Most patients had a previous history of epilepsy (n=8) and we observed six new epilepsy diagnosis after PT. Weber et al. reported a similar rate of post-radiation seizure after radiotherapy (21.5%) for atypical and malignant meningioma (EORTC 22042–26042 phase II study) (19). Lynam et al. observed a cumulative “delayed” seizure (after treatment) rate of 33.8% (n=22 of 65 patients), especially in patients with low grade glioma or meningioma, as seen in our study (20).

We observed a very favourable toxicity profile for Patient 3 treated for non-operable cystic adenoid carcinoma of the parotid (Figure 1C). Romesser et al. previously reported that ipsilateral head and neck PT is associated with a dramatic decrease in the rate of acute toxicities when compared with photon therapy, such as grade ≥ 2 dysgeusia (5.6% vs 65.2%, p<0.001) and grade ≥ 2 mucositis (16.7% vs 52.2%, p=0.01) (21). The favorable toxicity profile observed for Patient 3 is likely related to the Bragg Peak advantage. In contrast, Patient 2 was treated for skin cancer of the scalp vertex and presented with prolonged grade 3 toxicity. This is consistent with the unfavorable skin tolerance seen in previously described breast cancer cohorts treated with conventional dose rate PT, with a rapid dose deposit on the skin surface, which may be mitigated with proper dose constraints (22).

Despite the high dose delivered (median of 65.1 Gy [50.4–73.5]) and large irradiated volume (median of 437.4 ml [83.2–2106]), there were limited gastrointestinal sequela for the 16 pelvic and paraspinal tumors, with only 1 grade 3 subacute toxicity (digestive occlusion) reported 4 months after re-irradiation for an 89 year old pelvic sarcoma (65.1 Gy in 31 fractions). This patient required hospitalization but the occlusion quickly resolved with medical management alone. This is consistent with the study by Schneider et al, who described the conventional dose rate PT of 31 paraspinal/retroperitoneal patients, with a mean total dose of 72.3 Gy in 1.8–2 Gy fractions and planning target volume of 560.2 ml, observed no acute or late grade ≥ 2 toxicities (23). Similar to the favorable outcome in Patient 3, toxicity profile of the pelvic/paraspinal cohort is likely due to the Bragg Peak advantage rather than a FLASH-like effect.

Limitations of this study include: its retrospective nature, the relative small number of patients, and short follow-up. With the toxicities (e.g., dermatitis, alopecia, and seizures) observed in this study, we can conclude that the use of high dose rate proton therapy (around 10 Gy/s per spot) does not offer the expected FLASH-like radioprotective effect. It may cause lower grade toxicities but proper comparative studies with conventional dose rate PT are needed. The dose rate might be dependent on the type of irradiation and may be more difficult to obtain with protons than it is for photons or electrons. Larger dose per fraction may also be needed. The FLASH effect of protons was analyzed in the preclinical setting by Buonanno et al, who evaluated various dose rate (0.05, 10, 20, 100, and 1000 Gy/s) effect on normal lung fibroblasts. They found that the proton dose rate had little impact on acute effects, but favorably influenced the 1-month expression of TGF-β (inverse expression with dose rate) and 1-month cell senescence (lower senescence with higher dose rate) (12). Therefore, the FLASH effect of protons might be less pronounced than with other particles and may require an even higher dose rate to be clinically significant. Of note, most of this cohort consisted of head and neck tumors, where toxicity benefit of high dose rate proton therapy may not be as significant as other disease sites, such as abdominal or thoracic treatment sites, which will require further analysis in future studies.

In conclusion, the present study describes the early outcomes with use of high dose rate proton therapy (around 10 Gy/s). Contrary to what was expected in preclinical studies, there was no FLASH-like effect (no lack of toxicities). To identify a clinical difference, when compared to the classical dose rate (<0.05 Gy/s), may require larger cohorts, a match-paired retrospective study or randomized prospective study, longer follow up, or possibly a higher dose rate or dose per session.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

This study requires a declaration to our French administration (CNIL) and the information of patients by using an information letter. It was performed and the declaration number is as following: 2204177 v 0.



Author Contributions

JD and P-YB conceptualized and designed the study. JD and P-YB acquired, analyzed and interpreted the data. JD, M-PS, FA, VB, AN, GB, LP, J-MH-L, FG, JG, MV, AC, KB, LC, and P-YB drafted/revised the work for intellectual content and context. JD gave the final approval and overall responsibility for the published work. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors would like to thank the participating centers and members. This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.



Abbreviations

CT, computed tomography; CTCAE, Common Terminology Criteria for Adverse Events; CTV, clinical target volume; GTV, gross tumor volume; IMPT, intensity modulated proton therapy; LC, local control; LGG, low grade glioma; MRI, magnetic resonance imaging; PBS, Pencil Beam Scanning; PFS, progression-free survival; PT, Proton Therapy; PTV, planning target volume; RECIST, response criteria in solid tumors.



References

1. Doyen, J, Falk, AT, Floquet, V, Herault, J, and Hannoun-Levi, JM. Proton beams in cancer treatments: Clinical outcomes and dosimetric comparisons with photon therapy. Cancer Treat Rev (2016) 43:104–12. doi: 10.1016/j.ctrv.2015.12.007

2. Baumann, BC, Mitra, N, Harton, JG, Xiao, Y, Wojcieszynski, AP, Gabriel, PE, et al. Comparative Effectiveness of Proton vs Photon Therapy as Part of Concurrent Chemoradiotherapy for Locally Advanced Cancer. JAMA Oncol (2019). doi: 10.1001/jamaoncol.2019.4889

3. Brown, AP, Barney, CL, Grosshans, DR, McAleer, MF, de Groot, JF, Puduvalli, VK, et al. Proton beam craniospinal irradiation reduces acute toxicity for adults with medulloblastoma. Int J Radiat Oncol Biol Phys (2013) 86:277–84. doi: 10.1016/j.ijrobp.2013.01.014

4. Kahalley, LS, Peterson, R, Ris, MD, Janzen, L, Okcu, MF, Grosshans, DR, et al. Superior Intellectual Outcomes After Proton Radiotherapy Compared With Photon Radiotherapy for Pediatric Medulloblastoma. J Clin Oncol (2020) 38:454–61. doi: 10.1200/JCO.19.01706

5. Lin, SH, Hobbs, BP, Verma, V, Tidwell, RS, Smith, GL, Lei, X, et al. Randomized Phase IIB Trial of Proton Beam Therapy Versus Intensity-Modulated Radiation Therapy for Locally Advanced Esophageal Cancer. J Clin Oncol (2020) 38:1569–79. doi: 10.1200/JCO.19.02503

6. Patel, SH, Wang, Z, Wong, WW, Murad, MH, Buckey, CR, Mohammed, K, et al. Charged particle therapy versus photon therapy for paranasal sinus and nasal cavity malignant diseases: a systematic review and meta-analysis. Lancet Oncol (2014) 15:1027–38. doi: 10.1016/S1470-2045(14)70268-2

7. Favaudon, V, Caplier, L, Monceau, V, Pouzoulet, F, Sayarath, M, Fouillade, C, et al. Ultrahigh dose-rate FLASH irradiation increases the differential response between normal and tumor tissue in mice. Sci Transl Med (2014) 6:245ra93. doi: 10.1126/scitranslmed.3008973

8. Montay-Gruel, P, Petersson, K, Jaccard, M, Boivin, G, Germond, JF, Petit, B, et al. Irradiation in a flash: Unique sparing of memory in mice after whole brain irradiation with dose rates above 100Gy/s. Radiother Oncol (2017) 124:365–69. doi: 10.1016/j.radonc.2017.05.003

9. Vozenin, MC, De Fornel, P, Petersson, K, Favaudon, V, Jaccard, M, Germond, JF, et al. The Advantage of FLASH Radiotherapy Confirmed in Mini-pig and Cat-cancer Patients. Clin Cancer Res (2019) 25:35–42. doi: 10.1158/1078-0432.CCR-17-3375

10. Montay-Gruel, P, Bouchet, A, Jaccard, M, Patin, D, Serduc, R, Aim, W, et al. X-rays can trigger the FLASH effect: Ultra-high dose-rate synchrotron light source prevents normal brain injury after whole brain irradiation in mice. Radiother Oncol (2018) 129:582–88. doi: 10.1016/j.radonc.2018.08.016

11. Beyreuther, E, Brand, M, Hans, S, Hideghety, K, Karsch, L, Lessmann, E, et al. Feasibility of proton FLASH effect tested by zebrafish embryo irradiation. Radiother Oncol (2019) 139:46–50. doi: 10.1016/j.radonc.2019.06.024

12. Buonanno, M, Grilj, V, and Brenner, DJ. Biological effects in normal cells exposed to FLASH dose rate protons. Radiother Oncol (2019) 139:51–5. doi: 10.1016/j.radonc.2019.02.009

13. Diffenderfer, ES, Verginadis, II, Kim, MM, Shoniyozov, K, Velalopoulou, A, Goia, D, et al. Design, Implementation, and in Vivo Validation of a Novel Proton FLASH Radiation Therapy System. Int J Radiat Oncol Biol Phys (2020) 106:440–48. doi: 10.1016/j.ijrobp.2019.10.049

14. Bourhis, J, Sozzi, WJ, Jorge, PG, Gaide, O, Bailat, C, Duclos, F, et al. Treatment of a first patient with FLASH-radiotherapy. Radiother Oncol (2019) 139:18–22. doi: 10.1016/j.radonc.2019.06.019

15. Rossomme, S, Horn, J, Brons, S, Jakel, O, Mairani, A, Ciocca, M, et al. Ion recombination correction factor in scanned light-ion beams for absolute dose measurement using plane-parallel ionisation chambers. Phys Med Biol (2017) 62:5365–82. doi: 10.1088/1361-6560/aa730f

16. Eisenhauer, EA, Therasse, P, Bogaerts, J, Schwartz, LH, Sargent, D, Ford, R, et al. New response evaluation criteria in solid tumours: revised RECIST guideline (version 1.1). Eur J Cancer (2009) 45:228–47. doi: 10.1016/j.ejca.2008.10.026

17. Feuvret, L, Bracci, S, Calugaru, V, Bolle, S, Mammar, H, De Marzi, L, et al. Efficacy and Safety of Adjuvant Proton Therapy Combined With Surgery for Chondrosarcoma of the Skull Base: A Retrospective, Population-Based Study. Int J Radiat Oncol Biol Phys (2016) 95:312–21. doi: 10.1016/j.ijrobp.2015.12.016

18. Marks, LB, Yorke, ED, Jackson, A, Ten Haken, RK, Constine, LS, Eisbruch, A, et al. Use of normal tissue complication probability models in the clinic. Int J Radiat Oncol Biol Phys (2010) 76:S10–9. doi: 

fonc.2020.611514





ORIGINAL RESEARCH

published: 02 February 2021

doi: 10.3389/fonc.2020.611514

[image: image2]


A New Proton Therapy Solution Provides Superior Cardiac Sparing Compared With Photon Therapy in Whole Lung Irradiation for Pediatric Tumor Patients


Xue Sha 1†, Jinghao Duan 1†, Xiutong Lin 1, Jian Zhu 1,2, Ruohui Zhang 3, Tao Sun 1, Hui Wang 4, Xiangjuan Meng 1 and Yong Yin 1*


1 Department of Radiation Oncology, Shandong Cancer Hospital and Institute, Shandong First Medical University and Shandong Academy of Medical Sciences, Jinan, China, 2 Shandong Provincial Key Laboratory of Digital Medicine and Computer-Assisted Surgery, Qingdao, China, 3 Department of Radiation Oncology, The Fourth Hospital of Hebei Medical University, Shijiazhuang, China, 4 Department of Radiation Oncology, Qingdao Central Hospital, Qingdao, China




Edited by:
 Beate Timmermann, Essen University Hospital, Germany

Reviewed by: 
Yibao Zhang, Peking University Cancer Hospital, China
 James Chow, University of Toronto, Canada

*Correspondence:
 Yong Yin
 yinyongsd@126.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Radiation Oncology, a section of the journal Frontiers in Oncology


Received: 29 September 2020

Accepted: 14 December 2020

Published: 02 February 2021

Citation:
Sha X, Duan J, Lin X, Zhu J, Zhang R, Sun T, Wang H, Meng X and Yin Y (2021) A New Proton Therapy Solution Provides Superior Cardiac Sparing Compared With Photon Therapy in Whole Lung Irradiation for Pediatric Tumor Patients. Front. Oncol. 10:611514. doi: 10.3389/fonc.2020.611514




Objective

Whole lung irradiation (WLI) plays a crucial role in local control in pediatric patients with lung metastases and improves patient survival. The intention of this research was to explore the advantage of cardiac sparing between photons and protons during WLI. We also propose a new solution for cardiac sparing with proton techniques.



Methods

Eleven patients with pediatric tumors and pulmonary metastasis treated with 12 Gy WLI (all received volumetric-modulated arc therapy (VMAT)) in our institute between 2010 and 2019 were retrospectively selected. Each patient was replanned with intensity-modulated radiation therapy (IMRT), helical tomotherapy (HT), and two intensity-modulated proton radiotherapy (IMPT) plans (IMPT-1 and IMPT-2). IMPT-1 considered the whole lung as the planning target volume (PTV), utilizing the anteroposterior technique (0/180°). IMPT-2 was a new proton solution that we proposed in this research. This approach considered the unilateral lung as the PTV, and 3 ipsilateral fields were designed for each lung. Then, IMPT-2 was generated by summing two unilateral lung plans. The primary objective was to obtain adequate coverage (95% of the prescription dose to the PTV) while maximally sparing the dose to the heart. The PTV coverage, conformity index (CI), homogeneity index (HI), and dose–volume statistics of the heart and substructures were assessed by means of the averages of each comparison parameter.



Results

All treatment techniques achieved the target volume coverage required by clinical practice. HT yielded the best coverage and homogeneity for the target structure compared with other techniques. The CI from IMRT was excellent. For photon radiation therapy, the HT plan afforded superior dose sparing for the V5, V6, V7, V8, and Dmean of the heart and Dmean of the right ventricle (RV). IMRT displayed the most notable dose reductions in the V9, V10, V11, and V12 of the heart and Dmean of the right atrium (RA). The VMAT plan was the least effective on the heart and substructures. However, compared with photon radiation therapy, IMPT-1 did not show an advantage for heart protection. Interestingly, IMPT-2 provided significant superiority in cardiac sparing, including maximum dose sparing for the V5, V6, V7, V8, V9 and Dmean of the heart and Dmean of the RA, RV, left atrium (LA) and left ventricle (LV) compared to all other techniques.



Conclusions

Considering the complex anatomical relation between target volumes and organs at risk (OARs), IMPT can provide a dose advantage for organs located outside of the target area rather than within or surrounding the area. It is hoped that advances in proton therapy (PT) plan design will lead to further improvements in radiotherapy approaches and provide the best treatment choice for individual patients.





Keywords: proton radiotherapy, cardiac sparing, whole lung irradiation, pediatric tumor, photon radiotherapy



Introduction

Malignant tumors are the second leading cause of death in children, with over 300,000 new cases diagnosed annually (1, 2). The lung is the most common site of metastasis, with approximately 20 to 25% of patients with Wilms tumor or Ewing sarcoma showing metastatic lesions on chest radiography at diagnosis (3). Whole lung irradiation (WLI) plays a crucial role in local control in patients with lung metastases, those who had incomplete resection, and those with an unfavorable histology, advanced stage, and high-risk chromosomal aberrations (4, 5). Published studies have indicated that WLI is an essential component in the current multimodality treatment and can achieve a survival rate of 90% (6–8).

With the increased proportion of survivors, the risk of late toxicities resulting from a combination of radiotherapy and toxic cardiac chemotherapy is becoming increasingly concerning. Advances in imaging science and radiotherapy technology have allowed precise tumor determination and delineation and high conformity to the target volume. However, due to the non-targeted radiation dose, the surrounding normal tissue is still at risk. Cardiac toxicity is a common delayed effect observed in pediatric patients after chemotherapy and WLI. Studies have revealed that in child survivors, WLI has led to a high prevalence of a variety of cardiac complications, including vascular heart disease, myocardial infarction, congestive heart failure (CHF) and pericardial disease (9). WLI has traditionally been combined with standard anterior/posterior field photon irradiation, resulting in poor heart-sparing potential. Therefore, to achieve a lower dose to the heart, new techniques, such as multiple field intensity-modulated radiation therapy (IMRT), volumetric-modulated arc therapy (VMAT), and helical tomotherapy (HT), are desirable. Although these techniques contribute to the reliable treatment delivery of the radiation dose to the diseased tissues, the crucial problem of overdose to the heart during treatment remains unsolved.

Proton therapy (PT), as a frontier radiotherapy technique, offers distinct physical properties that can contribute to an improvement in dose distribution with a subsequent reduction in the integral dose to the patient, supporting the potential value of proton beams in tumors close to the target volume. A series of studies have demonstrated that children with malignant tumors have good tolerance to proton beams, and this plan ensures good tumor control probability, prolonged survival, intelligence quotient protection and reduced risk of a secondary tumor (10). Consequently, we hope for an advantage of PT over photon therapy that will lead to improved indications for WLI. However, with the current proton treatment planning system (TPS), PT cannot provide an advantage for cardiac sparing in WLI. For this reason, we propose a new solution for cardiac sparing in proton techniques, and we expect this solution to reduce the exposure dose to the heart and diminish the complications associated with radiation-induced cardiac injury in pediatric patients receiving WLI. Our research may lead to improvements in the PT TPS and provides useful guidelines for selecting reasonable treatment techniques in WLI.



Materials and Methods


Patient Eligibility

Eleven patients (median age, 3 years; range 2–17 years) with different histologies (five with Wilms tumor, three with rhabdomyosarcoma, two with Ewing sarcoma, and one with germ cell tumor) who received WLI in our institute between January 1, 2010 and December 31, 2019, were retrospectively selected. The retrospective analysis of the medical records was approved by the Institutional Review Board of Shandong Cancer Hospital. The characteristics of the patients are displayed in Table 1.


Table 1 | Patient characteristics.





Target Volume and Organs at Risk Definitions

Patients were placed in a customized site-specific immobilization device for the treatment position, and computed tomography (CT) simulation provided images at 3 mm for both lungs. For patients who could not cooperate with positioning, chloral hydrate was injected to produce a sedative hypnotic effect, ensuring a precise posture. The target volume, clinical target volume (CTV), was defined as total lung extension from the apex to the diaphragm using the acquisition window/level setting. The planning target volume (PTV) was delineated by expanding the 0.3 to 0.5 cm margin of the CTV. For inverse planning techniques, a heart-PTV structure that consisted of the volume overlap of the heart and the PTV was created to enhance the optimization process. OARs considered in the present study included the esophagus, liver, spinal cord, vertebral column, humerus, heart, right atrium (RA), right ventricle (RV), left atrium (LA) and left ventricle (LV) (contoured using the Radiation Therapy Oncology Group contouring atlas).



Treatment Planning

The prescribed dose was 12 Gy in all patients, and the daily fraction dose was 1.2 Gy. The primary objective was to obtain adequate coverage (95% of the prescription dose to the PTV) while maximally sparing the dose to the OARs, especially the heart and substructures. For each patient, five plans were created: IMRT, VMAT, HT, IMPT-1, and IMPT-2. All plans were generated by senior radiation physicists with more than ten years of experience designing radiotherapy plans. The beam arrangements are shown in Figure 1.




Figure 1 | Beam arrangements for (A) IMRT, (B) VMAT, (C) HT, (D) IMPT-1, (E) sum and (F) IMPT-2.



IMRT plans were performed with a Varian Trilogy linear accelerator using beam energies of 6 MV photons and beam angles of 0, 40, 80, 120, 160, 200, 240, 280 and 320° for cardiac sparing. The sliding window technique, by having the leaf pairs move across the field at a variable rate, was used to deliver the nine-field modulated plan on the Eclipse 13.6 TPS (Varian Medical Systems, Palo Alto, CA). The field sizes and weights of a series of beam segments were determined by iterative, automated optimization techniques. For the VMAT technique, two full arcs were delivered to 10 patients: a clockwise arc traveling from 181 to 179° and a counterclockwise arc traveling from 179 to 181°. The oldest patient with the largest lung volume required three full arcs. A collimator angle of 10° for the clockwise arc and 350° for the counterclockwise arc were used. HT plans were created with the Tomotherapy version 5.1.3 TPS using a HiArt unit (Accuray® Planning Station, Madison, WI, USA). In general, the parameters specified as part of the optimization process were the field width, pitch, and modulation factor. In the current research, a pitch of 0.287, a collimator width of 2.5 cm, and a modulation factor of 2.4 were selected.

Two IMPT plans were generated in the Varian Eclipse ProBeam proton system and used for multiple field optimization and selective robust optimization. IMPT-1 considered the whole lung as the PTV, utilizing the anteroposterior technique (0/180°). IMPT-2 included the sum of two IMPT plans that considered the unilateral lung as the PTV. For the left lung, the IMPT plan was designed with three fields, with gantry rotations of 40, 90, and 140°. For the right lung, the IMPT plan was designed with three felids, with gantry rotations of 220, 270, and 320°. For individual patients, the gantry rotation was adjusted to minimize the exposure to the heart as much as possible. The proton dose was determined using a relative biologic effectiveness (RBE) of 1.1 and is specified in cobalt gray equivalent (CGE) units (11). The non-linear universal proton optimizer (NUPO) algorithm was used to generate the plan, and the dose was calculated with the proton convolution superposition algorithm with a grid size of 0.25 cm. A positioning error of 3 mm and a range uncertainty of ±3% were taken into account during planning optimization.



Treatment Plan Analysis

Dose–volume data for the PTV and OARs obtained from dose-volume histograms (DVHs) were determined for each technique from the 11 scans. The following dosimetry parameters for the PTV were evaluated: target coverage, dose received by 2% of the target volume (D2%), dose received by 98% of the target volume (D98%), maximum dose (Dmax), medial dose (Dmean), minimum dose (Dmin), conformity index (CI), and homogeneity index (HI). The CI was calculated according to the following expression (12):

	

where TVRI is the target volume covered by the prescription isodose, TV is the target volume, and VRI is the volume of the prescription isodose. The CI ranged from 0 to 1, where 1 indicated perfect overlap (identical structures). A value near 0 indicated the total absence of conformation, i.e., the target volume was not irradiated.

	

where Dprescription is the prescription dose of the target volume. The HI ranged from 0 to 1, where 0 was the ideal value. A higher HI indicates poorer homogeneity.

The following dosimetric parameters were evaluated for the heart: V5, V6, V7, V8, V9, V10, V11, and V12 (VX represents the volume percentage receiving more than x Gy) and Dmean. Additional parameters analyzed included Dmean for the RA, RV, LA and LV. Additionally, to evaluate dose delivery efficiency, monitor units (MUs), control points (or segments) per fraction and beam on time were compared.



Statistical Analysis

The Wilcoxon matched-pairs signed-rank test was used to compare the dose differences between different radiotherapy techniques. Data analysis was performed with MATLAB software version R2018a (MathWorks, Chicago, IL, USA). P-values<0.05 were considered statistically significant.




Results


Comparison of Target Volume Dosimetry

All treatment techniques achieved the target volume coverage required by clinical practice. HT plans yielded the best coverage for the target structure, with 98% (range 97–99%) of the PTV receiving 95% of the prescribed dose. Nevertheless, the coverage of the target volumes was equivalent between the IMRT, VMAT, IMPT-1 and IMPT-2 plans, and no significant difference was found in the present study. The maximum target dose was achieved with the IMPT-2 plan, and the minimum target dose was achieved with the VMAT plan. In general, the mean target doses were compromised, and all techniques resulted in similar Dmean values. Moreover, the CI was excellent with the IMRT plan, demonstrating the best consistency between the target volume and the shape of the radiation fields in the treatment delivery. Additionally, HT plans were associated with a favorable HI and reflected uniform dose distributions. Comparative dosimetry of the target volumes for five plans is reported in Table 2, and the cumulative DVHs of the PTV are shown in Figure 2A.


Table 2 | Summary of the target volume dosimetry.





Cardiac Sparing

IMPT-2 resulted in marked cardiac sparing, yielding the lowest Dmean of the heart and substructures, the most focused dosimetric parameters of the heart. The Dmean values of the whole heart, RA, RV, LA and LV in the IMPT-2 plan were 5.5 ± 0.9, 8.3 ± 1.1, 2.8 ± 1.3, 4.2 ± 1.0, and 8.3 ± 1.1, respectively. Moreover, statistical analysis indicated significant differences between this plan and the other plans (P-values less than 0.05). ATIThis treatment planning study demonstrates that PT delivers higher tumor doses than photon therapy while sparing normal tissues.

For the photon plan, HT afforded superior dose sparing for the V5, V6, V7, V8, and Dmean of the heart, while the greatest reductions in the V9, V10, V11, and V12 of the heart were observed with the IMRT plan. Concerning cardiac structures, IMRT resulted in the most notable dose reduction to the RA, and HT displayed the most notable dose reduction to the RV. However, VMAT showed the poorest reduction in various dosimetric parameters of the heart. Table 3 summarizes the various absorbed-dose parameters for cardiac structures, and cumulative DVHs are shown in Figures 2B–E. Figure 3 shows schematic diagrams of the absorbed-dose distribution for the heart.


Table 3 | Dose–volume histogram (DVH) statistics for cardiac structures.






Figure 2 | Comparison of DVHs for the PTV and OARs. (A) PTV, (B) whole heart, (C) right atrium, (D) right ventricle, (E) left atrium, and (F) left ventricle.






Figure 3 | Color wash of the absorbed-dose distribution (transverse plane) to the heart in four-year-old male patients.






Discussion

Unlike adult tumors, stage IV pediatric tumors usually have a satisfactory prognosis. For Wilms tumor patients, the survival analysis showed that the 16-year relapse-free survival (RFS) rate was 70%, and more than 80% of patients were expected to achieve 16-year overall survival (OS) (3). WLI is commonly employed in the treatment of pediatric malignancies, such as Wilms tumor, rhabdomyosarcoma and Ewing sarcoma, as part of the curative intent of the management of stage IV disease. Pediatric patients with sarcomas and pulmonary metastasis are usually treated with chemotherapeutic anthracyclines. In recent years, accumulating evidence has demonstrated that most of the above methods are correlated with adverse effects, including CHF and secondary malignant neoplasms (13). A few investigations have indicated that WLI is an important factor contributing to the development of heart failure in childhood cancer survivors (14–16). Furthermore, recent studies have indicated that irradiation of the heart can cause various disorders associated with the endocardium, myocardium, pericardium, coronary arteries, conduction system, and cardiac valves. Preliminary research has reported that a cardiac dose higher than 15 Gy is associated with cardiomyopathy or valvular disease (17). The Institute Gustave Roussy report indicated that the 20-year incidence of CHF was 18% after a heart dose >3.7 Gy and 9% after lower doses (18). Tukenova et al. studied 4,122 5-year survivors of a childhood cancer diagnosed before 1986 in France and the United Kingdom and confirmed that receiving radiation to the heart increased cardiovascular morbidity/mortality, with an estimated relative risk of 1.6 at a mean dose of 1 Gy (19). The American Wilms Tumor Study and Childhood Cancer Survivor Study showed that cardiovascular disease and secondary malignancies were the main causes of morbidity and mortality in long-term survivors (20, 21). Recently, a retrospective study of the pathophysiological observations of cardiovascular disorders in childhood cancer survivors linked anthracyclines (≥100 mg/m2) alone or combined with ≥15 Gy chest radiotherapy (RT) with poor OS, and children younger than 5 years old at diagnosis were vulnerable to radiotherapy-related adverse effects and an increased risk for cardiac complications (22). Therefore, reducing the adverse effects of radiotherapy is of great significance to the management of these populations (9).

The above findings emphasize the need to focus on normal tissue sparing when designing radiotherapy plans. Based on these therapeutic risk factors associated with cardiac disease, researchers have attempted to explore the values of strategies to reduce cardiac exposure using new radiotherapy techniques. Additionally, radiation-induced cancers are more common in children than in adults because of increased susceptibility to secondary cancers (23). Other very important organs around the lungs include the vertebral column, humerus, esophagus, liver, and spinal cord. Increased evidence has demonstrated that advanced radiotherapy techniques allow radiation oncologists to improve treatment, leading to maximal therapeutic efficacy with minimal adverse effects. A study published by Christina et al. confirmed the advantages of IP-AP/PA and VMAT techniques over standard AP/PA in normal tissue sparing (9). Kalapurakal et al. reported a significant decrease in the doses delivered to the OARs in the cardiac-sparing IMRT technique for WLI and confirmed the feasibility of this technique in a clinical trial consisting of 20 patients (24).

As an increasing number of pediatric patients have access to new forms of radiotherapy, efforts to improve heart exposure have followed. In this research, we assessed dose reductions to the heart and substructures with IMRT, VMAT, HT, and IMPT plans in the treatment of children undergoing WLI. Regarding the three photon plans, the results indicated that HT significantly lowered the dose to the heart and yielded the best coverage and homogeneity to the target structure. Additionally, the HT plan afforded superior dose sparing for the V5, V6, V7, V8, and Dmean of the heart and Dmean of the RV. Previous research showed that HT has the ability to conformally avoid reducing doses to normal tissues that are close to tumor-bearing regions, resulting in the superior capability of homogeneous dose distributions within targeted regions. HT has improved patient care through image-guided positioning and adaptive plans and prolonged the overall treatment times; thus, it represents both a novel radiation treatment device and an innovative means of delivering radiotherapy. More importantly, unlike VMAT, HT has great flexibility in treating multiple targets within a large volume in a simple setup. Moreover, IMRT demonstrated excellent conformity and displayed the most notable dose reductions in the V9, V10, V11, and V12 of the heart and Dmean of the RA. The VMAT plan was the least effective at sparing the heart and other normal tissues.

In recent years, with the development of radiotherapy technology, protons have gradually been used in the treatment of tumors. The major advantage of protons over traditional photons is that there is an obvious local high-dose region at the end of the dose range; this is referred to as the Bragg peak. The use of this property can ensure both a precise dose in the target area and low irradiation on the surrounding tissues and organs, improving the quality of life for cancer survivors, particularly children. As a result, a low-to-intermediate radiation dose may increase the risk of functional impairment as well as radiation-induced malignancies (25). From a purely physics focused point of view, the dose distribution of protons is, in most cases, superior to that of photons, although the lateral dose fall-off is worse for protons at higher energies than for photons (refer to Engelsman, this issue). In contrast, a proton beam does not experience the lateral penumbra widening that a photon beam experiences in the lung, a great advantage for PT.

When we first designed the IMPT-1 plan, we used both lungs as the PTV, similar to when we designed the photon radiotherapy plan, and found that PT is equivalent to photon radiotherapy in reducing the cardiac dose but not providing a dose advantage in cardiac protection. During PT, the peak part is aimed at the focus of the tumor, and the tumor receives the largest amount of radiation, while the normal cells in front of the tumor receive only 1/3 to 1/2 of the peak energy, and the normal cells at the back of the tumor essentially do not experience any radiation damage. Considering the anatomical positions of the heart and lung, regardless of the radiation field, the heart is surrounded by the target area, not the back of the whole lung (26, 27). Published studies have indicated that the effectiveness and degree of IMPT dose sparing to various OARs depend on the intracranial tumor location (28). Considering the anatomical relation between the whole lung and heart, we proposed a novel proton radiotherapy solution for children with WLI that has rarely been reported in previous studies. This solution significantly reduces the dose to the heart and explores the advantages of proton radiotherapy. Therefore, this approach may decrease the incidence of long-term complications associated with WLI. The future of pediatric radiation oncology research will determine patients who will benefit the most from PT.

Currently, IMPT is not widely applied in clinical practice, and it is sensitive to organ movement. Thus, this problem needs to be solved by combining respiratory gating techniques; however, these techniques are still in the research and improvement stage (27). Furthermore, current estimates of the benefit of PT over photon therapy based on toxicity reduction will be realized only when survivorship has been achieved. IMPT is limited by its technology and infrastructure, making it challenging to use in clinical applications; moreover, there are few proton centers in other countries, and the treatment is very costly. Currently, there are many dosimetry studies and small cohort or short-term follow-up studies. As a new technique, PT is an immature treatment plan for tumors with different shapes and locations. Different planning systems and different linear accelerator (LINAC) machines produced by other manufacturers should be studied in future investigations to overcome the variance between treatment facilities. With the improvement in the proton TPS and its physical properties, we believe that PT will benefit more patients.



Conclusions

Our findings show that proton therapy, as a new radiotherapy modality that sums two PT plans and uses the unilateral lung as the PTV, is superior to the plan that uses the bilateral lung as the PTV for cardiac sparing in WLI. Considering the complex anatomical relation between target volumes and OARs, PT can provide a dose advantage for organs located outside the target area rather than within or surrounding the area. It is hoped that advances in PT plan design will lead to further improvements in radiotherapy approaches and provide the best treatment choice for individual patients.
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Background: To safely treat lung tumors using particle radiation therapy (PRT), motion-mitigation strategies are of critical importance to ensure precise irradiation. Therefore, we compared applicability, effectiveness, reproducibility, and subjects' acceptance of enhanced deep-inspiration breath hold (eDIBH) with high-frequency percussive ventilation (HFPV) by MRI assessment within 1 month.

Methods: Twenty-one healthy subjects (12 males/9 females; age: 49.5 ± 5.8 years; BMI: 24.7 ± 3.3 kg/m−2) performed two 1.5 T MRI scans in four visits at weekly intervals under eDIBH and HFPV conditions, accompanied by daily, home-based breath-hold training and spirometric assessments over a 3-week period. eDIBH consisted of 8-min 100% O2 breathing (3 min resting ventilation, 5 min controlled hyperventilation) prior to breath hold. HFPV was set at 200–250 pulses min−1 and 0.8–1.2 bar. Subjects' acceptance and preference were evaluated by questionnaire. To quantify inter- and intrafractional changes, a lung distance metric representing lung topography was computed for 10 reference points: a motion-invariant spinal cord and nine lung structure contours (LSCs: apex, carina, diaphragm, and six vessels as tumor surrogates distributed equally across the lung). To parameterize individual LSC localizability, measures of their spatial variabilities were introduced and lung volumes calculated by automated MRI analysis.

Results: eDIBH increased breath-hold duration by > 100% up to 173 ± 73 s at visit 1, and to 217 ± 67 s after 3 weeks of home-based training at visit 4 (p < 0.001). Measures of vital capacity and lung volume remained constant over the 3-week period. Two vessels in the lower lung segment and the diaphragm yielded a two- to threefold improved positional stability with eDIBH, whereby absolute distance variability was significantly smaller for five LSCs; ≥70% of subjects showed significantly better intrafractional lung motion mitigation under reproducible conditions with eDIBH compared with HFPV with smaller ranges most apparent in the anterior-posterior and cranial-caudal directions. Approximately 80% of subjects preferred eDIBH over HFPV, with “less discomfort” named as most frequent reason.

Conclusions: Both, eDIBH, and HFPV were well-tolerated. eDIBH duration was long enough to allow for potential PRT. Variability in lung volume was smaller and position of lung structures more precise with eDIBH. Subjects preferred eDIBH over HFPV. Thus, eDIBH is a very promising tool for lung tumor therapy with PRT, and further investigation of its applicability in patients is warranted.

Keywords: breath hold, enhanced DIBH, HFPV, proton therapy, lung cancer, motion mitigation, MRI, lung volume


INTRODUCTION

The safe, accurate, and effective delivery of a highly conformal dose to the tumor while sparing adjacent healthy tissues represents the central challenge in the delivery of external beam radiation therapy (1–4). A fundamental advantage of particle radiation therapy (PRT) is the steep dose gradient at the distal edge, which allows protons and carbon ions to deliver their therapeutic dose with a precisely defined, energy-dependent finite range distribution (4, 5). This highly sophisticated level of spatial precision requires exact knowledge of the tumor in space and time during the entire treatment, especially in the presence of motion (6, 7). This also includes the time-dependent distribution of the materials along the particle trajectory, since the materials' electron densities have a significant influence on particle range.

With respect to proton therapy for mobile tumors, e.g., lung tumors, using pencil beam scanning (PBS-PT), the following factors are the major challenges to delivering the intended dose distribution (7–10): (i) target failures due to interfractional tumor changes regarding position, shape, and size; (ii) dose blurring due to interfractional changes in the patient's anatomy due to density variations along the beam path, and (iii) intrafractional interplay between the dynamics of the beam and the motion of anatomical structures due to respiration, heartbeat, gastrointestinal peristalsis, and inertial organ relaxation. The problem of treating lung tumors with PBS-PT was already discussed in 1992 (11), and the delivery of such treatments has gradually evolved since (12, 13). All main components of proton therapy workflows are now time dependent, including motion analysis and modeling, multimodal imaging, contouring, treatment planning, dose delivery techniques, and integrated patient monitoring (14–17). So-called 4D treatment strategies and motion management concepts continue to be developed to cope with this temporal dependence and to meet the corresponding specific challenges of proton range uncertainties (18–21).

In practice, these approaches can be divided into techniques which either manipulate the treatment beam (e.g., tracking, gating, rescanning, robust optimization, etc.,) (22–25) or those that mitigate target motion (e.g., compression, breath hold, ventilation) (26, 27). Although, applications of combinations of these can be effective, the selected treatment approach generally depends on individual patient and tumor conditions (28), as well as on site-specific irradiation capabilities (17).

Of the different patient-assisted motion mitigation techniques available, suppression of ventilation via active or passive breath holding seems to be among the most promising (17). Important in this context is the duration of motion suppression and its influence on the stability of lung structure and volumes. For example, considering relationships between tumor volumes and field application durations for different rescanning scenarios based on the beam delivery characteristics of, e.g., Gantry-2 at our institution, realistic rescanning factors are 0–4 with a duration of 45–90 s for a single field irradiation for tumor volumes up to 1 L. Therefore, with the goal of one breath hold per irradiation field, breath-hold durations of more than 60–90 s are desirable. This is longer than the length of unassisted, voluntary breath holds that typically range between 30 and 70 s and are typically associated with chest wall movements when subjects approach the point of termination. Without training, a longer breath-hold duration can only be achieved either by physiological interventions prior to an active deep-inspiration breath hold (DIBH) or via passive “breath holding” using, for example, high-frequency mechanical ventilation, e.g., high-frequency percussive ventilation (HFPV) (27).

For active breath holding, however, the challenges are manifold. First, lung volume and chest wall positions need to be reproducible in relation to the planning CT (the basis for treatment). Since the largest breath-hold duration can be achieved with the largest lung volume, subjects must hold their breath at maximal inspiration, i.e., at total lung capacity (29, 30). However, measures of lung volumes are known to vary in response to a person's experience with performing this specific inspiratory maneuver. This implies that on each measurement day, several full inspirations need to be performed until stable total lung capacity values are reached (31, 32). Second, breath holds may be more difficult in supine position, as active breath hold in daily life is used for stabilizing the trunk during lifting heavy objects or balancing, in contrast to the relaxed supine position. Furthermore, additional weight with abdominal obesity may cause further objective or subjective problems. Third, coughing is one of the most common symptoms of lung cancer. The majority of lung cancer patients are current or former smokers, potentially also suffering from chronic obstructive pulmonary disease (COPD) which is also accompanied by frequent coughing due to bronchitis. Tussive irritation may, in turn, lead to early termination of breath holding, a problem most likely to be mitigated through medication.

Perhaps the most limiting factor of breath-hold duration, however, is the so-called break-point, where perception of intolerable air hunger urges subjects to take a new breath. This depends on the interplay of multiple factors. First, rises in arterial CO2-partial pressure (PaCO2) stimulate the respiratory motor output via chemoreceptors, giving rise to air hunger. Second, the ability of the subject to suppress respiratory motor output and/or tolerate the lack of rhythmical input from lung and chest wall stretch receptors (33, 34) also limit breath-hold duration. Third, also decreases in O2-partial pressure (PaO2) that stimulate respiratory motor output via chemoreceptors also rise to air hunger—an effect important mainly during breath holding after prior hyperventilation. Importantly, the O2 available depends on lung size that decreases with age, is lower in women, and is often reduced by tumor tissue itself. Also, during extended breath holds, lung volume can decrease, since less CO2 is produced than the O2 that is consumed. Last, the psychological state of a person also contributes to the level of perceived air hunger (35). Thus, an anxious person may reach the break-point earlier.

On the other hand, it has also been demonstrated that breath-hold duration can be extended using a variety of techniques. For instance, hyperventilation prior to breath holding decreases the starting PaCO2 and thus leads to delayed chemoreceptor and ventilatory stimulation. As a small risk for passing out exists with hyperventilation, however, the level of PaCO2 needs to be controlled for patient safety. Training of the subjects, by which they become familiar to the suppression of the automatic respiratory motor output and to the lack of stretch receptor input, has also been shown to extend breath-hold duration (36). Finally, extended breath-hold duration has been demonstrated by breathing a gas mixture with increased PaO2 leading to delayed chemoreceptor and thus ventilatory stimulation when PaO2 decreases (37, 38).

Similarly, passive breath holding via HFPV is not without challenges for conscious subjects. First, patients need to “hold” a mouthpiece tightly in their mouth while fully relaxing muscles of the chest and the diaphragm. It is yet unknown whether this technique can be trained by repeated application. Normally, a patient in need of HFPV is sedated or unconscious in the intensive care unit. Second, the pressure applied, and the level of muscle relaxation, greatly affects pulmonary compliance and therefore lung volume at a given pressure, thus, potentially affecting the location of anatomical structures. Finally, HFPV may induce motion artifacts due to the vibrating nature of this type of ventilation. Although, expected to be in the millimeter range, this could be of considerable importance for its application in proton therapy. Despite these limitations, as both active and passive breath-hold techniques can substantially reduce motion amplitudes, they could be of considerable interest in radio- and proton therapy as effective motion mitigation techniques.

The aim of the present study therefore, was to compare, in healthy volunteers, intrasession, and intersession variability of lung volumes, position of anatomical lung structures, and breath-hold durations between physiologically modified oxygen-enhanced DIBH (eDIBH) and HFPV over the duration of 3 weeks in order to simulate fractionated radiotherapy treatment regimes. Longitudinal breath-hold duration, lung volume measurement, and magnetic resonance imaging (MRI) were used to assess variability in volunteers performing daily breath-hold training.



MATERIALS AND METHODS


Participants

Twenty-one healthy subjects (12 males, 9 females) participated in the study (Table 1). Inclusion criteria were absence of physical and mental impairment or disease, age ≥40 years, and ability to give informed consent by signature. Subjects were excluded, if they had contraindications to MRI procedures, i.e., non-MRI-suitable electronic and metal implants or claustrophobia, impaired lung function, acute or chronic disease, known or suspected non-compliance, drug or alcohol abuse, inability to follow the procedures of the study (e.g., due to language problems, psychological disorders, or dementia of the participant), presence of any psychological or sociological condition potentially hampering compliance with the study protocol or, for women, pregnancy, or breastfeeding. Subjects were informed about all procedures, and all devices were shown and explained before subjects signed an informed consent prior to the first data collection. The study was approved by the Cantonal Ethics Committee North West and Central Switzerland (BASEC-ID: 2018-01295; Clinical trial number NCT03669341).


Table 1. Demographic data of subject cohort.
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Study Protocol

Subjects visited the Center for Proton Therapy at the Paul Scherrer Institute (PSI, Villigen, Switzerland) for MRI acquisitions on four different occasions. Visits were interspersed by 6 days of home-based breath-hold training. A schematic of the study protocol is displayed in Figure 1. In addition, a fifth visit was arranged for four selected subjects who demonstrated long breath-hold durations whereby three MRI acquisitions were performed within the same breath hold.


[image: Figure 1]
FIGURE 1. Study protocol. Visits at the Paul Scherrer Institute (PSI) were interspersed by 6 days of home-based breath-hold training with four deep-inspiration breath holds (DIBHs) of maximal duration, two in sitting and two in supine position. The first three breath holds were performed out of resting breathing, the fourth after three deep breaths. At visits, first spirometry was performed, followed by two DIBHs of maximal duration in sitting position, the second one performed after three deep breaths. The third breath hold prior to magnetic resonance image (MRI) acquisitions was performed after ≥8 min of breathing 100% O2 with hyperventilation (at an end-tidal CO2-partial pressure of 20 mmHg) for the last 5 min prior to this maximal enhanced DIBH (eDIBH). This procedure was immediately followed by moving the subject into the MR scanner, initiating the eDIBH-procedure prior to each of two consecutive MRI acquisitions and maintaining it during image acquisitions. After moving the subject out of the MR scanner and installing the high-frequency percussion ventilator (HFPV), the subject was moved into the scanner ring again for two consecutive MRIs under HFPV conditions.


At the first visit, subjects were thoroughly informed about all details of the study procedures, including a demonstration of all testing equipment. After signing the informed consent form, a questionnaire-based assessment regarding cardiovascular risk factors and exclusion criteria was performed. Then, subjects were briefly asked about activity, nutrition, and sleep over the past 24 h, which they were requested to keep as similar as possible before each of the following visits to assure a similar metabolic and psychological status.

At all visits, after checking the current health status as well as activity, nutrition, and sleep over the past 24 h, lung function was assessed by performing forced spirometry. This served to exclude a potentially undiagnosed lung disease affecting lung volume and/or respiratory mechanics and to achieve maximal lung volumes for breath holding because forced spirometry, yielding FVC, requires repeated maximal inspiration until similar volumes are reached (31).

Thereafter, and as with home training, two DIBH of maximal duration were performed in sitting position, the first out of resting breathing, the second after three deep breaths (to decrease PaCO2 slightly and prolong breath-hold duration).

Next, the subjects were transferred to the MR scanner and positioned on the couch in supine position according to a positioning under treatment. Measurement devices for the assessment of heart rate (HR) and peripheral blood oxygen saturation (SpO2) were used to assure subject's safety throughout the procedure. Also, respiratory CO2 concentration was measured to control the level of hyperventilation. Subjects also were fitted with a face mask for delivery of 100% O2 during hyperventilation prior to breath-holding in the MR scanner.

One enhanced DIBH (eDIBH) procedure was then performed to determine the maximum breath-hold duration. Thereafter, subjects were moved by the MR couch into the scanner ring head first and a laser alignment (for reproducible interfractional positioning between weekly visits including wing board settings) followed. During two immediately consecutive MRI acquisitions performed to simulate intrafractional treatment conditions with multiple fields, subjects were asked to perform two separate eDIBHs, one for each scan. Afterwards, subjects were moved out of the MR scanner to return to resting breathing and allowed to move (still on the couch).

Subsequently, details of the HFPV procedure were explained again and subjects were connected to the HFPV device. A first HFPV trial was performed outside the MR scanner for familiarization purposes, to adjust the HFPV settings accordingly and to test whether the tolerated HFPV duration was sufficient for a single MRI acquisition. Subjects were then repositioned and moved back into the MR scanner, where two consecutive MRI acquisitions were performed, in analogy to the two eDIBHs.

At the end of the first session, subjects additionally received instructions on performance and recording of their daily, home-based breath-hold training which was recorded in a personal logbook (see Section Training and Measurements at Home for details).



Measurements and Interventions During Each Visit


Lung Function Measurement

Forced spirometry was performed to assess FVC as well as maximal inspiratory and expiratory flow rates via a hand-held spirometer (Spirobank, MIR, Rome, Italy). Measurements were performed according to criteria of the American Thoracic Society and the European Respiratory Society (31). An adequate test required a minimum of three acceptable maneuvers and meeting the reproducibility criteria according to the ATS/ERS statement. If these criteria were not met, additional trials were performed until criteria were met but no more than eight maneuvers were performed.



Motion Suppression Techniques

The eDIBH procedure was performed as follows: In resting, supine position, subjects breathed 100% O2 via face mask for at least 8 min with (i) 3 min resting breathing followed by (ii) controlled hyperventilation where subjects were coached to perform deep inspirations and expirations such that a PETCO2 of 20 mmHg (2.67 kPa) was maintained for 5 min, followed by (iii) a maximal deep inspiration, which was sustained for as long as possible. A second and third eDIBH was performed during the following MR scans, where eDIBH was maintained during image acquisition for 70 s.

HFPV is based on the administration of small volumes of air, so-called percussions, with adjustable pressures and frequencies. These percussions can replace spontaneous ventilation allowing prolonged apnea-like suppression of respiratory motion while maintaining adequate oxygen diffusion and CO2 removal.

The HFPV procedure was performed using a jet ventilator (Monsoon® Jet Ventilation, ACUTRONIC Medical Systems, Hirzel, Switzerland), positioned in the MR control room (outside the magnetic scanner region). The ventilator was connected by an 8-m pressure tube to an open circuit breathing-adapter (Phasitron®, Percussionaire Suisse, Ardon, Switzerland) that subjects held in their mouth via mouthpiece with a nose clip in place. The familiarization trial outside the MR scanner was performed using 1.0-bar pressure pulses at a frequency of 250 pulses min−1. Individual adjustments of pressure and frequency were made according to subjective comfort and the subjects' ability to relax while being passively ventilated. During the MRI acquisitions, individualized pressure pulses ranged from 0.8 to 1.2 bar with a frequencies of 225–250 pulses min−1.



MR Positioning and Image Acquisition

Subjects were immobilized on the MR couch using (i) a removable wing board attached to it with a central head support and adjustable fixation rods, which were held by both hands with arms supported overhead, and (ii) a knee support without additional fixation devices.

For all image acquisitions in the MR scanner (MAGNETOM Aera, 1.5 T, Siemens Healthcare AG, Zurich, Switzerland) a T2-weighted, 2D-steady-state free precision (SSFP) sequence was used. Voxel spacing was 0.7617 by 0.7617 mm2 in plane with a plane separation of 2.2 mm; the reconstructed image plane consisted of an array of 512 × 512 pixels. Approximately 100 coronal 2D image planes were acquired in about 70 s.



Visit 5 for Selected Subjects

Four subjects that were capable of maintaining eDIBH for at least 4 min were recruited for an additional session to assess changes in lung volume during prolonged breath-holding. During this fifth visit, only the eDIBH procedure was performed. The visit consisted of two separate MRI acquisitions, each with three consecutive MR sequences, and each performed over a period of 210 s during a single eDIBH.



Subjective Assessment of Interventions

At the end of visit 4, acceptance of breath-hold training at home and levels of “comfort/tolerability” of eDIBH or HFPV procedures during the MRI acquisition were assessed using visual analog scales with the anchors “feasible”/“not feasible” and “well-tolerable”/“not tolerable.” Finally, the subjects were asked which of the two techniques for respiratory motion mitigation they would prefer as a patient.




Training and Measurements at Home

Home-based breath-hold training consisted of four maximal DIBHs per day for a total of 18 days in order to get used to these respiratory maneuvers including full inspirations. The first and second DIBH was performed in sitting position, out of resting breathing as this is more comfortable and to allow comparison with the same breath-hold technique in lying position. The third and fourth DIBH were performed in lying position, with the first of these two also starting from resting breathing (to be compared with sitting) while the second was initiated after three deep inspirations and expirations to show the subject that “hyperventilation” increases breath-hold duration and to get them used to long-duration breath holds. Breath-hold durations were recorded by the subject in a logbook and correct recording was double-checked at each lab visit.



Data Analysis and Statistics

Anthropometric data were compared between sexes using the Mann-Whitney U test.


Breath-Hold Duration, Forced Vital Capacity, and Subjective Assessment

In order to evaluate the effects of sex and repeated visits, breath-hold durations as well as forced vital capacities were analyzed using two-way analysis of variance (ANOVA) with repeated measures and Bonferroni corrections for post-hoc analyses. If data were not normally distributed, a related-sample Friedman test was performed and the Wilcoxon signed rank test used for post-hoc analysis. Effects of breath-hold methods and sex in time-averaged home training (18 days average), visit (four visits average), and subjective data were analyzed using paired t-tests or Wilcoxon matched-pairs signed rank test. For correlation analysis between breath hold and spirometry variables, Pearson's correlation coefficient was calculated if data were normally distributed and Spearman's correlation coefficient if data were not normally distributed. One subject was excluded from all breath-hold analyses due to incomplete data. GraphPad Prism 2019 (GraphPad Software, La Jolla California, USA) was used for statistical analysis and data presentation.



Lung Volume Analysis

Based on the repeated MRI acquisitions using both eDIBH and HFPV inter- and intrafractional lung volumes and displacements have been determined and compared. Total lung volumes were determined from each acquired MRI using an automatic segmentation program developed in-house. Using functions provided by the Image Processing Toolbox of MatLab (R2018b, The MathWorks, Inc., Natick, Massachusetts, USA), the program imported and saved image data in DICOM format. The algorithm first processed the image volume as suggested in the step “Mark the Foreground Objects” in the MatLab documentation section: “Marker-Controlled Watershed Segmentation.” A voxel threshold was selected by an adaptive algorithm for each image plane and the segmentation effected using the functions bwlabel.m and regionprops.m. The final step in the algorithm was the application of the 3D-clustering program, spm_cluster.m of the statistical parametric mapping package SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Two-way unbalanced ANOVAs evaluated the effects of visit, motion-mitigation method, and sex. For the four subjects studied for lung volume decreases during the acquisitions (fifth visit), the volumes were normalized by the initial volumes to yield a fractional decrease during the acquisition.



Measuring Intra- and Interfractional Lung Displacements

To simulate potential intra- and interfractional variations in lung volume and form as part of a radiotherapy treatment, in this study, it has been assumed that the breath-hold duration of a patient with eDIBH is sufficient for the complete irradiation of one field. That is, each single MRI reflects lung position and shape for an individual irradiation field, with each fourfold weekly repetition of two consecutive MRI sequences then representing four irradiation fractions, each consisting of two fields. As such, variations between MRIs in the same session represent inter-field variations, whereas, variations between sessions represent potential interfraction variations. In addition, variations of intrafield conditions, i.e., intrabreath-hold changes in lung volume, were evaluated by the acquisition of the three consecutive MRIs within one eDIBH in selected subjects.

In order to investigate the spatial variation of key anatomical lung structures (LSCs) over therapy sessions, a reference point was selected (RefSC = LSC4) which does not move during respiration in the supine position. The chosen reference point was a prominent paravertebral part of one of the posterior intercostal veins on the level of the middle thoracic vertebral column (T4–T8). As shown in Figure 2, the selected anatomical structures subject to movement were (i) the ribs in the apex areas of the lung (LSC1), (ii) the carina tracheae (LSC2), (iii) the diaphragm (LSC3), and (iv) the branching points of six specific lung vessels representing hypothetic intrapulmonal tumor locations (LSC5-LSC10). The distribution of the six vessels observed an even division in the craniocaudal direction. With an extension from the apex to the costodiaphragmatic cavity, projections on the junctions of the T5/T6 vertebras and T9/T10 were selected, which defined three segments of approximately equal length. On each side of a segment were then located two vessels. Using Velocity®, trained medical assistants located the reference point and anatomical structures manually; two of the authors (FE and MW) checked the locations. The set of difference vectors ri between the locations, RefSC and LSCi, is denoted as an intrapulmonary lung structure metric. Using these metrics, two analyses have been performed.


[image: Figure 2]
FIGURE 2. Representation of lung structure metric with selected LSCs. LSC distribution as described in the text (image courtesy of Visible Body®).


First, the radial distance [image: image] of the distance vector ri, was determined for each MRI acquisition. From the sets of eight MRIs (two scans at four visits) acquired for each subject, the mean radial distances of each lung structure μ(ri, M) and their standard deviations σ(ri, M) were determined for each method M: eDIBH or HFPV. The ratios σ(ri, eDIBH)/μ(ri, eDIBH) and σ(ri, HFPV)/μ(ri, HFPV) yielded fractional variations, for which medians, maxima, and distributions of ranks according to the Wilcoxon signed rank test could be compared. In addition, the logarithm of the ratio of fractional variations.

[image: image]

of the two methods provided a comparison of methods for each subject and lung structure.

Second, as shown schematically in Figure 3, we evaluated (i) the distributions in each subject after corrections for interfractional shifts due to repositioning and (ii) intrafractional differences due to different lung volumes during the consecutive eDIBH or HFPV MRI acquisitions. The analysis consisted of three steps.

(A) After contouring, the spatial distributions of all 10 LSCs were determined in the DICOM reference system of all 16 MRIs: 8 × eDIBH and 8 × HFPV, without positioning correction.

(B) Interfractional shifts were described as rigid-body transformations. These were treated in Velocity® as pairwise image registrations with respect to the reference point RefSC on the spine between the first MRI of visit 1 (MRI1) as reference and the following MRIs from visits 2 to 4 (MRI3 to MRI8). The transformation between MRI1 and the second MRI of visit 1 (MRI2) was assumed to be negligible. In the other registrations, the MRIs were superimposed in such a way that the spinal column structure was optimally covered. The resulting six transformation matrices were then exported as DICOM registration objects and imported into MatLab. In order to simulate the 3D positioning offset correction applied in Gantry-2 before each irradiation fraction, only the translation components of the transformation were included in the analysis. These interfractional translation corrections were applied to the corresponding spatial distributions of the LSCs given in (A). For each subject and method, the resulting LSC distributions in Cartesian DICOM space yield clusters of position variabilities.

(C) The standard deviations about the mean positions of each LSC-specific cluster yielded a 95% CL ellipsoid, the volume of which, denoted “volume of variability” (VolOfVar), represented an empirical measure of spatial variability. Division of the VolOfVar by the mean subject lung volume delivered a fractional volume of variability. As for the radial distances, the logarithm of the ratio of fractional variations between the two methods for each subject and lung structure yielded a subject-specific comparison of variability.


[image: Figure 3]
FIGURE 3. LSC volumes of variability. Principal steps of displaying, processing, and analyzing a lung structure metric for a subject-specific set of eight MRIs acquired for eDIBH or HFPV. Top to bottom: LSCs were contoured as RT-STRUCT sets in Velocity® (A) followed by DICOM export/import into MatLab to enable visualization in the common DICOM Frame of Reference. Subsequently (B) translation corrections determined by rigid-body image registrations were applied to the LSC distributions identified on left side graph, and (C) rotational ellipsoids to approximate their spatial distributions were calculated as described in the text.






RESULTS


Breath-Hold Duration and Subject Acceptance


Subjective Acceptance

On a scale ranging between 0 and 10, where 0 was the best rating, the subjects rated home-based training as being “feasible”: 2.2 ± 2.1, as they also rated eDIBH and HFPV methods: 1.4 ± 1.1 and 2.2 ± 2.5, respectively. Both methods were also rated “tolerable” for patients: 1.8 ± 2.2 and 2.5 ± 2.7, respectively. Wilcoxon signed rank tests evidenced no difference between the two methods in neither “feasibility” nor “tolerability.” However, 14 of the 21 subjects preferred eDIBH to HFPV; an experience of “less discomfort” during eDIBH was named as the most frequent reason.



Effect of Breath-Hold Training in Sitting Position Over Time

Breath-hold training at home revealed no change in breath-hold duration in sitting subjects across 18 training days and 4 visits (Figure 4), while a significant effect of time was detected in breath-hold durations assessed at visits (p = 0.035), despite breath-hold durations at visits being similar to those assessed at home at these specific time-points (p = 0.444). The difference was located between visit 1 and visit 2 (p = 0.034). Three deep breaths prior to a maximal DIBH significantly increased breath-hold duration at home in males (18-day average without 77 ± 28 s and with three deep breaths 120 ± 46 s; p < 0.001) and females (from 56 ± 9 s to 84 ± 18 s; p < 0.001). Also during visits, 3 deep breaths increased breath-hold duration in males (average of four visits without deep breaths: 80 ± 26 s, average of four visits with three deep breaths: 111 ± 38 s, p < 0.001) and in females (from 59 ± 7 s to 76 ± 11 s; p < 0.001). A significant time-effect was detected that was located post-hoc between Visit 1 and Visit 2. A significant sex effect was detected with males having longer breath-hold durations during home trainings (p = 0.010) as well as at visits (p = 0.038).


[image: Figure 4]
FIGURE 4. Sex-specific group mean maximal DIBH durations (± standard deviation) at home and at visits. *p < 0.05; #p = 0.010.




Breath-Hold Duration Before MRI Acquisition (eDIBH) in Lying Position

Enhanced deep-inspiration breath hold duration assessed prior to the MRI acquisition, i.e., eDIBH duration, was significantly lower in visit 1 than in the following visits in the entire group. However, only in males, these differences were present without significant differences between visits in females (Figure 5). Individual breath-hold durations show, that all but one subject reached the required 90 s eDIBH duration at all four visits. DIBH durations assessed in sitting position at home were significantly correlated with eDIBH durations in lying position assessed prior to MRI acquisitions (Figure 6). The correlation coefficients for the different visits were similar: visit 1: r2 = 0.520, p < 0.001; visit 2: r2 = 0.392, p = 0.003; visit 3: r2 = 0.637, p < 0.001; visit 4: r2 = 0.567, p < 0.001. Similarly, sitting breath-hold durations at visits were significantly correlated with eDIBH durations; r2 = 0.672, p < 0.001.


[image: Figure 5]
FIGURE 5. Individual subject's maximal-enhanced deep-inspiration breath hold (eDIBH) duration; black line: group average, dashed line: 90 s duration. *p < 0.01; ***p < 0.001.



[image: Figure 6]
FIGURE 6. Individual subject's maximal deep-inspiration breath hold (DIBH) durations out of resting breathing in sitting position compared with maximal-enhanced deep-inspiration breath hold (eDIBH) duration in lying position at all visits. Best-fit line with 95% confidence bands.





Lung Volume Analysis


Full Inspiration (Forced Vital Capacity)—Changes Within and Between Days

Across visits, measures of FVC did not differ significantly: visit 1: 5.05 ± 1.25 L; visit 2: 5.06 ± 1.24 L; visit 3: 5.05 ± 1.24 L; visit 4: 5.07 ± 1.26 L; p = 0.42. However, a sex effect was detected with males having a larger FVC than females (average across four visits in males: 5.93 ± 0.89 L; in females: 3.89 ± 0.37 L, p < 0.001). Also, FVC correlated significantly with eDIBH duration (r2 = 0.306; p < 0.001) although—when sexes were analyzed separately—a significant correlation was present in males only (r2 = 0.279; p < 0.001).

To determine FVC according to ATS/ERS criteria (31), an average number of 5 ± 1 attempts (range 3–8) was necessary to achieve maximal values on visit 1 while on visit 4 an average of 3 ± 0 attempts (range 3–4) was needed. On visit 1, all but two subjects reached maximal values at the fourth attempt at the latest, while on visit 4, all but one subject reached maximal values at or prior to the third attempt. Maximal within-subject differences between selected best values ranged between 0.3 and 3.6%.



Lung Volumes

The segmentation algorithm yielded the lung volumes presented in Table 2. In addition, their intrafractional variations for each method at each visit were derived.


Table 2. All data presented in [l] as mean ± SD.

[image: Table 2]

As indicated in Table 2, an unbalanced two-way ANOVA showed no significant variation over visits, p < 0.88, but a significant difference between methods, p < 0.0001. Further ANOVAs yielded for neither method a significant variation over visit, p < 0.99 for eDIBH and p < 0.48 for HFPV, but significant difference between sexes, p < 0.00001, in both cases. The average difference between males and females for lung volume as measured by eDIBH was 2 L, as for FVC.

In neither of the ANOVAs of the intrafractional variations was there a significant difference over the course of the four visits: p < 0.32 for eDIBH and p < 0.77 for HFPV. The standard deviations of the intrafractional variations are with the exception of the last visit twice as large for HFPV as for eDIBH and smaller than the lung volume standard deviations given in the upper part of Table 2.



Variation of Lung Volume Over Time for eDIBH

Analysis of the variation of intrabreath-hold lung volumes for the four subjects most capable of long breath-hold durations (Figure 7) showed that the decrease in lung volume over the course of the first 70 s acquisition was 5% or less in each of the four subjects. The more pronounced decrease in subject 6 (006-1) was rather due to an image artifact than to a physiological effect. The measured, maximum 5% decrease in lung volume over a period corresponding to the radiation time of a single field was thus below the 10% threshold, which was determined to be a sufficient determination accuracy for the automated calculation of lung volumes.


[image: Figure 7]
FIGURE 7. Fractional decreases of lung volume with repetition for four subjects. Each acquisition lasted 70 s. Successive acquisitions were performed with an interruption of a few seconds for restarting the MR sequence.





Lung Topography Analysis


Intrafractional Displacement of Lung Structure Metrics

The first analysis of lung structure metric evaluates the positional variability of the lung structures via the relative errors of radial distances ri between RefSC and LSCi, i.e., the quotient of the standard deviation and the mean value of the LSCi distributions over all subjects. The analysis yielded no significant correlation between the relative errors of lung structures and the relative errors of the computed lung volumes. They can therefore serve as intrinsic measures of variability.

As given in Table 3, the medians and maxima for almost all structures are consistently less for eDIBH than for HFPV. In addition, the Wilcoxon signed rank test yielded significant differences between methods for the diaphragm, the carina, and vessels in the lower region of both lungs, VesselLL and VesselRL, and one in the left mid-lung section, VesselLM. This indicates a significantly lower positional variability for eDIBH than for HFPV.


Table 3. Median and maximum relative error [%] of radial distances between reference (RefSC) and selected anatomical structures (LSCi), including significance of difference between corresponding distributions of eDIBH and HFPV according to Wilcoxon signed rank test.

[image: Table 3]

Confirmation of this result on a subject basis was established by plotting the logarithm of the ratio of relative errors between eDIBH and HFPV, denoted as γ ratio, for each subject and LSC. This yielded the three-dimensional bar plot in the upper part of Figure 8. Augmented by the corresponding ratio of lung volumes, it summarizes the relative variability of the two motion mitigation methods. A negative logarithm indicates that the variability is less for eDIBH, a positive value that the variability is less for HFPV.


[image: Figure 8]
FIGURE 8. The 3D bar plot displays the logarithm of the ratio, denoted γ, of relative errors in lung structure radial distances and volumes between the motion mitigation methods, eDIBH and HFPV, for each subject, and lung structure or volume. The lower table assigns to each subject the number of values for which the γ ratio is negative, indicating less variability with eDIBH. Green indicates numbers >7, orange those <4. White indicates intermediate numbers.


Of the 200 log ratios, 140, i.e., 70%, show less variability for eDIBH. The subject distribution presented in the resulting table at the bottom of Figure 8 showed in 11 subjects between 8 and 10 γ ratios favoring eDIBH, whereas, four subjects exhibit between 0 and 3 of such ratios. Thus, of the 15 subjects showing a clear distinction, 73% of the subjects show less variability for eDIBH. The distribution in Figure 8 can be modeled by a binomial distribution with the two options eDIBH or HFPV, resulting in a probability of 0.87 for eDIBH. This value indicates that the above estimates of less variability for eDIBH are not arbitrary.



Interfractional Displacement of Lung Structure Metrics

To simulate proton therapy treatment conditions for Gantry-2@PSI, where setup uncertainties are compensated by linear 3D offset movements of the couch, the inter-fractional displacements (contained in the 6 DoF-MRI registration objects) were corrected by applying their 3D translation components to the respective lung structure distributions (see Figure 3). Their remaining spatial uncertainties are thus composed of (i) the interfractional rotational components and (ii) the interbreath-hold variations. Geometrically, rotations around the AP axis result in lateral displacements. Their amount depends on the distance to the rotation center RefSC in CC direction. Since the spatial shifts of lung structures due to respiratory movements are least pronounced in RL (39), the contribution of uncorrected setup rotations is greatest in the lateral spatial direction. Assuming a CC distance of a pulmonary vessel from RefSC of 100 mm, an AP rotation of 3° delivers a lateral offset of about 5 mm. A comparison with Figure 9 reveals this value to be a good approximation to the upper limits for the σRL distributions of VesselLU and VesselRU displayed in the top row. Larger RL displacements were measured only for the apex: ~6–7 mm and diaphragm: ~8–10 mm, as these lung structures are farthest from the reference point in the CC direction. There are no significant differences between eDIBH and HFPV regarding RL displacements.


[image: Figure 9]
FIGURE 9. Standard deviations about the mean positions of each LSC-specific cluster in Cartesian coordinates for eDIBH and HFPV (see Section Measuring Intra- and Interfractional Lung Displacements and Figure 3). The coordinates are labeled in table notation: RL (top row), AP (middle row), and CC (lower row).


In accordance with the intrafractional displacements discussed in Section Intra-Fractional Displacement of Lung Structure Metrics, the most significant differences between eDIBH and HFPV in spatial variability are found in the CC and AP directions for the diaphragm, carina and for the vessels of the lower and middle left lung segment.

Analogous to the relationship between rotational distribution and RL shifts, the contributions of pitch and roll components to the linear shifts of lung structures in the CC and AP direction can be estimated geometrically. Calculations reveal that only about 10–20% of these displacements are caused by the uncorrected rotations about the RL and CC axes, respectively; the variation in lung volumes due to eDIBH or HFPV represent the dominant factor.

This presentation of lung structure variability in Cartesian space concludes with analysis of comparison of the relative volumes of variability: VolOfVareDIBH and VolOfVarHFPV, determined by the ratio between the 95% CL ellipsoid volume and the mean subject lung volume for each subject and lung vessel structure.

The logarithm of the ratio of eDIBH and HFPV relative volumes is shown in Figure 10 as 2D bar plots. Of the 120 ratios which could be determined, 85 showed less variability with eDIBH, i.e., 71%, confirming the analysis of relative errors in radial distances presented earlier. However, only 10 of the 20 subjects showed exclusively less variability with eDIBH, whereas, three showed exclusively less variability with HFPV; the remaining seven subjects exhibited mixed variabilities.


[image: Figure 10]
FIGURE 10. For each subject and lung vessel are plotted the logarithm of the ratio of relative volumes of variability determined from the 95% CL ellipsoids of variability between the eDIBH and HFPV. Negative values indicate lesser variability with eDIBH, positive values lesser variability with HFPV.






DISCUSSION

External beam radiation therapy is a highly effective modality in the treatment of lung tumors, yielding similar outcomes as surgery, particularly for early stage non-small-cell lung carcinoma [NSCLC; (40, 41)]. Appropriate respiratory motion management approaches (17), however, are of great importance, especially for PBS-PT (42). As such, breath holding is an effective method to minimize respiratory motion, which is well-established in conventional RT treatments of breast cancer and mediastinal lymphoma (43–46). Its combination with hyperventilation and/or preoxygenation for breast irradiation with photons has already been reported (47).

Several studies investigated the use of DIBH for lung cancer RT (26, 39, 48–50). However, clinical breath-hold implementations in proton therapy of lung tumors are currently predominated by device-assisted breath-hold techniques (17, 51–53). Training or coaching, however, is deemed necessary for patient applications, with autonomous breath holding with or without monitoring being the exception. To the authors' knowledge, however, no reports of practical implementation for patient-controlled DIBH supported by physiological measures (hyperventilation, preoxygenation, breath-hold training) are available for application in proton therapy, and only few studies have related breath-hold duration to treatment delivery time. Indeed, the Particle Therapy Cooperative Group (PTCOG) guidelines (54) for implementing PBS-PT in thoracic malignancies consider DIBH to be a realistic clinical treatment approach. However, they also caution that small highly mobile tumors potentially causing large baseline drifts are a significant risk for a consistent DIBH application. Research and clinical practice in the field of motion management for particle therapy, however, has primarily focused on adapting to motion (rescanning, gating, etc.,) rather than effectively mitigating it by eliminating or reducing patient organ motion, e.g., through breath hold.

Following the assumption that effective motion management starts with mitigation, the change in breath-hold duration with breath-hold training and the use of hyperventilation combined with oxygenation were investigated in the present study with 21 healthy subjects. Using MRI assessment to simulate realistic PT treatment conditions, the newly proposed eDIBH and the established HFPV application for respiratory motion suppression were investigated with respect to lung volume variability and reproducibility of lung topographies. The aim of these measurements was the evaluation of applicability and effectiveness of both methods. Since the use of eDIBH envisages breath-hold training prior to the start of proton therapy, not only the effect on breath-hold duration over the study period was analyzed, but also subjects' acceptance of the eDIBH approach compared to the HFPV method was determined.

The main results of the present study demonstrated that by the use of breath-hold training and DIBH enhanced by prior hyperventilation in hyperoxic conditions, breath-hold durations could be increased from 173 ± 73 s on visit 1 to 217 ± 67 s on visit 4, with maximal eDIBH durations in all but one individual subject reaching an eDIBH duration of ≥90 s already at visit 1. The achieved breath-hold durations were similar or longer than the time required to deliver representative PBS proton treatment fields at PSI's Gantry-2 for typical lung tumors. A recent study using a different method to extend breath-hold duration in pulmonary patients (a majority with stage III lung cancer) reported a mean breath-hold duration of 78 s (range 29–223 s) during conventional RT treatment (55). Thus, the increase in breath-hold duration by eDIBH in the healthy subjects of the present study is likely transferrable to lung cancer patients allowing irradiation of adequate PBS-PT fields. Importantly also, lung volumes determined prior to and during breath holds, did not change over the course of four visits. In addition, an important advantage of eDIBH found in this work results from the fact that subjective tolerance of eDIBH was similar to HFPV and presumed, by study subjects, tolerable for patients. Also, home training was given a good rating. Indeed, of the 18 subjects expressing a distinct preference, 14 (~80%) preferred eDIBH to HFPV. Also, during the study, no adverse events occurred with eDIBH, but one subject was unable to tolerate HFPV.

Detailed analysis showed that lung volumes determined with spirometry and during eDIBH in the MR were larger in males than females. This translated into a tendency for shorter eDIBH duration in females compared to males. Nevertheless, in this female cohort, breath-hold duration was still long enough for a PRT with 141 ± 36 s already on visit 1. The fact that breath-hold duration in both sexes did not change significantly after visit 2 suggests that 1 week of individual home-based breath-hold training with four daily maximal DIBHs, including reassurance of the possibility to extend breath-holds, e.g., by prior deep breathing (56), is sufficient to achieve maximal breath-hold durations. Also, the good correlation found in this study between maximal sitting DIBHs at home and maximal eDIBHs could possibly allow to predict in future patients, already after 1 week of home-based DIBH-training, whether individual patients' breath holds will be of sufficient duration for effective irradiation.

While sufficiently long breath hold durations are essential, it is equally crucial to achieve consistently similar lung volumes and lung topographies over all irradiation days. As for reproducibility of lung volume, no significant difference in FVC and in inter-fractional variability was observed over the course of four visits, with intrafractional deviations being <10% of the standard deviation of uncertainty of the volume measurements. Thus, lung volume was reproducible and stable over the study course, especially also within each visit. During extended breath holds over the duration of three consecutive, identical MRI sequences, however, as tested on a sub-set of subjects, lung volume was found to decrease significantly after the second sequence repetition. This effects results from the ongoing metabolism where burning a mixture of carbohydrate and fat produces a smaller volume of CO2 than the volume of O2 consumed in a given time period (respiratory quotient <1.0). Nevertheless, such volume reductions stayed below 5% over the first and second MRI sequence, which is less than the uncertainty in intrafractional volume determination.

The advantages of eDIBH became evident in the analysis of lung structure positional variability based on a lung structure metric. Five of nine absolute distances between mobile lung structures and a static reference structure at the spine showed, averaged over all subjects, significantly less variability of relative error for eDIBH than for HFPV. These were the carina, diaphragm, and the vessels in the left and right lower lung segment and in the left-middle lung region. The introduction of a subject- and lung structure-specific measure to determine distance variability between eDIBH and HFPV defined by the logarithmic ratio of their relative errors indicated that eDIBH exhibited at least a 70% advantage compared to HFPV. This result was derived from the total number of ratios calculated, as well as by the overall number of subjects showing less variability for eDIBH.

In addition, an approximation of the intrafractional, spatial distribution of the 10 lung structures across all MRIs of each subject provided —after correction of the interfractional translations and separately for eDIBH and HFPV—their individual so-called Volume of Variability. In analogy to the variability of distances, the logarithmic ratio of VolOfVareDIBH, and VolOfVarHFPV confirmed that the spatial variability for all investigated pulmonary vessels is smaller under eDIBH than for HFPV in 71% of cases. The distributions of positional standard deviations of the 10 lung structures in all three Cartesian dimensions showed that standard deviations are least for the reference structures on which the registrations were based, and most for the diaphragm and for vessels in the lower left and right lung segment. Their magnitude is higher by a factor of 3 for the diaphragm using HFPV than for eDIBH and by a factor of 2 for VesselLL and VesselRL with differences between the methods being most apparent in the anterior-posterior and cranial-caudal directions.

In summary, the present results can be interpreted in three ways. Physically, the eDIBH approach has significant and clear advantages over the HFPV method with respect to local reproducibility and stability of lung conditions over time. In practical application, both approaches are feasible under irradiation conditions with proton therapy, whereby both the subjective preference of the study participants and the lower resource requirements speak in favor of eDIBH. Physiologically, the results suggest that the eDIBH procedure could benefit patients that need to achieve a breath-hold duration of ≥60–90 s for irradiation therapy. Although, it can be expected that such durations can be achieved in cancer patients without lung morbidity and despite such breath-hold durations having been reported in lung cancer patients (55), further investigations are needed to test the extent to which compromised lung function influences overall breath-hold performance.

In articles related to radiotherapy, average breath-hold durations of around 22 s are reported for breath holds starting from resting breathing (47). This is 2- to 3-fold less than breath holds reported in the present study but in those studies, no or much less emphasis was put on achieving maximal lung volumes at the start of those breath holds. Thus, although the present results are very promising, more research is needed in lung tumor patients in order to ascertain the benefit of the present eDIBH procedure in this patient population.



CONCLUSIONS

Both, eDIBH, and HFPV were well-tolerated and eDIBH duration was long enough to allow potential PRT. Variability in lung volume and anatomical position of lung structures is smaller with eDIBH. Also, if given the opportunity to choose, subjects prefer eDIBH. Thus, eDIBH is a very promising tool for lung tumor therapy with PRT, and further investigation of its applicability in patients is warranted.
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script runs within the RayStation treatment planning system.
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Choroidal Hemangioma

Optic Posterior Pathway Glioma
Brainstem Glioma
Clivuschordoma

Ependymoma

Atypical Teratoid Rhabdoid tum.
Craniopharyngioma
Neurocytoma

Germ Cell tumor

Astrocytoma

Astrocytoma

Number of patients/retreatments

4t g oW

6/2
n
7

31

Average age (years)

3
12
14
51
20

8

2
58

o

20

37
42

Vprv (em?)

9.0
162
1138
8.6
120
67.0
31.5
209

225
30.8
97.6
27.0
524
38.7
1737
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Energy c Comment

(MeV) (mm)

100 8.1 minimum energy among all cases

110 7.4 median of the lowest energy of all
cases

130 6.5 median energy of all cases

150 5.3 median of the highest energy of all
cases

170 4.6 maximum energy among all cases

Fields were applied with the IBA universal nozzie of the fixed-beam treatment room of WPE. ¢
refers to the standard deviation derived from a fit of a Gaussian distribution to the lateral spot
profile. Proton energy values of the layers were rounded, because spot characteristics were
measured in the isocenter plane in steps of 10 MeV in the clinical commissioning.
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Parameter Males Females P

=12 (n=9)
Age [years] 50.7 + 6.4 47946 0.496
Height [cm] 1832 £56.3 167.8 £5.0 <0.001
Weight (k] 89.0+95 629+95 <0001
BMI [kgm-?] 265+ 2.4 223+27 0003

Data presented as mean + SD. BMI: Body mass index.
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Grade1 Grade2 Grade3 Graded Total

Aopecia 40
Dematiis radiation 24
Astheria 20
Headache 20
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Characteristics %

Sex n
male 2 55%
female 20 5%
Age at diagnosis years
Medan 26
Mo o1
Max 87
Age at start of proton therapy years
Medan 34
Min 14
Max 99
Risk grouping n
righ % 9%
ntermediate 5 1%
AMYC Status n
ampified 29 6%
non-amplifed 15 24%
Induction chemotherapy n
yes a4 100%
o o o
Resection status n
cve 18 0%
ME £ 68%
none 1 2%
High-dose chemotherapy n
none 5 1%
BuMel £ %%
MEC 6 14%
TreoMel 1 2%
Radiotherapy treatment concept n
36-39.6 Gy to residue. 4 o
21.6 Gy 10 preop.TU; boost to resice to cum. 36 Gy £ 5%
21 Gy to preop. TU 7 16%
Median total PBT dose. Gy

360
Median number of ractions. n

20
Consolidation therapy n
menunotherapy £ 82%
etino acd 5 1%
none 3 18%

n, rumber; GPOH regime, Geman Society for Paediaric Oncology and Hematclogy
(GPOH reginen (ivee N (csplatn etoposide, and vindesine) and tvee NG cyces
incristie,dacarbacins, osfamide, and doxonubicha), Rapid ok (cispat, vincrstin,
carboplatn, etoposide, and cyciophosphamide with subsequent adminitation of
Granuocyto Colony Simuiating Factor; CME, Complte macroscopic excison; IME,
incomplete macrosoopic excson; Bulel, Busuiphan and Mephatan; MEC, Melphatan,
Etoposide, and Carboplatin: TreoMel, treosulfan-mekphalan.
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Author #Ref Year f#pts Median tumor™/target Mean/median Dose (GyRBE) Delivery Tumor Proton Visual toxicity” Brain
volume® follow-up period (median/mean) modality outcome only (%) necrosis*
(cm®)[range] (months) (%)
SSVlachogiannis et al. (20) 2017 170 ©13.0 [1-64] 84.0 14-46 1 PSPT PFS™*: 85% Yes 5/170 5/170
21.9 (2.9%) (2.9%)
El Shafie et al. (21) 2018 102 NR 46.8 50-60 Raster PFS™: 96.6% Yes 0/102 3/102
50.4 scanning (0%) (2.7%)
Murray et al. (22) 2017 61 = 21.4[0-547]° 56.9 50.4-56.0 PBS only LC™ 95.7% Yes 7/96% 3/96¥
54.0 (7.3%) (3.1%)
Noel et al. (23) 2005 51 NR 25.4 54-64 PSPT only LC™: 98% No 0/51 0/51
60.6 (0%) (0%)
SSHalasz et al. (24) 2011 50 = 2.1[0.3-9.7] 32 10.0-15.5" PBS only LC*: 94% Yes 0/50 2/50
13.0 (0%) (4%)
Slater et al. (25) 2012 47 ©27.6[1-224] 74.0 50.4-66.6 PSPT only LC™: 99% Yes 3/72¥ 2/72¥
(4.2%) (2.8%)
Wenkel et al. (26) 2000 46 = 32[2-243] 53.0 53.1-74.1 PSPT only RFS*™*: 88% No 4/46 4/46
59.0 8,7%) (8.7%)
SSVernimmen et al. (27) 2001 23 ©15.6[2.6-63) 40.0 54-61.6 PBS only LC*: 88%" Yes 0/27 1/27
17.3-24.31 (0%) (3.7%)
[20.3] 1
Total # patients 521
Median % LC/PFS 96%
(Range) (85-99%)
Median % Toxicity 2.6% 3.4%
(Range) (0.0-8.7%) (0.0-8.7%)

Pts, patients; PBS, Pencil Beam Scanning proton therapy; PSPT, Passive-Scattering Proton Therapy; NR, not reported; LC, Local Control; RFS, Recurrence-free Survival; PFS, Progression-free survival.

*3-year.
**4/5-year.
**10 year.

¥Total number of WHO grades Il patients in cohort.

TStereotactic condition/radiosurgery/Hypo-fractionated PT, horizontal beam.

”lnc/uding but not limited to ocular adverse events, retinopathy and optic neuropathy.

‘Radliological brain edema/biopsy proven brain necrosis/epilepsy.

“Tumor volume.

“Target volume/Clinical target volume.

"WHO grades | and Il.

°°Fractionated stereotactic proton therapy/proton radiosurgery.

Bold values provided are highlighting the overall results of patients numbers and outcome (Toxicity and tumor outcome).
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Treatment paradigm Use of protons
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|(Benigr)  Decreasa i ong term towcty ‘Shoukd be considered f cinialy avadabie for
decreasing the probabily of tumor induction
|(Benigr)  Decreasa i ong term tosicty ‘Shoukd be considared i cinicaly avadabie for

ecreasing te probabily o cognithe mpaiment
Il (ypicall  Doso escaaton for tumor control  Shoud bo considered f cicaly avaabie

Maigpant)
Recuring () Tumor control and mitgate th risk of | Shoukd b considered i ciricaly avadatie and
radaton-nduced adverse events  especily i
" Non-cider patent
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Variables* Univariate analysis Muiit-variate analysis

HR (95% C) P-valuo HR (95% O P-value
sex 1,299 0616-2.738) 0402 1229 (0510-2.969) 06i6
Age 1,040 (1.005-1.075) 0024 1,040 (1.002-1.081) 0011
KPS 1,665 (07356-0.770) 0221 2238 0.788-6.321) o131
WHO Grado 3468 (1.200-10.020) 0020 1.450 (0.418-5.004) 0559
Tumor Location 0,435 0.162-1.167) 0008 0554 0.178-1.721) 0307
Surgical Completenss. 1.177 (0.721-1.922) 0515 1,835 (0.923-3.647) 0084
IDH gone. 4281 (1.269-14.220) o019 4158 (0.958-18.051) 0057
MGMT promoter 2387 (1041-5.472) 0040 2555 (0.857-7.622) 0002
crvnr 1,003 (0.996-1.009) 0253 1011 (0997-1.026) 0123
crvr 1,002 (0.999-1.008) 020 0994 (0.385-1.009) 0195

“Tho varabes waro compared in the olowing ways: se. oma as efwence; age as continuous varble; KPS, 80 as etwenca; WHO grace, race l as rfernce: Surg
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Characteristics No. of patients (N = 82, %)

Sox
Male 48(585%)
Female 34(41.5%)

Age (years)

Median 555
Range 10-76

KPS before radiotherapy
>80 64 (180%)
80 18 22.0%)

Tumor Location
Lesion invobing the SVZ 8(707%)
Lesion not invoking the SVZ 24293%)

Histology grade (WHO grade)

Grade IV 59 (720%)
Grade 23280%)

Surgical intervention
Partl resectionVBiopsy 17 207%)
Subtotal resection 36(439%)

Total resection 29(35.4%)

MGMT promoter
Methylated 27(329%)
Unmethylated 31(378%)
NA 24293%)

IDH mutation
Wid type 16(19.5%)
Mutant tyoe 66(805%)

CTVhr volume (em’)

Median 9847
Range 37230089

CTVIr votume ()

Median 22032
Range 24.00-49421
Doss of particle radiation (GyE/fractions)
Proton60GyE/30 48(585%)
Proton-50 GyE/25+ C-ion-10-12GyE/4-5 14(17.1%)
Protor-60 GyE/30+ C-ion boost t 9-18 GyE/3 18 220%)
Proton34 GyE/10+ C-ion boost 9 GyE/3" 2@4%)

“For patients = 65 yoars only. TV, Clica target volumo of high rsk: CTV, Cinical
target volume o low risk: GYE, Gray roGative bioogical equialont, IDH, Isocirate
denycrogenass; KPS, Kamolsky Pertormance Score; MGMT, Ofel-mettyguanine-ONA
reuilanaivass: SUZ. Subvenbiouler Sone.
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