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The aim of this prospective observational trial was to evaluate the efficacy, toxicity and quality of life after stereotactic body radiation therapy (SBRT) in patients with hepatocellular carcinoma (HCC) and to assess the results of this treatment in comparison to trans-arterial chemoembolization (TACE). Patients with HCC, treated with TACE or SBRT, over a period of 12 months, enrolled in the study. The primary endpoint was feasibility; secondary endpoints were toxicity, quality of life (QOL), local progression (LP) and overall survival (OS). Between 06/2016 and 06/2017, 19 patients received TACE and 20 SBRT, 2 of whom were excluded due to progression. The median follow-up was 31 months. The QOL remained stable before and after treatment and was comparable in both treatment groups. Five patients developed grade ≥ 3 toxicities in the TACE group and 3 in the SBRT group. The cumulative incidence of LP after 1-, 2- and 3-years was 6, 6, 6% in the SBRT group and 28, 39, and 65% in the TACE group (p = 0.02). The 1- and 2- years OS rates were 84% and 47% in the TACE group and 44% and 39% in the SBRT group (p = 0.20). In conclusion, SBRT is a well-tolerated local treatment with a high local control rates and can be safely delivered, while preserving the QOL of HCC patients.

Keywords: hepatocellular carcinoma, radiotherapy, stereotactic body radiation therapy, Transarterial Chemoembolization, hepatocellar carcinoma


INTRODUCTION

The incidence and mortality of hepatocellular carcinoma (HCC) is rising worldwide due to the rise of viral hepatitis and non-alcoholic steatohepatitis (NASH) (1). The overall 5-year survival rate is 5% with more than 70% of the patients presenting with advanced disease precluding curative treatment such as liver transplantation, resection, or local ablative treatments such as radiofrequency ablation (RFA) or microwave ablation (2). According to the current Barcelona Clinic Liver Cancer (BCLC) classification for patients who are not eligible for resection or liver transplantation, treatment options include local non-surgical methods such as RFA, trans-arterial chemoembolization (TACE), and systemic therapy (3). Unfortunately, in about 15–20% of the patients who would benefit from local therapy, none of those treatments can be offered, due to the respective limitations and contraindications, such as decompensated cirrhosis, tumor extension, severely reduced portal flow, renal insufficiency (3). For these patients, SBRT could be offered as an alternative local ablative therapy with high rates of local control (4), while maintaining a good quality of life (5, 6). To date, there are no published prospective randomized trials comparing SBRT with TACE in locally advanced HCC, as these trials are ongoing (NCT02470533, NCT03326375 NCT03338647 NCT03338647). The aim of this study was to assess the feasibility of SBRT in everyday clinical practice, in patients with HCC, prior to a randomized trial.



METHODS AND MATERIALS

This is a prospective, two-arm, non-randomized, study analyzing the role of SBRT and TACE in patients with HCC. The primary objective of this trial was to investigate the feasibility of SBRT in everyday clinical practice, prior to a randomized trial. Secondary endpoints were: toxicity according to the NCI-CTCAE v4.0 for adverse events, health related quality of life (QOL), incidence of local progression (LP) (according to mRECIST), overall survival (OS) and progression free survival (PFS). The active recruitment time was 12 months. This study was registered at the German Clinical Trials Register (DRKS 00008566) and was approved by the local ethics committee (374/15).


Treatment

Patients received either TACE or SBRT according to the decision of the institutional HCC tumor board, taking into account the standard treatment algorithm (3). TACE was offered in patients with localized disease and/or with contraindications for resection, transplantation or RFA. For patients where TACE or systemic treatment were not deemed suitable either due to exclusion criteria (Supplementary Table 1) or for any other reason such as patient preference, SBRT was offered as an alternative.



TACE

The procedure involved gaining percutaneous trans-arterial access by the Seldinger technique to the hepatic artery with an arterial sheath, usually by puncturing the common femoral artery in the right groin and passing a catheter guided by a wire through the abdominal aorta, through the celiac trunk and common hepatic artery, and finally into the branch of the proper hepatic artery supplying the tumor. Afterwards a selective angiogram of the celiac trunk and in specific situations additionally of the superior mesenteric artery was performed in order to identify the branches of the hepatic artery supplying the tumor(s). This was done to maximize the amount of the chemotherapeutic dose that is directed to the tumor and minimize the amount of the chemotherapeutic agent that could damage the normal liver tissue. When a tumor supplying blood vessel was selected, alternating aliquots of the chemotherapy (epirubicin or mitomycin (doses of max. 100 mg) and of embolic particles, or particles containing the chemotherapy agent, were injected through the catheter. The total chemotherapy dose was given into a single vessel, or divided among several vessels supplying the tumor/s. Patients were discharged from hospital several hours after the end of the procedure or on the following day. Re-staging CT scans were performed in accordance to clinical practice 12 weeks after TACE if complete embolization was achieved. In case of incomplete treatment and therefore tumor persistence TACE was repeated in a 4 week interval.



SBRT

Patients underwent a 4D and multiphase CT (arterial phase and/or delayed phase and venous phase), using a custom immobilization (e.g., vacuum cushion immobilization, patient positioning boards, knee cushions, and abdominal compression).

The primary tumor(s) and any tumor vascular thrombus, if present, were included into the gross tumor volume (GTV). For all patients, image guided radiotherapy (IGRT) using cone beam CT (CBCT) for every fraction were mandatory and if necessary for IGRT, fiducial marker implantation was performed prior to planning CT.

Treatment was delivered in 3, 5, 8, or 12 fractions. A total dose of 45 Gy in 3 fractions, 50 Gy in 5 fractions, 60 Gy in 8 fractions or of 66 Gy in 12 fractions, aiming to achieve a biological effective dose (BED) of close to 100 Gy (α/β = 10 Gy). The number of fractions was chosen based on the volume of normal tissues irradiated, considering the dose constraints for organs at risk such as stomach, duodenum, small and large bowel and liver. Dose prescription was chosen so that 95% of the PTV received at least the nominal fraction dose, and 99% of the PTV received a minimum of 90% of the nominal dose (according to ICRU 83). The dose maximum within the PTV was 110–120% of the prescribed dose. Sub-volumes close to critical OARs were allowed to receive a lower dose to avoid toxicities, using a simultaneous integrated protection (SIP) (7).



Response Evaluation

Treatment response was evaluated using the international criteria proposed in the Reviewed Response Evaluation Criteria in Solid Tumors (mRECIST) Guideline version 1.1 (8) from a panel of an experienced radiologist and radiation oncologist. For patients treated with TACE, tumors requiring multiple embolization procedures because of residual disease were not counted as failures. Response assessments including response of tumor thrombosis, physical examination and blood tests (such as complete blood counts and biochemical analysis including liver function) were repeated every 3 months.



Quality of Life Assessment

Patients treated with SBRT filled in the EORTC QLQ-C30 and QLQ C29 at the first treatment, 4 weeks after the last treatment and at the second follow up (3 months later). For the patients treated with TACE the QLQ assessment was before and after the treatment.



Statistical Methods

All analyses were based on the assigned treatment arm for all eligible patients for whom treatment was started. Continuous variables are reported as median with the corresponding range (minimum and maximum), and categorical variables are presented as absolute and relative frequencies unless stated otherwise. Baseline group comparisons were conducted with Fisher's exact test or the Chi-square test (binary variables) or Wilcoxon's two-sample test (continuous variables) as a normal distribution was questionable for the respective variables.

OS was calculated as time from start of treatment until death from any cause, with censoring at the date last seen alive. PFS was calculated as time from start of treatment until death or documentation of progression. PFS times were censored at the date patients were last seen alive without documentation of disease progression. PFS times were censored in case that observation of death was more than 3 months after the last documented response assessment, in line with FDA recommendations (FDA Guidance for Industry, Clinical Trial Endpoints for the Approval of Cancer Drugs and Biologics, May 2007). OS and PFS were estimated by the Kaplan-Meier method. The comparison of the two arms using log-rank tests was regarded as descriptive information. The Cox proportional hazards regression model was used for further analyses of possible prognostic factors for OS and PFS. The small number of patients did not allow complex multivariate modeling with variable selection using forward selection. Therefore, variables considered in a multivariate model were selected according to (i) large baseline differences between SBRT and TACE patients, (ii) relevant univariate impact on OS or PFS. A forward variable selection approach was then applied. Locally controlled survival (LCS) was defined as time to local progression or death, with censoring in the same manner as described for PFS. Analyses were performed with the Kaplan-Meier method and the log-rank test. The components of this combined endpoint LCS were analyzed separately under consideration of competing events. Thus, local progression (LP) was estimated as cumulative incidence rates taking into account that death without prior documentation of local disease progression is a competing event that prevents the observation of local progression.

Estimation of the effects of possible prognostic factors for LP was done with the Fine and Gray regression model. Results are presented as sub-distribution hazard ratios with 95% confidence intervals. Analyses were performed with SAS V9.4 (SAS Institute Inc., Cary, NC, USA).




RESULTS


Patient Characteristics

Between 06/2016 and 06/2017, 19 patients received TACE and 20 patients were planned for SBRT; however SBRT was halted in two patients due to progression (Figure 1), resulting in 18 evaluable patients. In general patients treated with SBRT were older (76 vs. 69, p = 0.36), had larger tumors (median 42 vs. 32 cm, p = 0.08) and higher BCLC stages (p = 0.0013). Additionally 3 patients (17%) had a metastatic disease (lung n = 2, adrenal n = 1), and a 6 patients (37%) a portal vein thrombosis (PVT), all in the SBRT arm. Seven patients (37%) in the TACE arm had HCC-directed therapy prior to enrolment and 11 (61%) in the SBRT arm (most of them had > 1 treatment modalities). The median time between diagnosis and treatment was 1 month (range: 0–28) in the TACE group and 3.5 months (range: 1–98) in the SBRT group. Ten patients (53%) in the TACE group received further treatments and 8 patients (44%) in the SBRT group. Patient and treatment characteristics are shown in Table 1.


[image: Figure 1]
FIGURE 1. Consort diagram.



Table 1. Patient and treatment characteristics.
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Quality of Life

Patients in the SBRT group had a worse, but not statistically significant, QOL at baseline compared to the TACE group (Supplementary Figure 1, Supplementary Tables 2A–C). After treatment there was a slight, but not statistically significant, improvement in the QOL between baseline and 1st follow up in the SBRT group (Supplementary Table 2) and there was no difference between the pre- and post-TACE quality QOL (Supplementary Table 2).



Toxicity

Toxicities were moderate in both groups. Three (17%) patients developed grade ≥ 3 toxicities in the SBRT group, two patients developed grade 3 hepatic failure with grade 3 bilirubin increase in the SBRT group and one patient developed a grade 5 fistula. In the TACE group, 5 (26%) patients developed grade ≥ 3 toxicities. One patient developed a grade 3 bilirubin increase, grade 4 aspartat aminotransferase (AST) and alanine aminotransferase (ALT) increase grade 3 pain and grade 5 hepatic failure. One patient developed grade 4 bilirubin increase, grade 3 AST increase, grade 3 ascites and grade 3 hepatic failure. One patient developed a grade 4 ALT increase, a grade 3 AST increase, a grade 3 pancreatitis and a grade 5 liver abscess. Another patient developed a grade 4 bilirubin increase, grade 3 cholangitis and grade 3 hepatic failure and one patient developed a grade 4 GPT and GOT increase. There was no statistical significant difference (p = 0.69, fisher's exact test) in the incidence of toxicities between the two groups. Albumin-bilirubin (ALBI) grade, Child Pugh (CP) score and blood test changes over time are shown in Supplementary Tables 3, 4.



Local Progression, Progression Free Survival, and Overall Survival

The cumulative incidence of LP after 1-, 2-, and 3-years (where death without prior LP was defined as a competing event) was 6, 6, and 6% in the SBRT arm and 28, 39, and 65% in the TACE arm (p = 0.02 Gray test) (Figure 2A). The observation of LP might have been prevented in the SBRT arm due to a higher incidence of intercurrent deaths within the first 3 months. No other factors except for the type of the treatment (HR 0.119, 0.015–0.993, p = 0.04 Fine and Gray regression model) were statistically significant concerning LP in univariate analysis (Table 2). The cumulative incidence rate of death (competing event) without prior documentation of LP after 1-, 2-, and 3 years were 52% in the SBRT group and 8% in the TACE group. The LCS (i.e., the time to LP or death) after 1-, 2-, and 3 years was 42.2, 42.2, and 42.2% in the SBRT group and 64, 53.3, and 26.7% in the TACE group (p = 0.42).


[image: Figure 2]
FIGURE 2. Survival probabilities after SBRT and TACE. (A) Cumulative incidence of local progression. (B) Progression-free survival. (C) Overall survival.



Table 2. Univariate fine and gray regression model for local progression.
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The median PFS was 4 months in the SBRT group and 11 months in the TACE group (HR: 2.172, 95% CI 0.988–4.775, p = 0.05, Figure 2B) which remained also significant on multivariate analysis (HR: 2.855, 95% CI: 1.227–6.644, p = 0.02). Patients with a BCLC stage A (HR: 0.208, 95% CI: 0.055–0.787, p = 0.02), with multiple HCC (HR: 2.759, 95% CI: 1.207–6.3006, p = 0.02) as well as patients with prior treatments (HR: 2.693, 95% CI: 1.199–6.046, p = 0.02) had a better PFS (Table 3).


Table 3. Univariate and multivariate Cox-regression analysis of overall survival.

[image: Table 3]

The median OS, in the TACE group was 23 vs. 11 months in the SBRT group and the 1 and 2 years OS rates 84% and 47% in the TACE arm and 44% and 39% in the SBRT arm, respectively (p = 0.20, Figure 2C) Three patients in the SBRT arm died within 1 month after completion of therapy due to pneumonia, urosepsis and sepsis due to necrotizing fasciitis after hip-endoprosthesis. Patients with a higher CP score (HR 3.968, 95% CI: 1.419–11.096, p = 0.01) larger tumors (HR: 3.214, 95% CI: 1.355–7.624, p = 0.01) and PVT (HR: 3.107, 95% CI: 1.116–8.648 p = 0.03) had a worse OS, which remained significant on multivariate analysis (Table 2).




DISCUSSION

Over the past 10 years there have been significant advances in the treatment of HCC. Although in patients with BCLC stage B TACE appears to be the treatment with the best quality of evidence leading to an improvement of the OS, in advanced HCC, which poses a more heterogeneous group, the selection of treatment type depends on many factors such as the performance status of the patient, the underlying cirrhosis, the presence of metastases or the extent of macrovascular extension (9). To date there are no published results on randomized trials comparing SBRT with TACE in HCC, as randomized studies are still ongoing. This is the first prospective trial, including both treatment options, TACE and SBRT, avoiding randomization on the purpose of reflecting clinical needs prior to a randomized trial.

In the current prospective trial, patients in the SBRT arm were multi-morbid with advanced tumors and worse quality of life at baseline, not eligible for other treatments (Figure 3). Nevertheless, treatment was well-tolerated, while maintaining at least a stable QOL in the longitudinal assessment, independent of the comorbidities, and was similar for both SBRT and TACE. Similar results concerning the QOL after liver SBRT were also reported by Mendez Romero et al. (6) and Klein et al. (10) who observed a temporary worsening of appetite and fatigue, which was quickly resolved, resulting to an overall stable QOL, but there are no data comparing both treatments. Thus, patients ineligible for other local or system treatments tolerate the SBRT without impairing the QOL similar to patients with less advanced disease treated with TACE.


[image: Figure 3]
FIGURE 3. Patients with HCC before and after treatment. (A) Before SBRT and after SBRT. (B) Before and after TACE.


Additionally, the cumulative incidence of LP after 3-years of 6% in the SBRT group was high, similar to published literature, ranging between 64 and 96%, and 2-year OS rates ranging between 40 and 81% (11–20), corroborating the ablative potential of SBRT. Nevertheless, our results should be interpreted with caution under the consideration that in the 1st year, more deaths occurred in the SBRT group (as patients included in the SBRT arm were treatment-refractory and/or ineligible for other treatments) preventing the observation of LP. This explains also the difference in the OS and PFS between the both groups and the modest OS and PFS in the SBRT arm. Although there was no statistically significant difference in the OS the PFS was statistically significant better in the TACE group probably due to patient selection, as patients in the SBRT had more advanced tumors. In our study TACE was also well-tolerated in terms of QOL and toxicity leading to a median OS of 26 months similar to published literature (21, 22) with a low incidence of LP. Due to the lack of randomization in our study, a direct comparison between SBRT and TACE is not possible, but both treatments show high efficacy.

Several, retrospective, studies that used propensity score matching in order to compare both treatments, indicate that SBRT could be an alternative to TACE in terms of local control. Bettinger et al. (23) showed similar local control rates after 1 year (TACE: 82%, SBRT 84.8%, p = 0.8) and OS (TACE: 11 months, SBRT 9 months, p = 0.49) for both treatments, with moderate toxicity, whereas Sapir et al. (24) showed that both LC at 1 year (SBRT 91%, TACE 47%, p < 0.001) and toxicity (TACE: 13%, SBRT: 8%, p = 0.05) favored SBRT, without any difference in the OS. Similarly, in a study by Shen et al. (25) SBRT showed a better in-field control after 3 years (77.5 vs. 55.6%) and OS rates (3-year OS of 55 vs. 13%) than TACE in patients with medium-sized HCC, particularly for recurrent cases. But also in comparison to RFA, Wahl et al. (26), using propensity score analysis, observed a similar freedom from LP (FFLP) 83.8 vs. 80.2% at 2 years, while for tumors >2 cm, there was a decreased FFLP for RFA compared with SBRT (HR, 3.35; P = 0.025). In a another study, using propensity score matching in a cohort of 2,064 patients, after adjusting for clinical factors, SBRT was related to a significantly lower risk of local recurrence compared to RFA in both the entire (HR: 0.45, p < 0.001) and matched (HR 0.36, p < 0.001) cohorts (27). Similar results were also reported in a meta-analysis from Lee et al. (28) (SBRT vs. RFA: 84.5 vs. 79.5% p = 0.431). Yet, pooled analysis of OS in HCC studies showed an odds ratio of 1.43 (95% CI: 1.05–1.95, p = 0.023), favoring RFA. Additionally, radiotherapy shows similar results for TACE and RFA as bridging therapy (29). Of course, in the absence of prospective trials these results should be interpreted with caution, as some confounding cannot be ruled out, which could result in subtle biases.

Thus, SBRT is according to the NCCN guidelines (v5. 2020) reported not only as an alternative for patients ineligible for other local treatments, but as a treatment option a priori equal to other local treatments, but due to the lack of randomized trials, SBRT is not yet included in the current Barcelona Clinic Liver Cancer (BCLC) classification (30).

But also, in more advanced stages, SBRT showed an OS benefit as compared to sorafenib in highly selected patients. Using two international cohorts of patients (n = 1,023) treated with sorafenib, Bettinger et al. (31), found in a propensity score analysis that patients treated with SBRT had an improved OS compared to sorafenib (17 vs. 10 months, p = 0.012). The rationale for taking an aggressive approach to treating large liver tumors is that patients often die from liver failure related to disease progression regardless of the presence of extrahepatic disease (32). The clinical benefit of any local treatment option depends on the effectiveness of the modality and the a priori probability that LP will lead to mortality (32).

Currently checkpoint inhibitors play an increasingly important role in the treatment of several metastatic solid tumors as well as for primary liver tumors (33, 34). Ionizing radiation, apart from cytotoxicity, has been shown to additionally induce immune-modulatory effects, which trigger anti-tumor immune responses (35–40). SBRT, by applying a high single dose with a few but more than one fractions, seems to have the potential to lead to an activation of specific T-cell response in the tumor (41, 42). In pre-clinical models the most potent abscopal effects have been observed when CTLA4-anatagonist treatment was applied during RT with 3X8Gy (vs. 5X6 Gy) in breast and colon cancer-bearing mice and not with a single dose of 20 or 30 Gy (42, 43). Grassberger et al. (44), reported on circulating immune cell populations in response to stereotactic body radiation therapy in patients with liver cancer showing that the fraction of activated mid-treatment CTLs was significantly associated with OS. Thus, there is a rationale for combining immunotherapies (IT) with RT as the radiation induced immune activation of CTLs can be boosted by checkpoint inhibitors.

Our study has several limitations such as the small sample size, the fact that some patients in the SBRT arm died shortly after treatment and the lack of a direct randomization between both arms so that a direct comparison is not possible. Patients in both arms received a number of subsequent treatments, ranging from transplantation and resection to systemic treatment and best supportive care which interfered with the outcome in both arms, especially in the SBRT arm were patients received more treatments. Additionally a few patients had metastatic disease in the SBRT arm which is a negative bias.

Moreover, statistical differences were revealed between the two groups, in terms of BCLC stage and portal vein thrombosis. However, due the limited sample, it is likely that other types of variability exists, for example the presence of metastatic disease in SBRT group but not in TACE group, or range of tumor diameter. Furthermore, 42 % of the patients in the TACE arm were treated with conventional TACE, which might lead to a poorer survival, although DEB-TACE has not been shown to improve OS compared to conventional TACE in randomized trials or meta-analysis (9, 45, 46).

This is the first published trial evaluating TACE and SBRT in a prospective manner, showing that SBRT is a well-tolerated locally effective treatment that does not impair the quality of life of multi-morbid patients, and could be considered as an alternative in carefully selected patients with contraindications for TACE.
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Introduction

Salvage radiotherapy is the only curative treatment for biochemical progression after radical prostatectomy. Macroscopic recurrence may be found in the prostatic bed. The purpose of our study is to evaluate the effectiveness of salvage radiotherapy of the prostate bed with a boost to the area of the macroscopic recurrence.



Material and Methods

From January 2005 to January 2020, 89 patients with macroscopic recurrence in the prostatectomy bed were treated with salvage radiotherapy +/- hormone therapy. The average PSA level prior to radiotherapy was 1.1 ng/mL (SD: 1.6). At the time of biochemical progression, 96% of the patients had a MRI that revealed the macroscopic recurrence, and 58% had an additional choline PET scan. 67.4% of the patients got a boost to the macroscopic nodule, while 32.5% of the patients only underwent radiotherapy of the prostate bed without a boost. The median total dose of radiotherapy was 70 Gy (Min.: 60 – Max.: 74). The most commonly-used regimen was radiotherapy of the prostatectomy bed with a concomitant boost. 48% of the patients were concomitantly treated with hormone therapy.



Results

After a median follow-up of 53.7 months, 77 patients were alive and 12 had died, of which 4 following metastatic progression. The 5-year and 8-year survival rates (CI95%) are, respectively, 90.2% (78.9-95.6%) and 69.8% (46.4-84.4%). The 5-year biochemical progression-free survival rate (CI95%) is 50.8% (36.7-63.3). Metastatic recurrence occurred in 11.2% of the patients. We did not find any statistically significant impact from the various known prognostic factors for biochemical progression-free survival. No toxicity with a grade of > or = to 3 was found.



Conclusions

Our series is one of the largest published to date. Salvage radiotherapy has its place in the management of patients with biochemical progression with local recurrence in the prostate bed, with an acceptable toxicity profile. The interest of the boost is to be evaluated in prospective trials.





Keywords: prostate cancer, macroscopic recurrence, salvage radiotherapy, boost, post-therapeutic toxicity



Highlights

	Salvage radiotherapy of the prostatectomy bed usually remains the only curative treatment for recurrence after prostatectomy for prostate cancer.

	Radiation oncologists are increasingly faced with macroscopic disease detected in the prostatectomy bed.

	There is no consensus and so there is considerable variability in the management of this category of patients.

	We present one of the largest series of patients with macroscopic recurrence treated by radiotherapy to date.

	Five years after radiotherapy, around half of the patients presented with a new relapse.

	A boost to the recurrence did not influence relapse free survival and toxicity was low.

	The interest of the boost is evaluated in prospective trials currently.





Introduction

Radical prostatectomy is an effective curative therapy and is widely used for localized prostate cancers. However, 15 to 40% of operated patients develop biochemical progression within five years after surgery (1, 2).

Salvage radiotherapy of the prostatectomy bed usually remains the only curative therapy indicated from a PSA level > 0.2 ng/ml. The effectiveness of this therapy depends on the PSA level, and some studies specify that the treatment is more effective when the pre-treatment PSA is less than 0.5 ng/mL (3, 4).

The benefits of additional hormone therapy vary depending on the pathological characteristics and make it possible to prolong metastasis-free survival (5, 6).

With the progress achieved in imaging (prostate MRIs, choline PET scans) and more recently PSMA PET CT, which is sensitive at PSA levels of less than 1 ng/mL or even 0.5 ng/mL (7, 8), radiation oncologists are increasingly faced with occurrences of biochemical progression with macroscopic disease found in the prostatectomy bed.

A 66 Gy dose, which is commonly used to treat biochemical progression, may be insufficient in cases of macroscopic recurrence, and increasing the doses applied to these recurrences is common.

To date, there is no consensus with regard to the application of a boost (target volumes, techniques, total dose, fractionation, etc.) and so there is considerable variability in the management of this category of patients with macroscopic recurrence.

The purpose of this analysis is to study this category of patients with macroscopic recurrence in the prostatectomy bed; to evaluate, retrospectively, the effectiveness of salvage radiotherapy with boost to the recurrence; and lastly, to define what place hormone therapy has in this situation.



Material and Methods

After having obtained the patients consent to the use of their data, we conducted a retrospective study of the patients treated by radiotherapy of the prostate bed at the Centre Oscar Lambret between January 2005 and January 2020 and who had an identified macroscopic recurrence. All patients treated consecutively were included.

A macroscopic local recurrence was defined by a relapse in prostatectomy bed visible on MRI and/or CT scan and/or choline PET and/or accessible to clinical examination by digital rectal examination.

89 patients were included; their average age when diagnosed was 61.3 years (SD = 5.7). The average pre-operation PSA level was 9.4 mg/mL (SD = 4.9). The surgical stage according to AJCC TNM, 8th Edition, was, for 36%, stage pT3a; for 20%, pT3b; and for 20%, pT2c. Lymph node dissection was performed in 67% of the patients and came back negative (pN0) for all of them. The Gleason score was 7 in 77% of the cases, less than 7 in 14% of the cases, and greater than 7 in 8.9% of the cases. The resection margin was R0 in 51% of the patients. The post-operation PSA nadir could not be measured in 87% of the patients. 53% of the patients developed post-operation urinary complications, mostly grade 1 (40% of the operated patients) (Table 1).


Table 1 | Patient characteristics.



The median time to post-prostatectomy biochemical progression was 2.3 years (Min.: 0.1-Max.: 18.9)

Multiparameter magnetic resonance imaging was performed in all except four patients who had a prostate bed nodule that was palpable on digital rectal examination and visible in the pelvic computed tomography. The median size of the prostate bed nodule was 9.5 mm (Min.: 2-Max.: 35). The recurrence was most often localized in the perianastomotic position (38.8%). 58% of the patients had had a choline PET scan, which showed hyperfixation at the macroscopic nodule in 21% of cases. Pelvic lymph node recurrence was found in 6% of the patients. A biopsy of the prostate bed nodule was performed in 20% of the patients and was positive for 10% of the patients (Table 2).


Table 2 | Characteristics of the macroscopic recurrence following radical prostatectomy.



15% of the patients had been treated prior to the salvage radiotherapy: 11% had had hormone therapy, 2% had had chemotherapy in combination with hormone therapy (Rising PSA clinical trial) and 2% had had stereotactic pelvic lymph node radiotherapy in combination with hormone therapy.

The average PSA level prior to starting radiotherapy was 1.1 ng/mL (SD = 1.6). The average PSA doubling time was 10.7 months (SD = 11.7).

The radiotherapy techniques used were intensity-modulated radiotherapy in 77.5% of the patients and the three-dimensional technique in 22.4% of them.

The median total dose of radiotherapy was 70 Gy (Min.: 60 – Max.: 74); the median dose applied to the prostate bed was 66Gy (Min.:50– Max.:66.6). The median boost fractionation was 2.1 Gy/fraction (Min.: 1.8 – Max.: 6). The median duration of the radiotherapy was 48 days.

The most commonly-used regimen was radiotherapy of the prostatectomy bed with a concomitant supplementary dose (boost) to the macroscopic recurrence (Figures 1A, B). 67.4% of the patients treated by salvage radiotherapy received a boost to the macroscopic nodule, applied concomitantly with intensity modulation in 56.66% of them, and sequentially in 43.33% of them. 32.6% of the patients had radiotherapy of the prostate bed alone with no boost. 25% of patents underwent pelvic lymph node irradiation (Table 3).




Figure 1 | (A, B) Intensity Modulated Radiation Therapy of the prostatectomy bed (66 Gy) with a concomitant boost to the macroscopic recurrence (70.95 Gy). Sagittal view (A) and dose volume histogram (B). Pink and blue: prostatic bed and macroscopic recurrence CTV and PTV; yellow: rectum; red: bladder; green: femoral heads.




Table 3 | Radiotherapy treatment methods.



We compared the two groups (with boost and without boost) in terms of median follow-up, baseline PSA, size of the macroscopic recurrence, the use or not of ADT and the choice of radiotherapy technique. The two groups were well balanced except for the technique and follow up. In the boost group, IMRT was used more often (90% vs 51.7%, p< 0.001) and the median follow up was shorter: 45 months (40-54 months) vs 61.4 months (51-72 months), p = 0.03.

We recorded the acute toxicities (during the radiotherapy and within three months post-treatment) and the delayed ones (more than three months after the end of the treatment). These toxicities were graded on the CTCAE scale, version 4.03.

48% of the patients had hormone therapy in combination with the radiotherapy, most often for a short period of time (6 months) (45%). Post-radiotherapy patient follow-up was carried out alternatively with the urologists, on a quarterly basis in the first year and then every six months, with a PSA screening performed prior to each consultation.

Remission is defined by a post-radiotherapy PSA nadir level less than the pre-radiotherapy PSA level. There being no consensual definition about biochemical progression after salvage radiotherapy, we opted for two definitions in our study: PSA > 0.2 ng/mL (definition 1) and post-radiotherapy PSA > PSA nadir + 0.5 ng/mL (definition 2). The latter definition was used in a recent retrospective study (9). Rising PSA was confirmed by two screenings one month apart.

Clinical recurrence is defined by the detection of a local, pelvic lymph node, recurrence or distant metastatic recurrence on imaging studies. A second imaging may be performed at the doctor’s discretion.


Statistical Analysis

Biochemical progression-free survival (main criterion) with no metastatic or local recurrence and overall survival (secondary criteria) were estimated using the Kaplan-Meier method from the radiotherapy start date.

The prognostic value of the PSA level at the start of the treatment and the prognostic value of the boost with regard to biochemical progression-free survival were assessed using Cox regression models. The threshold of significance was set at 5%.

The software used was Stata v15.0 (StataCorp. 2009. Stata Statistical Software: Release 11. College Station, TX: StataCorp LP).




Results

Post-radiotherapy remission was achieved in 93% of the patients, 79% of whom had a PSA nadir below 0.1 ng/mL.

The patients’ follow-up, calculated using the Kaplan-Meier method, was 53.7 months (42.8-59.4 months). As of this follow-up, 77 patients were alive and 12 had died, of which 4 following metastatic progression. The 5-year (CI95%) and 8-year survival rates were, respectively, 90.2% (78.9-95.6%) and 69.8% (46.4-84.4%) (Figure 2).




Figure 2 | Overall survival.



The median biochemical progression-free survival (CI95%) were 60.1 months (39.3 – 73.0) and 73.0 months (50.7 – 88.2), according to PSA > 0.2 ng/mL (Definition 1) or post-RT PSA nadir + 0.5 ng/mL (Definition 2), respectively. The 5-year biochemical progression-free survival rates (CI95%) were, respectively, 50.8% (36.7 – 63.3) (Definition 1) and 56.6% (42.7 – 68.2) (Definition 2) (Table 4, Figure 3).


Table 4 | Biochemical progression-free survival.






Figure 3 | Biochemical progression-free survival (PSA nadir + 0.5 ng/mL).



The average time between the radiotherapy and the biochemical progression (Definition 2) was 2.8 years (SD = 1.9).

Metastatic recurrence occurred in 11.2% of the patients, with 7% of them presenting with bone metastasis.

We performed an analysis of the impact of the prognostic and therapeutic factors (tumoral stage, post-op Gleason score, resection margins, pre-RT PSA level, PSA kinetics, size of the macroscopic recurrence, boost to the macroscopic recurrence, hormone therapy, etc.) on the biochemical progression-free survival rate. None of these factors was significantly associated with biochemical progression-free survival in univariate analysis. Furthermore, we did not observe any significant heterogeneity of Boost effect in terms of biochemical progression-free survival according to the status of hormonotherapy.

With regard to the tolerance of the radiotherapy, 62% of the patients had acute urinary toxicity, of grade 1 in 47% of the cases. 53% of the patients developed delayed urinary toxicity of which 40% were grade 1. The side effects were mostly irritative signs of the lower urinary tract (pollakiuria, urgency). Late hematuria occurred in 4 patients in the Boost group and was grade 1 and 2.

20% and 8%, respectively, developed acute and delayed digestive toxicity. Escalating the radiotherapy dose to the macroscopic nodule in the prostate bed did not seem to increase either the risk or the severity of the acute or delayed urinary and digestive toxicity (p > 0.5). 



Discussion

Our work is a descriptive retrospective study of a series of 89 patients with a macroscopic recurrence in the prostate bed and who underwent radiation therapy at the Oscar Lambret Centre. It is one of the series with the largest number of participants published to date (10–12) (Table 5).


Table 5 | Comparative table of the results of the main retrospective studies.



Salvage radiation is the only potentially curative therapy for biological progression after radical prostatectomy. It is associated with an improved biochemical progression-free survival rate, an improved metastatic progression-free survival rate, and an improved survival rate overall (13). Several studies have shown that the efficiency of salvage RT is highly dependent on the prostate-specific antigen (PSA) level prior to radiotherapy (14).

Magnetic resonance imaging appears to be one of the best diagnostic tools for detecting local recurrence when the PSA level is below < 1 ng/mL (8). Thus, radiation oncologists are increasingly faced with occurrences of macroscopic recurrences in the prostate bed. In our series, 58% of the patents with a macroscopic nodule visible under MRI have a PSA less than or equal to 0.5 ng/mL. Choline PET is associated with improved sensitivity and specificity on lymph node recurrences (15). PSMA PET CTs are more sensitive and can be suggested for patients whose PSA level is less than 0.5 ng/mL (16, 17).

The PSA level prior to salvage radiotherapy is a prognostic factor in the radiotherapy response. In a meta-analysis by Ohri et al, a 1 ng/mL increase in the pre-RT PSA reduces 5-year biochemical progression-free survival by 18.3% (CI of 95%: 10.4%-26.3%) (18). In our series, we did not find any statistically significant correlation between the pre-RT PSA level and the biochemical progression-free survival rate, though this may have been due to the hormone treatment prescribed for about half of the patients.

The optimal dose indicated to treat microscopic disease in the prostate bed is 64-66 Gy (19, 20), which may be insufficient if macroscopic disease is found in the bed. Increasing the dose in this category of patients may be necessary to get therapeutic results comparable to those of patients with no macroscopic disease.

In our analysis, the 5-year biochemical progression-free survival rate was 50.8% ((CI95%): 36.7-63.3); the 5-year metastatic progression-free survival rate was 76.6% ((CI95%): 62.7-85.9). Our results are very similar to those of the retrospective study by Shelan et al. (10); all of the patients in that study were treated uniformly with image-guided dose-escalated RT to the macroscopic recurrence: 3 to 5-year biochemical progression-free survival was 58% and 44%, respectively, and 3 to 5-year clinical survival was 91% and 76%.

In our analysis, we did not find any statistically significant difference between radiotherapy with or without boost, with regard to biochemical progression-free survival; nor did they in the retrospective study by A. Bruni et al. (11) in which no statistical advantage was found in the group receiving the increased dose (>70 Gy) with regard to OS or to mPFS. In another study by Zilli et al. (12), there is no significant difference in 3-year biochemical-progression-free survival between standard prostate bed therapy targeting a microscopic disease and boosted treatment if a nodule is identified by MRI (74 Gy: 68.4 months ± 4.6/64 Gy: 49.7 months ± 10.0).

These various results raise the question of whether there is any interest in escalating the dose to the macroscopic nodule; however, in these various studies, as in ours, the hormone therapy could have masked a potential benefit. In our study, the increase in the dose to the macroscopic nodule was also limited and might explain these negative results.

With regard to post-radiotherapy toxicity, a prospective study that assesses the escalated dose of post-operation radiotherapy (64Gy vs.70Gy), in the absence of any detectable local recurrence, is the SAKK 09/10 study. This study showed low, grade 2 and grade 3 U and GI toxicity rates with minor impact on urinary quality of life (21). In the Ohri series (18), late GI and GU toxicity increased with salvage radiotherapy dose by 1.2% per Gy (p=0.012) and 0.7% per Gy (p=0.010), respectively. In our series, escalating the radiotherapy dose to the macroscopic nodule on the prostate bed did not significantly increase the risk and severity of acute and delayed post-radiation toxicity.

Due to the lack of standard management of this category of patients, a prospective study must be undertaken to better define the place of dose escalation, radiotherapy regimens, as well as that of hormone therapy, and thus to standardize care. In this regard, a prospective study, “The MAPS Trial” (NCT01411345) is underway. It assesses dose escalation in light of the recurrence detected in post-prostatectomy MRI (68 Gy, in 2 Gy/fraction to the prostatectomy site and concomitant boost of 2.25 Gy/fraction, for a total dose of 76.5 Gy).



Conclusion

Salvage radiotherapy has its place in the management of patients with biochemical progression with local recurrence in the prostate bed, with an acceptable toxicity profile. The interest of the boost is to be evaluated in prospective trials.
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Background

Understanding intra-fractional prostate motions is crucial for stereotactic body radiation therapy (SBRT). No studies have focused on the intra-fractional prostate motions during re-irradiation with SBRT. The objective was to evaluate these translational and rotational motions in primary treated patients and in the context of re-irradiation.



Methods

From January 2011 to March 2020, 162 patients with histologically proven prostate cancer underwent prostate SBRT, including 58 as part of a re-irradiation treatment. We used the continuous coordinates of the fiducial markers collected by an orthogonal X-ray dual-image monitoring system. The translations and rotations of the prostate were calculated. Prostate deviations representing overall movement was defined as the length of the 3D-vectors.



Results

A total of 858 data files were analyzed. The deviations over time in the group of primary treated patients were significantly larger than that of the group of re-irradiation, leading to a mean deviation of 2.73 mm (SD =1.00) versus 1.90 mm (SD =0.79), P<0.001. In the re-irradiation group, we identified displacements of -0.05 mm (SD =1.53), 0.20 mm (SD =1.46); and 0.42 mm (SD =1.24) in the left-right, superior-inferior and anterior-posterior planes. Overall, we observed increasing deviations over the first 30 min followed by a stabilization related to movements in the three translational axes.



Conclusion

This is the first study to focus on intrafraction prostate motions in the context of re-irradiation. We observed that intra-fraction prostate motions persisted in the setting of re-irradiation, although they showed a significant reduction when compared with the first irradiation. These results will help to better estimate random errors during SBRT treatment of intra-prostatic recurrence after irradiation.
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Introduction

With an estimated 1.4 million new cases and 375,000 deaths worldwide, prostate cancer was the second most frequent cancer and the fifth leading cause of cancer death among men in 2020 (1). Radiation therapy has been validated as a standard treatment for localized prostate cancer (2, 3) and several radiation therapy methods have been developed. Studies have shown that by delivering high doses of radiation per session, stereotactic radiation therapy (SBRT) provides a control similar to that obtained with standard techniques (4–6).

An intra-prostatic recurrence is the site of first recurrence after normal fractionated radiation therapy (7). Traditional treatment options for the local treatment of intra-prostatic recurrence include radical prostatectomy, brachytherapy, cryotherapy, and high-intensity focused ultrasound (HIFU) (2). Re-irradiation using SBRT has emerged as an important technique for this indication showing, with a short follow-up of 26 months, a good local control rate of 83.2% (95% CI, 75.5% – 90.9%), a survival without biological recurrence of 59.3% (95% CI, 47.9% – 70.7%) with a low severe toxicity rate Grade ≥2 for gastrointestinal (GI) 1.1% (95% CI, 0.1% – 2.0%), and genitourinary (GU) 10.5% (95% CI, 5.5% –15.4%) (8–12).

Knowledge of the existence of intrafraction prostate motions during an extremely hypo-fractionated session is necessary to limit the volume already irradiated. The follow-up by X-ray orthogonal images of the Cyberknife® (Accuray Incorporated, Sunnyvale, CA, USA) fiducial markers implanted in the prostate gland makes it possible to monitor the position of the target to take it into account when performing the treatment.

Several studies with a small number of patients focused on the intra-fractional prostate motions during the first stereotactic irradiation using the Cyberknife®. Their findings showed that the prostate underwent translational and rotational motions during a session (13, 14). However, to date, no studies have focused on prostate motions in the context of re-irradiation using SBRT. Therefore, this study aimed to investigate the intra-fractional prostate motions in the first irradiation and in three re-irradiations using SBRT with a Cyberknife®.



Materials and Methods


Screening of Patients

We collected the data from 162 patients treated at the Oscar Lambret Center (Lille, France), retrospectively. We included all the cancer patients treated with prostate SBRT using a dedicated Cyberknife® VSI or Cyberknife® M6 between January 1, 2011 and March 1, 2020.

The patients were divided into two different population groups, with the first group comprising patients with an indication for SBRT as a treatment for localized prostate disease who had never received local treatment, and the second group comprising patients treated with SBRT for an intra-prostatic recurrence after the first radiation of the external beam radiation therapy (EBRT) type or brachytherapy. Hormone therapy was administered before or during irradiation. Prostate biopsy was systematic before treatment initiation in both groups. With regard to the group of patients receiving re-irradiation with SBRT, we enrolled primary patients treated for prostate adenocarcinoma or other pelvic neoplasia. There was no rectal preservation strategy using an endorectal balloon or gel spacer. An empty rectum was used as the half-full bladder preparation protocol.

In the context of the first irradiation using SBRT, the prescription dose was 36.25 Gy in five fractions for an isodose of 80%. The clinical target volume (CTV) included the entire prostate gland and the proximal part of the seminal vesicles from patients classified as the intermediate-risk group according to the D’Amico classification. The margins of the planning target volume (PTV) were 5 mm in all directions, except in the posterior direction which was 3 mm. During focal or whole gland re-irradiation, the prescription dose was 36 Gy in six fractions for a prescription dose of 80%. The PTV margin was 2 mm (9).



Acquisition of the Cyberknife® Data

Two pairs of gold fiducial markers were placed in all the enrolled patients with the implantation of one pair at the apex and the other pair at the prostate base (15). To determine the position of the target when the patient was placed on the table, the data from the double orthogonal X-ray images taken at 45°and 135°in the horizontal plane and data from the digitally reconstructed radiograph (DRR), were reset. The readjustment was applied automatically on the treatment table.

The acquisition images of the fiducial marker follow-up were made automatically with the In-tempo® system by adjusting the inter-image time according to the intra-fractional motions of the fiducial markers. In this system, the imaging and beam delivery was adapted to the rate and extent of tracked movements throughout the treatment, ensuring that accuracy is maintained from the first beam to the last. An automatic correction was then made to adjust the delivery of the beams (16). The deviations calculated from the radiographic images acquired in the time interval between the two motions of the table constituted a set of data.

The coordinates of the fiducial markers representing the prostate were collected throughout each session (with a median time of 50 s between two images) with treatment information for each beam, the beam and node number, and the movement of the target position.



Statistical Analyses

In each session with each patient, we analyzed the motions in relation to the reference point defined at the start of the session which corresponded to the barycenter of the fiducials after the first follow-up image.

The coordinates were recorded in three planes to measure the lateral, vertical, and longitudinal motions: “LR (Left-Right),” “SI (Superior-Inferior)” and “AP (Anterior-Posterior). Rotational motions were also recorded (“Roll,” “Pitch,” and “Yaw”). At each measurement time, we calculated the deviation from the reference point as the square root of the sum of the squares of the measurements “LR (Left-Right),” “SI (Superior-Inferior)” and “AP (Anterior-Posterior).” This deviation represented the overall prostate motion (length of the 3D vector).

For each session, we estimated the area under the deviation curve (AUC) for all treatment times up to 60 min; measurements after 60 min were ignored because of the low number of fractions that lasted more than 60 min. We then estimated the mean deviation for each session by dividing the AUC by the session’s treatment time (shortened to 60 min). The mean deviation was estimated per patient to compare the treatment groups (primary irradiation versus re-irradiation) using the Student’s t-test.

The deviation time variations were described considering the distribution of this parameter by 10-minute time interval, between 0 and 60 minutes, overall and by treatment group (primary irradiation vs. re-irradiation).

The deviation was modeled using a mixed linear regression which made it possible to estimate the mean difference between the two treatment groups. This took into account the time effect, overall, and according to treatment group (time × treatment interaction) while considering the patient factor as a random factor. With regard to the six basic measurements of motion “LR (Left-Right)”, “SI (Superior-Inferior)”, “AP (Anterior-Posterior)”, “Roll”, “Pitch” and “Yaw”, we calculated their means and standard deviations for each 10-minute time interval [(0,10), (10, 20)…(50-60)].

The significance of the test was set at P<0.05. All the statistical analyses were performed using STATA v15.




Results


Description of Populations

After excluding five patients who objected to the use of their medical data, the study population consisted of 162 patients whose median age at enrollment was 73 years old. Among the 162 patients, 58 (35.8%) received stereotactic re-irradiation, and 104 received their first stereotactic radiation (64.2%). A total of 858 sessions were analyzed. The patient and tumor characteristics during SBRT treatment are described in Table 1.


Table 1 | Patient and tumor characteristics at the time of SBRT (N=162).



The initial characteristics of the patients who received SBRT after re-irradiation are described in Table 2. Among these 58 patients, 49 (84.5%) received the first irradiation for prostate neoplasia. Six re-irradiations were performed after the neoadjuvant treatment of rectal cancer and three after other indications (lymph nodes metastases of cutaneous neuroendocrine carcinoma, bladder urothelial carcinoma, and retroperitoneal liposarcoma). Three-dimensional conformal radiation therapy was the initial technique that was used, with 69% of the irradiation being in the context of a first indication. Prostate brachytherapy was performed in 14 patients (24.1%). Previously irradiated prostate disease was most often confined to the prostate gland (75.5% classified as cT1 and cT2).


Table 2 | Patient, tumor and treatments characteristics at the time of first irradiation in patients who had SBRT as “re-irradiation” (N=58).





Duration of Treatments

With regard to the duration of the sessions, they lasted on average 42.2 minutes ( ± 12.5) for primary irradiation and 40 minutes ( ± 17.3) for re-irradiation. Less than 10% of the sessions lasted more than 60 minutes (80/858). As shown in Figure S1 (Appendix), most sessions lasted between 30 and 50 minutes (243 sessions, 28.3% between 30 and 40 minutes, and 234 sessions, 27.3%, between 40 and 50 minutes).



Description of Motions

Figure 1 describes the changes in the deviations over time according to the treatment group (primary irradiation and re-irradiation). The mean deviation over time in the primary irradiation group was significantly greater than that in the re-irradiation group (mean deviation of 2.73, SD =1.00, versus 1.90, SD =0.79, respectively, P<0.001), demonstrating an increased prostate mobility for primary irradiations.




Figure 1 | Curve of the mean deviation per 10-minute interval in each treatment group (primary irradiation and re-irradiation).



The result of the mixed linear regression confirmed a significant temporal trend (P<10-4) and significant mean differences between the two groups, estimated at -0.71 mm (95% CI, -1.01 to -0.40; P<10-4) when the model was adjusted only over time. The model with interaction made it possible to conclude that not only was there was a significantly different mean deviation between the two groups, there was also a greater increase in the deviation over time in the primary irradiation group than in the re-irradiation group (the gradient being 0.51 mm and 0.43 mm for 10 minutes of time respectively, with a significant time x treatment interaction test, P<10-4) (Table A1 in the Appendix).

With regard to the variability over time of the prostate motion around the average, the results showed that motions of re-irradiation were -0.05 mm (SD = 1.53) for the LR translation, -0.2 mm (SD =1,46) for the SI translation, and 0.42 mm (SD = 1.24) for the AP translation.

Concerning the temporal evolution of the prostate motions on the rotational axes in re-irradiation, it is noted that these motions remained close to the position observed at the beginning of the session, particularly for the roll (average = 0.02°, SD = 0.81°) and yaw (average = 0.05°, SD = 0.65°) axes. On the pitch, we observed a rotational average of − -0.13° with a SD of 1.52°

Figure 2 shows the changes in the deviations over time for the entire study population. Considering the 10-minute time intervals, there was an increase in the deviations over the first 30 minutes (median of 0.82, 1.94 and 2.37 mm in the intervals 0 – 10, 10 – 20, and 20 – 30, respectively) with a stabilization of the deviation after the first 30 minutes (median of 2.74, 2.75 and 2.82 mm in the intervals 30 – 40, 40 – 50, and 50 – 60, respectively). In the time intervals after the first 20 min, more than 35% of the recorded deviation values were measurements above 3 mm, and more than 14% were above 5 mm (Figure S2 in the appendix).




Figure 2 | Distribution of the deviation according to time in 10-minute intervals, across all patients.



Figure 3 illustrates the mean motions and dispersion of these motions over time for all the sessions and patients. We observe more translational motions (for all the measurements, SD = 2.05, 1.86 and 1.60 mm for the LR, SI and AP translational motions respectively) and “Pitch” rotations (SD = 1.86°), contrasting with a low variability in “Roll” and “Yaw” rotations (SD = 0.88 and 0.81° respectively). The histogram of the distribution of the different measurements is illustrated by 20-minute intervals (0 – 20, 20 – 40, and 40 – 60) in Appendix Figure S3.




Figure 3 | (A) Translational motions Supero-Inferior, left-Right and antero-posterior expressed in mm. (B) Rational motions Roll, Pitch and Yaw expressed in degrees. Changes over time of translational and rotational motions of the prostate, in all patients. On each figure, mean values and standard deviations, by 10-minute time interval, overall considering both groups together.






Discussion

The delivery of a large number of small, non-isocentric, and non-coplanar beams directed at a target with a sub millimetric precision near the organs at risk, requires knowledge of prostate motions, especially since they are random and unpredictable (17). Our data suggested that during the first stereotactic irradiation of the prostate and during stereotactic re-irradiation after another radiation therapy technique, there were small but significant differences in the intra-fractional prostate motions.

To our knowledge, this is the first study to analyze intra-fractional prostate motions during stereotactic re-irradiation. This is a retrospective study but all treated patients have been included and we used technical data, so the retrospective nature does not influence the results.

One of the hypotheses for the weakest intra-fractional prostate motion is the onset of pelvic fibrosis following the first irradiation. Another hypothesis is better knowledge of preparation instructions during re-irradiation, since the patient had already applied them previously. Indeed, patients with experience in long external radiation therapy (with almost 40 fractions) could be able to better apply preparations instructions when starting a new irradiation.

The extent of intra-fractional motions is disputed. Some studies that focused on the motions during a shorter irradiation with intensity-modulated radiation therapy (IMRT) have reported a significant number of necessary corrections, while others have described only more insignificant motions. These studies used different imaging systems as tools, such as the megavolt (18), megavolt-kilovolt imaging (19), Varian Calypso System (Varian Medical Systems, Palo Alto, CA,USA) (20, 21), and magnetic resonance imaging (MRI) (22).

With an increase in treatment duration, the significance of intra-fractional motion has grown, with appreciable variation being demonstrated. For the first 10 minutes of traditional radiation therapy, observations are similar to the multiple data that can be found in the literature focusing on prostatic motion.

Real-time tracking methods using orthogonal kV X-ray imaging with Exatrac Optical System showed average intra-fractional motion (± 1 SD) in the LR, SI, and AP directions of 0.7 ± 0.5 mm, 1.3 ± 0.7 mm, and 1.4 ± 0.9 mm respectively (23). Other studies such as Willoughby et al. have used an electromagnetic tracking system with Calypso® for prostate real-time tracking during external beam radiotherapy and their results showed that the average (SD) of the maximum differences were 0.91 ± 0.35 mm, 3.61 ± 3.13 mm, and 3.92 ± 4.32 mm in the lateral, longitudinal, vertical directions, respectively (24). Motion can also be studied with MRI. For instance, Mah D et al. showed prostate displacements (mean ± SD) of: 0.2 ± 2.9 mm, 0.0 ± 3.4 mm, and 0.0 ± 1.5 mm in the anterior–posterior, superior–inferior, and left-right dimensions respectively (25).

The increase of motion with time has also been demonstrated in conventional fractionation by IMRT (26). For example, a study using a total of 68 sagittal cine-MRI sequences demonstrated an increasing displacement in the AP and SI planes during treatment with SD of 0.57 mm and 0.41 mm in the first two minutes increasing to 1.44 mm and 0.91 mm in the two to four minutes. This appears to be consistent with the increase in motion over time found in our study (27).

With the Cyberknife®, since the treatment time was close to 40 min per session, tracking was considered to be the most suitable solution. There is a tendency for more extensive motions when the session is long (17, 28, 29). Classic linear accelerators also allow stereotactic prostate radiotherapy to be performed. The treatment time is much shorter and image-guided radiation therapy (IGRT) techniques are different.

With regard to the translational components LR, SI, and AP during the first stereotactic irradiation by Cyberknife®, compared to the results of previous studies, our results were homogenous. Moreover, Koike et al. (30), based on the files of 16 patients, reported an LR of -0.09 ± 0.81 mm, a SI of 0.15 ± 2.06 mm, and an AP of 0.79 ± 1.99 mm, as well as an average deviation of 2.53 ± 1.77 mm. Similarly, Choi et al. (14), with data from 71 patients, found the translational averages for LR to be 0.12 ± 0.19 mm, SI 0.15 ± 0.31 mm, and AP 0.73 ± 0.32 mm with an average deviation of 1.0 ± 0.35 mm. Furthermore, Xie et al. (13) used data from 21 patients and found that for the LR, SI, and AP directions, values were 0.87 ± 1.17 mm 1.55 ± 1.28 mm, and 1.80 ± 1.44 mm, respectively. Our average deviation data were consistent with the results of Xie et al. (13), showing a deviation of 2.61 mm ( ± 1.94 mm) during de novo irradiation. With regard to rotational prostate motions, in the work of Wolf et al. (31), the rotational data of 20 patients were evaluated, showing pitch rotations of 3.6° (SD 4.9°), roll 0.2° (SD 2.1°) and yaw 0.1° (SD 2.1°). The analysis by Cuccia et al. (32) showed rotations of the yaw at 0.09 ± 0.10°, pitch -0.04 ± 0.33°, and roll 0.18 ± 0.15°.

Other analyses of prostate motions were presented more recently as part of an irradiation with a magnetic resonance imaging-guided linear accelerator (MRI-LINAC), where the time per fraction was quite close to that performed with the Cyberknife®, that is, between 30 and 50 min per session (32, 33). Data from Cuccia et al. (32) on 100 fractions showed translational motions such as LR -0.24 ± 2.5 mm, SI 0.06 ± 0.46 mm and AP -0.17 ± 0.91 mm.

Our study found mainly translational motions in AP and SI, as observed by Langen et al. (28, 34), and there was a continuously increasing motion independent of the first irradiation or re-irradiation group, in line with the findings of other studies using prostate coordinates during irradiation by MRI-LINAC, particularly with respect to the findings of Keizer et al. (33).

The addition of a rectal preservation strategy has also been studied in the context of irradiation with SBRT. In other words, Cuccia et al. (32) were interested in the influence of the hydrogel spacer on the intra-fraction motions during irradiation with MRI-LINAC, and it was reported that the pitch rotation decreased significantly due to the use of this strategy. The use of the endorectal balloon or hydrogel spacer in SBRT is a possible option that has shown benefits, particularly in dosimetry (35, 36).

SBRT salvage therapy has been evaluated mainly retrospectively (8) and several prospective multicenter studies are ongoing (11, 12, 37)

Our study did not investigate the causes that could influence prostatic movements during a session, although displacements greater than 5mm were observed in 14% of patients. However, several investigators have shown that non-resolving slow drift, mainly in the AP direction, is due to rectal filling, and that sudden transient motion, most frequent in AP and SI directions, is due to intestinal peristalsis. These are the two main types of prostate motion during a session. Pelvic muscle contraction can also contribute to AP plan. Systematic and random motions are significant in the AP and SI axes, while they are less significant in the LR axis (26, 38).

In our study, re-irradiation was the only factor that influenced prostate motion.

Several stereotactic radiation therapies exist in clinical routine and there are many IGRT methods. Image tracking with InTempo®, Exatrac® (ExacTrac, BrainLAB AG, Heimstetten, Germany) or transponders such as Calyspo® (Varian Medical Systems, Palo Alto, CA) are another way to track intra-fractional motion of a target. Real-time image tracking is all the more significant if the treatment time is long since we know that the movements can be more important (27, 39).

Currently, the only truly real-time IGRT methods are presented by MRI-Linac and Calypso® monitoring, however their accessibility is low worldwide. One of the strengths of the Cyberknife is that it can adapt the time between each image according to the motions previously recorded.It is therefore an adaptive discontinuous tracking almost in real time (Kv imaging between 15 and 150 seconds). Using Linac, a cone-beam-CT/Kilovoltage (Kv) follow-up can estimate the intra-fraction prostatic position between each arc but cannot be used during treatment delivery to assess for intrafraction organ motion especially because of prostate abrupt movements.

Some stereotactic irradiations are performed without real time tracking and we believe that in the context of a re-irradiation, real time tracking should be privileged although its clinical relevance is not established.

Finally, Choi et al. (14) showed that prostatic motion in the AP plane and global deviation had a possible association with digestive and urinary toxicities during Cyberknife® SBRT despite automatic correction. It therefore appears relevant to better understand prostatic motion in a context of increased risk of toxicity due to re-irradiation in order to better argue the practical management of the treatment.

The practices with regard to the implementation of the PTV in the context of re-irradiation with SBRT differ, being 0 mm in the study by Fuller et al. (11), 3 mm for Bergamin et al. (12), and 2 mm for Pasquier et al. GETUG 31 (37).

Reducing PTV margin is crucial since the reduction of the planned volume leads to less exposure to toxicity for organs at risk (40). PTV margin creates a fictitious volume that provides an acceptable probability of the delivery of CTV or GTV prescription dose. Although it is complex to calculate PTV margin in stereotactic radiotherapy, we can confirm that intra-factional motions are essential for its estimation (41).

Since we observed less motion during re-irradiation its seems relevant to use a smaller margin compared to the margins used in first irradiation, especially since organs at risk are subject to strict constraints, dose gradient is high and the number of fraction is limited.



Conclusion

This study analyzed intra-fractional prostate motions during stereotactic irradiation as the first treatment and re-irradiation. Intra-fraction prostate motions persisted in the setting of re-irradiation, although a significant reduction was observed when compared to the first irradiation. The findings of our study make it possible to better understand prostate behavior at a time where re-irradiation by SBRT is being evaluated as a salvage therapy for intra-prostatic recurrence.
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Background/purpose

Dose-escalated external beam radiotherapy (RT) is effective in the control of prostate cancer but is associated with a greater incidence of rectal adverse events. We assessed the dosimetric gain and safety profile associated with implantation of a new biodegradable rectal spacer balloon.



Materials/methods

Patients scheduled for image-guided, intensity-modulated RT for intermediate-risk prostate cancer were prospectively included in the French multicenter BioPro-RCMI-1505 study (NCT02478112). We evaluated the dosimetric gain, implantation feasibility, adverse events (AEs), and prostate-cancer-specific quality of life associated with use of the balloon spacer.



Results

After a scheduled review of the initial recruitment target of 50 patients by the study’s independent data monitoring committee (IDMC), a total of 24 patients (including 22 with dosimetry data) were included by a single center between November 2016 and May 2018. The interventional radiologist who implanted the balloons considered that 86% of the procedures were easy. 20 of the 24 patients (83.3%) received IMRT and 4 (16.7%) received volumetric modulated arc therapy (78-80 Gy delivered in 39 fractions). The dosimetric gains associated with spacer implantation were highly significant (p<0.001) for most variables. For the rectum, the median (range) relative gain ranged from 15.4% (-9.2−47.5) for D20cc to 91.4% (36.8−100.0) for V70 Gy (%). 15 patients (62%) experienced an acute grade 1 AE, 8 (33%) experienced a late grade 1 AE, 1 (4.2%) experienced an acute grade 2 AE, and 3 experienced a late grade 2 AE. No grade 3 AEs were reported. Quality of life was good at baseline (except for sexual activity) and did not markedly worsen during RT and up to 24 months afterwards.



Conclusion

The use of a biodegradable rectal spacer balloon is safe, effective and associated with dosimetric gains in modern RT for intermediate-risk prostate cancer.





Keywords: prostate cancer, intermediate risk group, intensity-modulated radiotherapy, prospective study, spacer with biodegradable contrast-filled rectal balloon, organs at risk, dosimetric analyses, quality of life



Introduction

A number of randomized clinical trials have notably demonstrated that dose-escalated external beam radiotherapy (RT) can effectively achieve good biochemical and clinical outcomes in prostate cancer (1–6). In the multicenter Medical Research Council RT01 trial, patients were randomized to conformal RT with either 64 or 74 Gy (2 Gy/session) plus 3 to 6 months of neoadjuvant hormone therapy; the 5-year biochemical relapse–free survival rate was 71% in the 74 Gy group and 60% in the 64 Gy group (p=0.0007) (3). Likewise, the GETUG 06 trial showed that dose escalation from 70 to 80 Gy provided a better 5-year biochemical outcome but slightly more adverse events (AEs) (1). However, the anatomic proximity between the prostate, the urinary tract and the rectum means that the latter are also exposed to the toxic effects of ionizing radiation. Hence, dose escalation is associated with a higher relapse-free survival rate but also with a greater frequency of urinary tract and rectal AEs and erectile dysfunction. The development of modern, intensity-modulated RT (IMRT) enabled escalation of the prostate dose to 78 Gy with the same risk of rectal toxicity as three-dimensional conformal RT at 70 Gy (3). Furthermore, the use of volume-modulated arc therapy has shortened treatment times without sacrificing tissue coverage (7, 8).Lastly, irradiation of the urinary tract and rectum can be minimized by targeting the dose to the prostate as accurately as possible with using image-guided RT (IGRT). In a comparative study, the use of IGRT was associated with a lower rate of grade ≥2 urinary tract AEs at 3 years (10.4%, vs. 20% in a control group) (5).

Despite these technical advances, however, the dose delivered to the rectum (via external beam RT or brachytherapy) remains a limiting factor in dose escalation. A number of researchers reasoned that the incidence and severity of rectal AEs could be reduced by increasing the distance between the prostate and the rectum via the insertion or injection of spacers made of biodegradable material [e.g. hyaluronic acid (HA)] or non-biodegradable material [e.g. polyethylene glycol (PEG)] into the perirectal fat. Indeed, the use of spacers is associated with less rectal AEs (9–11). By way of an example, 222 patients with stage T1 or T2 prostate cancer and undergoing image-guided IMRT (79.2 Gy in 1.8-Gy fractions) were randomized to spacer implantation or no implantation (12, 13). The incidence of rectal AEs 3 to 15 months after treatment was significantly lower in the spacer group (2.0%) than in the control group (7.0%; p=0.04). Furthermore, bowel-related quality of life (QoL) 6, 12, and 15 months after the end of IMRT was significantly better in the spacer group (12, 13).

The ProSpace® biodegradable fillable balloon (BioProtect Ltd, Tzur Yigal, Israel) is a rectal spacer with confirmed safety and efficacy in preclinical and clinical studies (14–19).

Although the insertion procedure is slightly more invasive than for HA and PEG spacers (a small perineal incision and a special dilator and sheath are required), inflation of the balloon with sterile diluted iodine contrast solution (or physiological saline solution, if iodine is contraindicated) avoids the potential lateral and craniocaudal dispersion of spacer material (18). In a Phase II multicenter study, the mean ± standard deviation (SD) prostate-rectum distance was 0.22 ± 0.2 cm before insertion and 2.47 ± 0.47 cm after insertion; this distance was maintained during RT (20).

The present prospective, interventional, multicenter study was designed to assess the dosimetric gain, implantation procedure, and acute and late AEs associated with use of the contrast-filled ProSpace® balloon for better image-guided targeting in patients undergoing IMRT of intermediate-risk prostate cancer (16). Here, we report the final results for the primary efficacy criterion (dosimetric gain) and some of the secondary criteria, together with intermediate results for other secondary criteria (notably QoL and safety).



Methods and Materials

The study’s rationale and protocol (including the study objectives, inclusion and exclusion criteria, device characteristics, device implantation, dosimetric criteria, safety evaluation and patient-reported outcomes) have been described in detail elsewhere (16). Briefly, adult patients scheduled for IGRT (with cone-beam CT) and IMRT (78 G, 2 Gy/fraction) for intermediate-risk prostate cancer [according to the D’Amico classification (21)] were prospectively screened for eligibility in six French cancer centers. The study’s main inclusion and exclusion criteria are listed in Supplementary Table 1, and the study visits and procedures are summarized in Supplementary Table 2. The primary objective was to evaluate the dosimetric gain for the organs at risk (OAR) associated with use of the ProSpace® biodegradable balloon. The secondary objectives were to evaluate (i) the technical feasibility of the balloon’s implantation, (ii) AEs (evaluated according to the National Cancer Institute – Common Terminology Criteria for Adverse Events (CTCAE, version 4.0; https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm#ctc_40), (iii) the time interval between implantation and the initiation of radiotherapy and the relationship with implantation-related complications, (iv) the association between ProSpace® use and treatments for acute proctitis and (v) QoL (using the European Organisation for Research and Treatment of Cancer (EORTC) score QoL self-questionnaire (QLQ-C30) and the prostate-cancer-specific PR25 module (22, 23). “Early” AEs were defined as those arising within 6 months (rather than 3 months, in the CTCAE) of RT.

The dosimetry plans before and after ProSpace® implantation were calculated using Eclipse treatment planning software (Varian, Palo Alto, CA). For the purposes of the present publication, data were collected and doses were reported and analyzed using the Aquilab SharePlace platform (including ArtiviewTM 3.20.1 software) from Aquilab SAS (Loos Les Lille, France). Aquilab SAS also managed the study’s electronic case report form, the study database, and the on-line patient self-questionnaires.

In all cases, the ProSpace® was implanted in an operating room by the same interventional radiologist. During inflation of the balloon with saline solution, the investigators added 1 ml of iodine contrast enhancer in order to improve the IGRT procedure and enhance the balloon’s delineation on the planning CT. The implantation of a contrast-filled ProSpace® balloon has been described in detail by Vanneste et al. (18).

The study was approved by an institutional review board (Comité de Protection des Personnes Nord Ouest I, Lille, France; reference: 13/10/2016) and registered at ClinicalTrials.gov (NCT02478112). All included patients received information on the study’s objectives and procedures and gave their written consent to participation.



Results


Study Population and Treatment

A total of 24 patients were included in the study between November 28th, 2016, and May 28th, 2018. Initially, 50 patients were planned for accrual but an intermediate, scheduled review by the study’s independent data monitoring committee (IDMC) stopped patient enrolment after the first 24, since the primary objective had been achieved. Hence, although the study had a multicenter design, all 24 patients came from a single cancer center (Toulouse, France). The characteristics of the study population on inclusion are summarized in Table 1. All patients were evaluated with MRI before study entry and the cancer was staged as T2 in all cases. Two patients lacked dosimetry data after ProSpace® implantation. Hence, 22 patients were included in the dosimetry analysis.


Table 1 | Characteristics of the study population on inclusion.



21 of the 24 patients received a contrast-filling balloon, and 3 patients received a balloon without contrast (iodine allergy: n=2; protocol deviation: n=1). The interventional radiologist considered that the implantation was easy or very easy in 19 of the 22 cases (86%). Difficulties were noted in three cases (14%): incomplete inflation of the balloon due to resistance; difficulty crossing the perineal region and slight displacement of the balloon at the end of the inflation; failure to inflate the balloon (though a second balloon inflated with no problems) (Figure 1A). Further results for the implantation procedures are given in Table 2.




Figure 1 | (A) The planning CT axial and sagittal views of delineated volumes of interest (prostate gland and the ProSpace®.biodegradable balloon) showing good quality of delineation with iodinated contrast-filling balloon (a–g). For 1 patient (e) iodine contrast product was too much diluted. For 2 patients (f, g), the procedure was performed without iodine contrast enhancement, and so delineation of the balloon was less easy. (B) The dose-volume histogram (DVH) for the rectum pre-balloon and post-balloon for 2 patients, showing the dosimetric benefit achieved with the balloon. The DVH for bladder (also shown, in yellow) is not modified. With regard to the clinical target volume and the planned treatment volume (shown in pink and red, respectively), balloon implantation was associated with greater homogeneity.




Table 2 | Characteristics of the ProSpace® balloon implantation.



With regard to treatment, 20 of the 24 patients (83.3%) received IMRT and 4 (16.7%) received volumetric modulated arc therapy. The median (range) duration of RT was 58.5 days (55.0−68.0), and the mean ± SD duration was 59.3 ± 3.5 days. In all cases, contrast-free CT was used for contouring. The treatment volume included the seminal vesicles in 22 of the 24 cases (91.7%) and the pelvis in 2 (8.3%) to a dose of 46 Gy. In all 24 cases, the total planned dose was 78 Gy delivered in 39 fractions.



Dosimetry Data

As mentioned above, dosimetry data before and after ProSpace® implantation were available for 22 patients (Table 3). The median dosimetric gains (whether expressed in absolute or relative terms) associated with ProSpace® implantation were highly significant (p<0.001) for the majority of the dosimetric variables. For the rectum, the median (range) relative gain ranged from 15.4% (-9.2−47.5) for D20cc to 91.4% (36.8−100.0) for V70 Gy (the percentage volume of the rectum receiving 70 Gy radiation). Non-significant differences were observed for Dmax (rectum), V50% (rectum), V70% (bladder, cc), V60% (bladder, cc) and V50% (bladder, cc) (Figure 1B). The absolute dosimetric gains were significant for D2.5cc, D5cc, D10cc, D15cc, D20cc, V70 Gy, V90%, V80%, and V60% (all p<0.001) (Table 3).


Table 3 | Dosimetry parameters before and after ProSpace® balloon implantation.



With regard to safety, 5 of the 24 patients (21%) did not experience any AEs, 15 (62%) experienced a grade 1 AE, and 4 (17%) experienced a grade 2 AE. No grade 3 AEs were reported. Sixteen patients (67%) experienced an acute AE (grade 1 or 2), and 11 (46%) experienced a late AE. Urinary frequency was the most common acute AE (grade 1 for 13 patients and grade 2 for 1) and the most common late AE (grade 1 for 5 patients and grade 2 for 2). Only one AE (proctitis) was considered by an investigator to be related to ProSpace® implantation, although the event started a week after the first RT session and a month after the implantation. As this was the only AE though to be related to ProSpace® implantation, we were unable to assess the relationship between complications on one hand and the time interval between implantation and the start of RT on the other.

Before and after RT, the median International Prostate Symptom Score (IPSS) ranged from 3 to 5 (Table 4). The IPSS increased during RT, and 5 patients had experienced severe symptoms at this point.


Table 4 | Prostate symptoms before, during and after RT, as rated on the IPSS.





Quality of Life

At baseline, the QLQ-C30 and PR25 questionnaires gave mean values of >80 for the “functioning” domains and <20 for the symptom domains. The exception was the PR25 sexual activity score, with a mean (range) value of 66.7 (0 – 100) at baseline. We then observed (i) a slight worsening of the scores for fatigue, loss of appetite, constipation and diarrhea, and urinary symptoms and problems during and immediately after RT, and (ii) worsening of the score of dyspnea during the post-RT follow-up (Figure 2). The other domain scores remained stable during RT and up to 24 months thereafter.




Figure 2 | Prostate cancer-specific QoL before, during and after RT, as assessed with the EORTC QLQ-C30 and the EORTC QLQ-PR25 self-questionnaires.






Discussion

In the prospective BioPro-RCMI-1505 study, we evaluated the routine use of a relatively new rectal spacer as part of a modern IMRT/IGRT protocol. Our present results indicate that the balloon is a safe, efficacious adjunct to IMRT for prostate cancer; it was associated with dosimetric gains that help to spare the wall of the rectum from the effects of a higher dose to the prostate. Placement of the balloon spacer was relatively easy for physicians with experience of transrectal prostate procedures. Filling the balloon with contrast solution facilitates delineation of the spacer volume on the planning CT (18). The level of patient satisfaction was high, and the patients reported good QoL before and after the procedure. The delivery of a high dose of radiation (~78 Gy) to the prostate in IMRT increases the likelihood of tumor control; the percentage of patients with a grade 2 gastro-intestinal AE ranges from 1% to 23%, and the percentage with a grade 3 AE is very low (0% to 3%) (2). In a retrospective study performed in the USA, the combination of image guidance with IMRT dose escalation was associated with a low proportion of patients with late grade 2 genitourinary tract AEs (5). In a randomized phase III study of a PEG hydrogel spacer (SpaceOAR, Augmenix, Inc., Bedford, MA) in modern IMRT/IGRT for prostate cancer, the dosimetric gains were associated with a lower incidence of late grade ≥1 rectal AEs (24).

When considering the primary objective, we found that use of the balloon spacer resulted in statistically significant dosimetric gains for the rectum. Moreover, the adjunction of a spacer between the prostate and the rectum increased CTV homogeneity in our cohort. This result could lead to a difference for bladder dose coverage with IMRT dosimetry. Basically to spare the rectum wall without spacer, IMRT planning is performed with CTV heterogeneity with the maximum dose to the prostate located at the anterior part of the prostate, close to the bladder neck. Adding spacer allows better dose CTV homogeneity and we reported bladder dose distribution V70%, V60% and V50% differences but these findings didn’t reach statistical significance level.

Our present dosimetric and safety results for a balloon spacer are in line with the literature data for PEG and HA gel spacers (12, 24, 25). In the randomized study of a PEG gel spacer described by Karsh et al., the median rectal V70 dose was 2.3% in the spacer and 10.5% in the control group; this corresponded to a relative reduction of 78% (p ≤ 0.0001). There were no intergroup differences in the incidence of acute grade ≥2 rectal AEs (4.1% vs. 4.2% in the spacer and control groups, respectively; p=0.5) or acute grade ≥2 urinary tract AEs (37.8% vs 44.4%, p=0.5). The incidence of late grade ≥1 rectal AEs at 37 months was significantly lower in the spacer arm (2%) than in the control arm (9%; p<0.03). Moreover, none of the patients in the spacer group experienced a late grade ≥2 rectal AE (24). QoL was significantly better in the spacer group; at 3 years, the proportions of men in the control and spacer groups experiencing a QoL decline beyond the established threshold for a minimally important difference were 41% vs. 14% (p=0.002) for bowel QoL and 30% vs. 17% (p=0.04) for urinary QoL (12). Chapet et al. investigated the injection of HA to preserve the rectal wall during hypofractionated RT for prostate cancer. They first published on the dosimetric gains resulting from the implantation of the HA gel in a cohort of 16 patients (26). Our findings are consistent with the dose and volume reductions following injection of HA, which resulted in significantly limitation of the radiation dose delivered to the rectal wall (26). A subsequent multicenter phase II trial (from 2010 to 2012) included 36 patients with low-risk to intermediate-risk prostate cancer. With regard to acute toxicity, the injection of HA was associated with a mean ± SD pain score (on a 0 to 10 scale) of 4.6 ± 2.3. Grade 2 AEs were reported for 20 patients (19 with urinary obstruction, urinary frequency, or both, and 1 with proctitis) (27).

More recently, in a systematic review and meta-analysis based on 7 studies (1 randomized clinical trial and 6 cohort studies) involving 1011 men (of whom 486 received a PEG hydrogel spacer), the prostate-rectum separation produced by the spacer was sufficient to reduce V70 rectal irradiation (25). The authors of the review also showed that a PEG spacer was associated with fewer rectal toxic effects and better bowel-related quality of life (25).

Lastly, the ProSpace balloon was first investigated by Gez et al. in a multicenter study of 27 patients (20). Although Vanneste et al.’s report in 2017 described filling the ProSpace balloon with iodine contrast solution in 15 cases, Gez et al.’s publication from 2013 did not mention contrast solution. Gez et al.’s results for the dose reduction on rectal volumes were similar to our present results, and acute toxicity was also limited (20). Most of the AEs correspond to mild pain in the perineal area after implantation. Three cases of acute urinary retention resolved in a few hours (20). The results of subsequent studies suggested that although balloon spacers are associated with a signification reduction in rectal doses and are relatively easy to implant, volume loss (i.e. leakage of saline from the balloon) over the course of treatment is a problem (28, 15). Despite the volume loss, the spacing between the prostate and the rectal wall was nevertheless maintained (19). Lastly, in a large, comparative, non-randomized study of patients receiving a gel spacer (n=139) or a balloon spacer (n=264), Schörghofer et al. reported that although use of either spacer reduced the incidence of grade 1 and 3 AEs, grade 3 AEs (rectal perforation) occurred only in patients (n=6) having received the balloon spacer (17). The researchers suggested that this rectal perforation might have been due to the balloon spacer’s rigidity and size (17). In view of the rectal dosimetric gains observed with the balloon spacer and the low frequency of gastrointestinal adverse events during and after implantation, we suggest that this procedure should be used in the next generation of clinical trials on dose escalation as a means of improving the curability of prostate cancer. It would be interesting to investigate the putative benefit of a rectal spacer for hypofractionated dose regimens or intraprostatic dose-boosting procedures with either conventional fractionation or a stereotactic boost, such as the ongoing Simultaneous Integrated Boost for Prostate Cancer study (NCT03664193).

The present study had a number of limitations. Firstly, the inclusion of patients at a single-center (despite an initially multicenter design) means that the results cannot be readily extended to other institutions and settings. Secondly, the study design (i.e. termination once the dosimetric gain had been demonstrated) limited the number of study participants and thus restricted the volume of clinically interesting data on adverse events. Thirdly, we did not include a comparator group, e.g. patients treated with another type of spacer or treated in the absence of a rectal spacer. Fourthly, we lacked some IPSS and QoL data at 24 months post-RT for some patients, and only a small proportion of patients answered the PR25 module’s questions on sexual function (although half the study population received a 6-month course of androgen deprivation therapy). Fifthly, we did not report the rectal spacer balloon’s volume stability (while using daily cone beam CT IGRT quality control insurance during treatment course) during therapy. We didn’t observe any loss of balloon during treatment course.



Conclusion

A biodegradable rectal spacer balloon was found to be a safe, effective means of obtaining dosimetric gains in the RT of intermediate-risk prostate cancer. The implantation was easy, and the few technical difficulties experienced did not compromise the treatment’s safety or effectiveness.
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Introduction

For unresectable stage III non-small cell lung cancer (NSCLC), the standard therapy consists of chemoradiotherapy (CRT) followed by durvalumab maintenance for responding patients. The present study reports on the safety and outcome of durvalumab use after CRT in a real-world, multicenter, retrospective cohort.



Methods

Two hundred thirty-eight patients have been included. We collected data on systemic therapy, radiation therapy, the timing between CRT and durvalumab, number of durvalumab cycles, reasons for non-starting or discontinuation, incidence and grade of adverse events (AEs), and progression-free survival (PFS) and overall survival (OS).



Results

One hundred fifty-five patients out of 238 (65.1%) received at least one durvalumab dose: 91 (58.7%) after concomitant CRT (cCRT) and 64 (41.3%) after sequential CRT (sCRT). Programmed-death ligand 1 (PD-L1) status was unknown in 7/155 (4.5%), negative in 14 (9.1%), and positive ≥1% in 134/155 (86.4%). The main reasons for non-starting durvalumab were progression (10.1%), PD-L1 negativity (7.5%), and lung toxicity (4.6%). Median follow-up time was 14 months (range 2–29); 1-year PFS and OS were 65.5% (95%CI: 57.6-74.4) and 87.9% (95%CI: 82.26.6-93.9), respectively. No significant differences in PFS or OS were detected for cCRT vs. sCRT, but the median PFS was 13.5 months for sCRT vs. 23 months for cCRT. Potentially immune-related AEs were recorded in 76/155 patients (49.0%). Pneumonitis was the most frequent, leading to discontinuation in 11/155 patients (7.1%).



Conclusions

Durvalumab maintenenace after concurrent or sequential chemoradiation for unresectable, stage III NSCLC showed very promising short-term survival results in a large, multicenter, restrospective, real-world study. Durvalumab was the first drug obtaining a survival benefit over CRT within the past two decades, and the present study contributes to validating its use in clinical practice.
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Introduction

The randomized phase 3 PACIFIC trial established a new standard for unresectable stage III non-small cell lung cancer (NSCLC), introducing immunotherapy maintenance with the anti-programmed-death ligand 1 (anti-PD-L1) agent durvalumab after chemoradiotherapy (CRT). The use of durvalumab substantially improved both progression-free survival (PFS) and overall survival (OS) in patients responding to CRT (1–3). The subsequent registration and clinical use of durvalumab varied across countries. According to the European Medicines Agency (EMA) recommendations, durvalumab use was approved in Italy in September 2018, restricted to patients with a PD-L1 tumor proportion score (TPS) >1%, following a post-hoc analysis showing that patients with tumors expressing PD-L1 below 1% lacked any survival advantage over control.

As unresectable stage III NSCLC presents heterogeneous clinical features, the therapeutic approach may vary widely across centers. Therefore, in this study, we aimed to describe the use of durvalumab in a real-life context, on a multicenter basis, assessing the adherence to EMA indications and providing information on patients’ demographics, treatment tolerance, and survival.



Material and Methods


Study Population and Outcome Assessment

In June 2020, we invited Italian Centers participating in the Association of Radiotherapy and Clinical Oncology (AIRO) thoracic oncology network to include in this observational study all stage III patients referred to radiotherapy, which would have been candidates for CRT and durvalumab after approval in Italy from September 2018 to March 2020. Sixteen centers agreed, for a total of 238 enrolled patients.

Patient demographics, tumor characteristics, and treatment-related information were collected in a centralized digital database. According to standard practice, during durvalumab administration and subsequent follow-up, restaging with total body CT scan was performed every 3 months during the first 2 years and then every 6 months, with variations according to each institution’s preference.

We defined locoregional relapse as either local (primary tumor) or mediastinal failure, while systemic progression as the occurrence of extra-thoracic visceral or nodal metastases. OS probability was calculated from the end of CRT to death for any cause (or last assessment of vital status); PFS was calculated from the end of CRT to any disease progression (local failure and distant progression) or death.

All adverse events (AEs) were categorized using Common Terminology Criteria for Adverse Events (CTCAE) version 4.0.

The Ethical Committee of the Coordinating Center in Modena first reviewed and approved the study (approval number 59/2021/OSS/AOUMO) and then each participating center.



Statistical Analysis

The univariate Cox proportional-hazards models were performed to screen the effect of the clinical and demographic variables on the PFS and OS. The hazard ratios associated with the PFS and OS were calculated with their 95% confidence interval for each factor from the Cox proportional-hazards model. Those covariates with a p-value <0.05 were then selected for the multivariate analysis, where the PFS and OS were the dependent variable. Multivariate analysis was performed using again the Cox proportional-hazards model.

The likelihood ratio test was used as a test of statistical significance, and the multiple comparisons correction was not performed. Differences, with a p-value less than 0.05, were selected as significant, and data were acquired and analyzed in R v4.0.3 software environment.




Results

At the end of CRT, 83/238 (34.8%) patients did not start durvalumab. The main reasons were the absence of PD-L1 expression (n = 18; 7.5%), persistent CRT-related toxicities (n = 14; 5.9%), disease progression (n = 24; 10%), denial of consent (n = 2; 0.8%), death due to other causes (n = 2; 0.8%), viral infections (n = 5; 2.2%, including SARS-CoV-2), and acute renal injury (n = 1; 0.4%). The remaining 17 patients (7.2%) did not start durvalumab due to unknown causes.

One hundred fifty-five out of 238 patients (65.2%) received at least one durvalumab dose after CRT. Main patients and tumors characteristics are reported in Table 1; 150/155 (95.5%) underwent fluorine-18-deoxyglucose positron emission tomography (18FDG-PET) for staging and 141 (90.9%) brain CT scan or MRI. One hundred twelve patients (77.5%) received 60 Gray (Gy) in 30 fractions, 10 (6.5%) received 66 Gy in 33 fractions, and 10 (6.5%) received 44–54 Gy in 22–27 fractions; 15 patients (9.5%) received 51–55 Gy in 17–20 fractions. All patients received platinum-based chemotherapy, mostly weekly carboplatin/taxanes (33.5%), and platinum/etoposide every 3 weeks (20.6%).


Table 1 | Patients’ characteristics.



Concomitant CRT (cCRT) has been administered in 91 patients (58.8%) and sequential CRT (sCRT) in 64 (41.2%). Table 2 describes patients’ and tumor characteristics of these two subgroups. As expected, those who received sCRT were older, with larger tumors, and more likely to receive hypofractionated RT.


Table 2 | Patients’ characteristics for concomitant vs. sequential chemoradiotherapy.



Twenty-two percent of patients started durvalumab <42 days from CRT and 78% after 42 days. The median time from CRT to first durvalumab dose was 52 days (range 9–245).

At the time of writing, 54 of 155 (35.4%) patients were still on treatment. The main reasons for durvalumab discontinuation are reported in Table 3. The mean and median numbers of durvalumab cycles were 14 and 13 (range 1–34), respectively.


Table 3 | Reasons for treatment discontinuation.




Survival

The median follow-up time was 14 months (range 2–29). PFS at 6, 12, and 18 months was 83.5% (95%CI: 77.6–89.7), 65.5% (95%CI: 57.6–74.4), and 53.1% (95%CI: 43.8–64.3), respectively (Figure 1). OS at 6, 12, and 18 months was 97.2% (95%CI: 94.6– 99.9), 87.9% (95%CI: 82.26–93.9), and 79.3% (95%CI: 71.1–88.4), respectively (Figure 1). Median PFS was 23 months, and median OS was not reached.




Figure 1 | Kaplan-Meier survival estimates (progression-free and overall survival) for the whole cohort (n = 155).



We did not detect any significant difference in PFS (log-rank p = 0.2) or OS (log-rank p = 0.7) between concurrent and sCRT plus durvalumab (Figure 2). However, the median PFS was 13.5 and 23.0 months for sCRT and cCRT, respectively.




Figure 2 | Kaplan–Meier survival estimates (progression-free and overall survival) of concurrent (n = 91) vs. sequential (n = 64) chemoradiotherapy (cCRT vs. sCRT).



The univariate analysis demonstrated a significant association among TNM staging, histology, and PFS (p-value ≤ 0.05). The multivariate analysis confirmed a statistically significant effect of staging and histology on PFS (p-values: 0.022 and 0.016, respectively). In particular, the risk of progression was about 2.5 times more likely in patients with stage IIIC vs. IIIA, keeping constant histology (HR = 2.53). In addition, the risk of progression was about 1.9 times more likely in patients with squamous cell carcinoma (SCC) vs. non-squamous histology, maintaining constant TNM staging (HR = 1.92).

A significant association between histology and OS was also observed (p-values = 0.039). In particular, the risk of death was about 2.4 times more likely in patients with SCC vs. non-squamous histology (HR = 2.39).



Pattern of Relapse

At the time of writing, 55 patients (35.5%) relapsed locally or systemically; 32 (20.6%) had locoregional progression [as the only site of disease progression in nine (5.8%)], and 46 (29.7%) developed systemic metastases; 23 patients (14.8%) had both local and systemic relapse, and 23 (14.8%) had systemic relapses alone. Primary metastatic sites were the brain, lung (ipsilateral and contralateral), liver, and bone. More than one metastatic site was found in 17 patients. Nine patients had less than five metastatic sites (5/46, 10.8%), while 37/46 (89.2%) experienced poly-metastatic spread.

At progression, 30/55 patients (54.5%) received systemic treatment (26 with chemotherapy and four with pembrolizumab), and nine (16.3%) received metastasis-directed stereotactic RT (exclusive salvage in five patients at the time of analysis). The remaining 16 patients (29%) were referred to palliative care.



Toxicity

We defined AEs occurring before the first durvalumab dose as CRT-related, while all other AEs were defined as potentially immune-related. We report in details AEs recorded in patients receiving at least one durvalumab dose (n = 155). One hundred five patients experienced at least one AE related to CRT administration. Grade 1–2 esophagitis was the most common (80/155, 50.3%), followed by grade 1–2 lung toxicity recorded in 36/155 patients (23.2%). In comparison, only three patients experienced grade 3 pneumonitis (1.9%). Hematological toxicity was recorded in 13 patients (four patients with grade 2, two with grade 3, and two with grade 4).

Potentially immune-related AEs (defined as a “side effect occurred after at least one cycle of durvalumab and not previously reported”) were recorded in 76/155 patients (49.0%). The most frequent were pneumonitis (27/155, 17.4%; 85.2% of whom were G1-2, 11.1% G3, and 3.7% G4), causing definitive discontinuation of durvalumab in 11 patients (7.1%) and then myalgia/asthenia (27/155, 17.4%; all were G1–G2) and thyroiditis (11/155, 7.1%; of whom 91.9% were G1–G2 and 9.1% were G3). We report all reasons for durvalumab permanent discontinuation in Table 2.




Discussion

We report the findings of a multicenter, observational, retrospective study in patients with unresectable stage III NSCLC candidates to CRT and durvalumab outside clinical trials or expanded access programs (EAPs).

A consistent proportion of the whole cohort (n = 83; 34.8%) did not receive durvalumab after CRT, primarily for PD-L1 negativity or CRT-related toxicity. For those receiving at least one durvalumab dose (n = 155), demographic characteristics were quite similar to the PACIFIC trial, with a median age of 66 but a prevalence of PD-L1-positive patients (86.4%) and a higher rate of stage IIIB or IIIC (67.1%, Table 1). Considering the limited follow-up, PFS and OS are slightly higher than in PACIFIC trial1,2,3, and in line with the very positive findings of previously published observational series (4–6) including comparisons with historical cohorts treated in the pre-immunotherapy era. In the most extensive retrospective series reported so far, including 147 patients treated with durvalumab after concurrent CRT, from Canadian and Japanese Centers (6), 12 months’ OS was above 90%, reaching 100% for patients affected with tumors expressing PD-L1 >50%. The median time to durvalumab first dose was 33 days, relatively short for a real-life study; no impact on survival was detected for patients initiating durvalumab >42 days after CRT.

In our study, 12-month PFS was 65.5%, and OS 87.9%, and the crude rate of local failure was 21%. In assessing these values, we should take into account the methodological limitations of any direct comparison between different study designs and patient populations and, in particular, the uncertainties in PFS assessment (influenced by the absence of a clear follow-up protocol and RECIST use in our study), which might lead to PFS overestimation.

A detailed analysis of the pattern of relapse suggested that most of the patients relapsed outside the thorax, many with poly-metastatic disease (60.9%). This latter finding is partially in contrast with the PACIFIC trial, in which intrathoracic progression was the most common compared with metastatic progression (80.6% vs. 15.3%, respectively, in the durvalumab arm, 74.5% vs. 20.3%, respectively, in the placebo arm) (7). At the time of progression, 16.3% of patients did receive local therapy alone and 54.5% chemotherapy. These preliminary data, which need to be confirmed by larger observational series, are relevant for the design of future clinical trials dedicated to progressors after CRT plus durvalumab.

Of particular interest with this series is the inclusion of patients treated with sCRT, who were eligible for durvalumab maintenance according to EMA indications. They represent a meaningful proportion of our cohort (41.2%), reflecting national preferences. We found no significant differences in PFS or OS for these patients when compared with patients receiving concurrent CRT; however, median PFS was remarkably higher for patients receiving concurrent CRT (23 vs. 13.5 months), and this result is mainly due to progressions after the first 12 months from RT (taking into account the low number of patients at risk and events, with related statistical uncertainties). These are probably the most interesting and novel findings of this study, suggesting that the two approaches (cCRT or sCRT) might achieve similar survival rates (especially OS), despite some differences in patients and tumor characteristics (Table 2), but with different median PFS. Notably, PFS and OS were calculated from the end of RT, with the aim of comparing these data with the PACIFIC survival data, which have been calculated from the date of randomization post-CRT.

The prospective ongoing PACIFIC-6 trial (NCT03693300) will better clarify the safety (first objective) and efficacy (secondary objective) of sCRT plus durvalumab, and additional information is expected from the publication of the survival data of the PACIFIC-R real-world study (NCT03798535). However, in the PACIFIC-R study, only 14% of patients received sCRT (based on EAP data). Notably, the median time interval between RT and durvalumab first dose was 52 days, as reported for our cohort (8).

At multivariate analysis, we found that patients affected with SCC are more likely to progress and die, confirming what was already shown by other studies (6).

The safety profile was in general analogous to other series, with the most common cause for durvalumab discontinuation being pneumonitis (7.1%) (1–6). Many research strategies are currently being investigated to further improve the outcomes of CRT and immunotherapy combinations (9); the present study results, together with similar findings, support the feasibility and the translation to practice of phase 3 trials’ results in this particular setting.

The strength points of the study are as follows: a) a very homogeneous cohort of patients affected by stage III PD-L1 >1% NSCLC; b) to our knowledge, the first study reporting the main reasons why durvalumab was not started after CRT; and c) the results of sCRT showed from a real world series. On the other hand, the main limitations of our study are represented by its retrospective nature and, secondly, by the relatively short follow-up time, which may influence survival projections in the mid-term to long term.

In conclusion, maintenance therapy with durvalumab, for stage III unresectable NSCLC, PD-L1 >1%, responding to cCRT or sCRT, was associated with very promising short-term survival rates in a large multicenter, retrospective, real-world series. Durvalumab was confirmed to be the first drug obtaining a survival benefit over CRT within the past two decades, and the present study contributes to validating its use in clinical practice.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethical Committee of “Area Vasta Emilia Nord”—University Hospital of Modena. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

AB, VS, PB, SV, and ARF: conceptualization. AB, SC, ED’A, NG, AF, MTa, GP, VV, MS, MTr, VN, EL, SS, FB, DF, and FA: data curation. AB and ARF: formal analysis. AB, ARF, and FL: original draft writing. AB, ARF, BJ-F, SM, LL, and FL: review and editing. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors thank the following for their contribution to the study: Prof. Filippo Alongi, Dr. Giovanni Aluisio, Dr. Marco Banini, Dr. Fausto Barbieri, Dr. Patrizia Ciammella, Dr. G. Scarzello, Prof. Renzo Corvo’, Dr Nunziata D’ Abbiero, Dr.ssa Lucrezia Gasparini, Prof. Domenico Genovesi, Dr.ssa Jessica Imbrescia, Dr. Cinzia Iotti, Dr. Martin Maffei, Dr. Marco Perna, Dr. Tiziana Proto, Dr. Valeria Santoro, Prof. Marta Scorsetti, Prof. Marcello Tiseo, and Dr. Giulia Volpi. This work has been conducted on behalf of the Thoracic Oncology Group of the Italian Association of Radiotherapy and Clinical Oncology (AIRO). The authors thank the AIRO Scientific Committee and the Board for the critical revision of the manuscript. Data were presented in part at the virtual AIRO National Meeting, November 2020. Editorial support in the preparation of this article
was provided by Edra S.p.A. and unconditionally funded by AstraZeneca.



References

1. Antonia, SJ, Villegas, A, Daniel, D, Vicente, D, Murakami, S, Hui, R, et al. Durvalumab After Chemoradiotherapy in Stage III Non–Small-Cell Lung Cancer. N Engl J Med (2017) 377:1919–29. doi: 10.1056/NEJMoa1709937

2. Antonia, SJ, Villegas, A, Daniel, D, Vicente, D, Murakami, S, Hui, R, et al. Overall Survival With Durvalumab After Chemoradiotherapy in Stage III NSCLC. N Engl J Med (2018) 379:2342–50. doi: 10.1056/NEJMoa1809697

3. Faivre-Finn, C, Vicente, D, Kurata, T, Planchard, D, Paz-Ares, L, Vansteenkiste, JF, et al. Four-Year Survival With Durvalumab After Chemoradiotherapy in Stage III NSCLC—An Update From the PACIFIC Trial. J Thorac Oncol (2021) 16:860–67. doi: 10.1016/j.jtho.2020.12.015

4. Offin, M, Shaverdian, N, Rimmer, A, Lobaugh, S, Shepherd, AF, Simone, CB 2nd, et al. Clinical Outcomes, Local-Regional Control and the Role for Metastasis-Directed Therapies in Stage III Non-Small-Cell Lung Cancers Treated With Chemoradiation and Durvalumab. Radiother Oncol (2020) 149:205–11. doi: 10.1016/j.radonc.2020.04.047

5. Faehling, M, Schumann, C, Christopoulos, P, Hoffknecht, P, Alt, J, Horn, M, et al. Durvalumab After Definitive Radiochemotherapy (RCT) in Locally Advanced Unresectable NSCLC: Real-World Data on Survival and Safety From the German Expanded Access Program (EAP). Lung Cancer (2020) 150:114–22. doi: 10.1016/j.lungcan.2020.10.006

6. Desilets, A, Blanc-Durand, F, Lau, S, Hakozaki, T, Kitadai, R, Malo, J, et al. Durvalumab Therapy Following Chemoradiation Compared With a Historical Cohort Treated With Chemoradiation Alone in Patients With Stage III Non-Small-Cell Lung Cancer: A Real-World Multicentre Study. Eur J Cancer (2021) 142:83–91. doi: 10.1016/j.ejca.2020.10.008

7. Raben, D, Rimmer, A, Senan, S, Broadhurst, H, Pellas, T, Dennis, PA, et al. Patterns of Disease Progression With Durvalumab in Stage III NSCLC (PACIFIC). Proceedings of the 61st Annual Meeting of the American Society for Radiation Oncology (ASTRO). Int J Radiat Oncol Biol Phys (2019) 105:P683. doi: 10.1016/j.ijrobp.2019.08.034

8. McDonald, F, Mornex, F, Garassino, MC, Filippi, AR, Christoph, D, Haakensen, VD, et al. PACIFIC-R: Real-World Characteristics of Unresectable Stage III NSCLC Patients Treated With Durvalumab After Chemoradiotherapy. J Thorac Oncol (2021) 16:S738–9. doi: 10.1016/S1556-0864(21)01921-3

9. Passiglia, F, Leone, G, Olmetto, E, Delcuratolo, MD, Tabbó, F, Reale, ML, et al. Immune-Checkpoint Inhibition in Stage III Unresectable NSCLC: Challenges and Opportunities in the Post-PACIFIC Era. Lung Cancer (2021) 157:85–91. doi: 10.1016/j.lungcan.2021.05.009




Conflict of Interest: AB: speakers’ bureau from Astra Zeneca, MSD, Tecnologie Avanzate; and advisory role for Astra Zeneca. VS: speakers’ bureau for Astra Zeneca, Roche, Accuray Int.; and advisory role for Astra Zeneca. PB: speakers’ bureau for Astra Zeneca. SV: speakers’ bureau for Astra Zeneca, Roche, Accuray Int. ED’A: speaker’s bureau from Nestlè, MSD, Astra Zeneca; travel expenses: IPSEN; and expert testimony: Nestlè. NG: speakers’ bureau for Astra Zeneca. DF: speakers’ bureau for Astra Zeneca; and advisory role for AstraZeneca. FA: speakers’ bureau for Astra Zeneca, Roche, BMS, Boehringer Ingelheim, MSD; and advisory role for Boehringer Ingelheim, MSD. BJ-F: personal fees from Janssen, Roche, Astra Zeneca, and Accuray, and institutional grants from AIRC, FIEO-CCM and Accuray Int., all outside of the submitted work. ARF: speakers’ bureau for Astra Zeneca, MSD, Roche, Ipsen; advisory role for Astra Zeneca, Roche; institutional research funding: Astra Zeneca; and honoraria for study conduction (not related to the present study): Astra Zeneca.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Bruni, Scotti, Borghetti, Vagge, Cozzi, D’Angelo, Giaj Levra, Fozza, Taraborrelli, Piperno, Vanoni, Sepulcri, Trovò, Nardone, Lattanzi, Bou Selman, Bertolini, Franceschini, Agustoni, Jereczek-Fossa, Magrini, Livi, Lohr and Filippi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 19 October 2021

doi: 10.3389/fonc.2021.753768

[image: image2]


Comparative Analyses of Two Established Scores to Assess the Stability of Spinal Bone Metastases Before and After Palliative Radiotherapy


Tilman Bostel 1,2*†, Sati Akbaba 1,2†, Daniel Wollschläger 3, Tristan Klodt 1,2, Laura Oebel 1,2, Arnulf Mayer 1,2, Sophia Drabke 1,2, Tanja Sprave 4,5, Jürgen Debus 6,7, Robert Förster 8, Harald Rief 9, Alexander Rühle 4,5, Anca-Ligia Grosu 4,5, Heinz Schmidberger 1,2 and Nils H. Nicolay 4,5


1 Department of Radiation Oncology and Radiation Therapy, University Medical Center Mainz, Mainz, Germany, 2 German Cancer Consortium (DKTK) Partner Site Mainz, German Cancer Research Center, Heidelberg, Germany, 3 Institute of Medical Biostatistics, Epidemiology and Informatics (IMBEI), University Medical Center Mainz, Mainz, Germany, 4 Department of Radiation Oncology, University Hospital of Freiburg, Freiburg, Germany, 5 German Cancer Consortium (DKTK) Partner Site Freiburg, German Cancer Research Center, Heidelberg, Germany, 6 Department of Radiation Oncology, University Hospital of Heidelberg, Heidelberg, Germany, 7 German Cancer Consortium (DKTK) Partner Site Heidelberg, German Cancer Research Center, Heidelberg, Germany, 8 Institute of Radiation Oncology, Cantonal Hospital Winterthur, University of Zurich, Winterthur, Switzerland, 9 Radiation Therapy Practice Bonn-Rhein-Sieg, Bad Godesberg site, Bonn, Germany




Edited by: 

Dinesh Thotala, Washington University in St. Louis, United States

Reviewed by: 

Yingming Sun, Fujian Medical University, China

Alba Fiorentino, Ospedale Generale Regionale Francesco Miulli, Italy

*Correspondence: 

Tilman Bostel
 tilman.bostel@unimedizin-mainz.de


†These authors have contributed equally to this work and share first authorship


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








Received: 05 August 2021

Accepted: 21 September 2021

Published: 19 October 2021

Citation:
Bostel T, Akbaba S, Wollschläger D, Klodt T, Oebel L, Mayer A, Drabke S, Sprave T, Debus J, Förster R, Rief H, Rühle A, Grosu A-L, Schmidberger H and Nicolay NH (2021) Comparative Analyses of Two Established Scores to Assess the Stability of Spinal Bone Metastases Before and After Palliative Radiotherapy. Front. Oncol. 11:753768. doi: 10.3389/fonc.2021.753768




Background and Purpose

To compare two validated spinal instability scores regarding the stabilizing effects and skeletal-related events (SREs) of palliative radiotherapy (RT) in patients with spinal bone metastases (SBM).



Materials and Methods

Two hundred eighty-two osteolytic SBM of lung or breast cancer patients were analyzed for stability before and following RT based on the Spinal Instability Neoplastic Score (SINS) or the Taneichi score. Score concordance was quantified by absolute agreement and Cohen’s kappa coefficient. SREs were defined as fractures or local progression after RT. OS was quantified as the time between the start of RT and death from any cause.



Results

At 3 and 6 months after RT, 35 and 50% of initially unstable SBM were re-stabilized according to SINS in patients still alive. Corresponding Taneichi score-based stabilization proportions were 25 and 46%, respectively. Comparison of both stability scores showed high absolute agreement for all time-points (range 71–78%, kappa range 0.35–0.44). SRE occurred more frequently in initially unstable SBM compared to stable SBM according to SINS (14 vs. 5%), but no such association could be shown for the Taneichi-based instability criterion. Poor general condition of patients was negatively associated with SINS-measured re-stabilization after 6 months, but no predictive factor for re-stabilization could be found for the Taneichi score.



Conclusions

Despite the relatively high agreement between both stabilization scores, the SINS should be considered the standard for future studies on the stabilization effects of RT in SBM.





Keywords: spinal bone metastases, instability, radiotherapy, SINS, skeletal-related events



Introduction

Spinal bone metastases (SBM) occur in up to 80% of patients with advanced solid tumors (1, 2). Affected patients often suffer from severe pain, movement restrictions, and/or neurological deficits. Radiotherapy (RT) is a key treatment for symptomatic SBM (3). In addition to the elimination of pain symptoms and restoration of skeletal function, instability of SBM with impending or manifest fractures represents another frequent indication for palliative RT. Unstable SBM not only affect spinal statics but may also threaten the integrity of the spinal cord and the branching nerves with potentially significant negative impact on the patients’ quality of life (4, 5). However, stability assessment of the spinal column is a major challenge in clinical practice and is often only carried out on the basis of clinical experience. This may result in under- or overdiagnosis of spinal instability, making communication between physicians of different disciplines very difficult, and leading to inconsistent therapeutic approaches. For this reason, the Spinal Instability Neoplastic Score (SINS) was introduced in 2010 by the Spinal Oncology Study Group and has since become the most adopted stability score for assessing SBM (6). Based on six categories, the SINS is a highly reliable tool to classify the stability of metastatically affected vertebral bodies into stable, potentially unstable, and unstable lesions (7). For unstable vertebral bodies, the SINS gives a clear recommendation for a stabilizing surgery and postoperative RT. In the case of potentially unstable vertebral body metastases, palliative RT is often preferred to surgery, especially for patients with poor prognosis. Unfortunately, there are only very limited SINS-based data on the effect of RT in unstable SBM (8). Instead, the data available so far are mainly based on the Taneichi score, which has also been validated (9–15).

Therefore, this retrospective study aimed to assess pre- and post-RT stability of spinal metastases using the SINS and Taneichi score, in order to verify their agreement, establish potential predictive factors for stability, and analyze skeletal-related events (SRE) and overall survival (OS) following RT.



Material and Methods


Patient Selection

A total of 221 patients with a median age of 63 years (range 34–88 years) and osteolytic SBM of the thoracic or lumbar spine with underlying breast (38%) or bronchial carcinoma (62%) were included in this retrospective study. All patients received one or more palliative RT at the University Hospitals of Mainz and Heidelberg between 2006 and 2012. The required patient data were taken from the medical records and cancer registers of the participating centers. The diagnosis of SBM was based on imaging techniques such as CT, MRI, or bone scintigraphy. As inclusion criteria, the spinal metastases had to have an osteolytic phenotype and be located in the thoracic or lumbar spine. This analysis has been approved by the independent ethics committees of the medical faculties of the universities of Heidelberg and Mainz (Heidelberg: S-513/2012, Mainz: 2020-15282).



Stability Assessment

At baseline, as well as 3 and 6 months after palliative RT, the stability of metastatically affected vertebral bodies was assessed by CT imaging using the SINS and Taneichi scores. The Taneichi score is only validated for osteolytic bone metastases in the thoracic and lumbar spinal column. It is based purely on radiological criteria (degree of vertebral body destruction, involvement of the costovertebral joint and/or pedicle) to identify spinal lesions that have a very high risk of impending vertebral body collapse. The SINS, on the other hand, is validated for bone metastases of any phenotype throughout the entire spinal column. It is based on six criteria (location, type of pain, type of lesions, spinal alignment, presence of vertebral compression fractures, affection of posterolateral elements) to classify the affected vertebral bodies as stable, potentially unstable, and unstable. In this analysis, the instability criteria of the original publication were used (6, 16), i.e., all vertebral body metastases that were classified as at least potentially unstable (≥7 points) according to SINS or had a fracture risk of at least 50% according to Taneichi Score were evaluated as unstable. For both scores, the shift in stability from (potentially) unstable to stable and from stable to (potentially) unstable was independently determined by a board-certified radiologist in patients still alive at the time of evaluation. Furthermore, SREs after palliative RT were assessed, defined as new fractures or progressive sintering of SBM-affected vertebral bodies, or the need for re-irradiation. In the case of multiple bone metastases in a vertebral body or within the target volume, only the most severe lesion was evaluated. If several spinal regions were irradiated in a given patient, each region was evaluated separately in our analysis. A pain response was documented based on reduction of ≥2 points on the 10-point visual analogue scale according to the international consensus criteria (17). For partial and complete pain response to RT, the SINS criterion “type of pain” was rated with 1 and 0 points in our analysis, respectively.



Treatment

Radiation treatment planning was based on planning CT examinations and, in the case of paravertebral tumor spread, supplemented with MRI scans. The radiation dose was administered via one or more dorsal or oblique dorsal photon fields (6 or 18 MV photon energy). The planning target volume (PTV) included the metastatically affected vertebral body or bodies and the adjacent intervertebral discs, and in most cases also the caudally and cranially adjacent vertebral bodies. Palliative RT was indicated if SBM caused pain symptoms, spinal instability, or neurological deficits. None of the patients in this analysis received additional surgery or other invasive procedures.



Statistical Analysis

Overall survival (OS) was defined as the period from the beginning of first RT until death from any cause and estimated using the Kaplan-Meier method. Group differences in OS after first RT were assessed using the log-rank test. Logistic regression using generalized estimating equations was used to test whether the probability of stable lesions according to SINS and Taneichi score changed from baseline to 3 and 6 months after RT. Logistic regression using generalized estimating equations was used to test the association between the occurrence of any SRE and baseline instability of SBM. Association of prognostic factors “age at RT”, “tumor histology”, “KPS <70 vs. ≥70”, and “fractures prior to RT” with the SINS and Taneichi scores at 3 and 6 months post-RT was tested using separate univariate mixed ordinal logistic regression models. The concordance of the SINS and Taneichi scores in the patient cohort was checked using absolute agreement, and with Cohen’s kappa coefficient. Statistical analysis was done using the R statistical environment, version 4.0.2 (R Core Team 2020, Vienna, Austria). P values of p < 0.05 were considered statistically significant.




Results

A total of 221 patients with 282 target volumes and 792 SBM (range 1–14 metastases per patient) of lung and breast carcinomas that were treated with palliative RT were assessed according to SINS and Taneichi score. Median follow-up after RT was 10.9 months (range 0.1–100.6 months). Further detailed information on patient and treatment characteristics is provided in Table 1.


Table 1 | Patients’ and treatment characteristics.




Stability Assessment

Most patients exhibited unstable SBM prior to RT according to the SINS (217/282 SBM; 77%) and Taneichi score (224/282 SBM; 79%), respectively. The majority of these lesions (SINS: 88%, Taneichi: 82%) were associated with pain before the start of irradiation. In patients still alive at 3 and 6 months after RT, the change from baseline in the proportion of stable SBM was statistically significant (p < 0.001) at each time point with 35% (50/143) and 50% (52/104) of the primarily unstable SBM becoming stabilized according to SINS. Our analysis showed no statistically significant differences in the stabilization proportion between SBM of lung and breast cancer patients (see Tables 2, 3A, and 3B).


Table 2 | Radiogenic changes in vertebral body stability according to SINS and Taneichi Score.




Table 3A | Univariate analysis of prognostic factors related to stabilization of initially unstable SBM according to SINS.




Table 3B | Univariate analysis of prognostic factors related to stabilization of initially unstable SBM according to Taneichi score.



Prior to RT, the average SINS was 8.3 [standard deviation (SD) 2.3, range 3–15]. After palliative RT, the average SINS decreased to 6.7 (SD 2.4, range 2–12) after 3 months and to 6.0 (SD 2.2, range 1–12) after 6 months. According to the Taneichi score, the corresponding 3- and 6-month stabilization proportions were 25% (39/154 SBM) and 46% (53/115 SBM), respectively, representing a statistically significant change from baseline (p < 0.001 for each time point; see Table 4). The exact distribution of Taneichi scores before and after palliative RT is summarized in detail in Table 4.


Table 4 | Stability assessment of irradiated SBM before and after palliative RT according to the Taneichi score.



Our analysis showed only slightly different 3- and 6-month stabilization proportions of SBM in breast and lung cancer patients who were still alive at the time of evaluation (see Table 2). Taking into account patients who died, the SINS-based stabilization proportions of SBM in the entire study population at 3 and 6 months after palliative RT were only 23% (50/217) and 24% (52/217), respectively. The corresponding Taneichi-based stabilization proportions were 17% (39/224) and 24% (53/224). The different survival prognosis of breast and lung cancer patients had a substantial impact on stabilization probability of primary unstable SBM. In breast cancer patients, the 6-month stabilization probability was 43% (40/93 SBM) and 41% (39/96 SBM) according to the SINS and Taneichi scores, while in lung cancer patients the corresponding values for both scores were only 10 and 11% (SINS: 12/124 SBM, Taneichi: 14/128 SBM).

In our analysis, the SINS criteria “type of lesions”, “type of pain”, and “presence of vertebral compression fractures” were decisive for the change in stability assessment of primary unstable SBM, while the scores in the other SINS criteria remained stable over time. Regarding the “type of lesions” criterion, recalcification was responsible for an improvement in the SINS stability category (i.e., shift from potentially unstable to stable) in 56% of initially unstable osteolytic SBM 3 months after RT (28/50; mixed type of lesions 50%, blastic lesions 6%, no recalcification 44%) and 81% of SBM 6 months after RT (42/52; mixed type of lesions 62%, blastic lesions 19%, no recalcification 19%), respectively. Regarding the “type of pain” criterion, an improvement of the stability due to an RT-induced pain response was present in 75% of symptomatic primary unstable SBM in our analysis (117/157; partial response 40%, complete response 35%).

A shift in stability from stable to (potentially) unstable according to both scores was only rarely observed following RT (see Table 2). In SINS, a Karnofsky Performance Score of less than 70% had a statistically significant association with worse stabilization probability in the univariate mixed ordinal logistic regression for patients still alive 6 months after palliative RT (see Table 3A); in contrast, no predictive factors could be identified for the Taneichi Score in patients still alive 3 and 6 months after palliative RT that could prospectively predict stabilization of primarily unstable SBM (see Table 3B).

When comparing the two stability scores, absolute agreement both before and at 3 and 6 months after RT was high (78, 71, and 73%, respectively), but Cohen’s kappa coefficients were low due to inhomogeneous marginal frequencies (0.35, 0,41 and 0,44, respectively).



Skeletal-Related Events

Pathologic fractures were detected in 38% of SBM prior to RT (106/282). Up to 6 months after RT, new fractures and progressive sintering of pre-existing fractures within the vertebral bodies were observed in 3% (8/282) and 8% of SBM (22/282), respectively. According to SINS and Taneichi Score, the majority of these post-RT fractures were already initially assessed unstable (90 and 87%, respectively).

Most patients with post-RT fractures received osteoprotective therapy with bisphosphonates or RANK ligand inhibitors (90%) and had already been provided with a corset (66%) before the fracture. Associated pain was reported in 67% of post-RT fractures (20/30 SBM). In addition to post-RT fractures, three SBMs were locally progressive at follow-up with a need for re-irradiation due to new neurological deficits, resulting in an overall SRE proportion of 12% (33/282 target volumes). The presence of an initial pathological fracture in the irradiated area resulted in increased SRE proportions compared to unfractured metastatic lesions (21 vs. 6%). Furthermore, SINS-based initial vertebral body instability was significantly associated with the occurrence of SRE after palliative RT (p = 0.046, OR 3.38, 95% CI 1.02–11.22, Wald test), which was the case in 14% of primary unstable SBM (30/217) compared to only 5% of primary stable SBM (3/65). In contrast, this association could not be shown for the Taneichi-based instability criterion (p = 0.22, OR 1.97, 95% CI 0.66–5.81, Wald test).



Overall Survival

For the entire study population, median OS after first palliative RT of SBM amounted to 4.8 months (95% CI 3.8–6.0 months); the corresponding 6-, 12-, and 24-month OS was 42% (95% CI 36–49%), 29% (95% CI 23–35%), and 12% (95% CI 8–17%), respectively. Our analysis showed significantly worse OS after first RT for patients with Karnofsky Performance Scores below 70% compared to patients with scores of ≥70% (p < 0.001) (see Figure 1).




Figure 1 | Kaplan-Meier estimate of overall survival (OS) after first radiotherapy stratified by Karnofsky Performance Score (KPS) <70 vs. ≥70. OS was significantly better for patients with a KPS of ≥70% (p < 0.001, log-rank test).



Tumor histology was significantly associated with OS after palliative RT of SBM, with breast cancer patients having a considerably better prognosis than lung cancer patients (p < 0.001, median OS 12.9 months vs. 3.2 months) (see Figure 2).




Figure 2 | Kaplan-Meier estimate of overall survival after first radiotherapy stratified by tumor histology. OS was significantly better for breast cancer patients compared to lung cancer patients (p < 0.001, log-rank test).






Discussion

Vertebral instability of SBM represents a key indication for palliative RT, which aims to support recalcification and to improve bone stability. Despite the clinical significance, data on RT-induced stabilization of primarily unstable SBM are limited (18). In particular, the role of stability scores in the context of assessing radiation-induced stabilization remains largely unknown (8).

In our dataset, palliative RT of primarily unstable SBM rarely lead to stabilization in lung cancer patients, whereas nearly half of unstable SBM of breast cancer patients re-stabilized within 6 months after RT. Regarding OS after RT, our evaluation showed significant differences between patients with osseous metastatic lung and breast cancer (median OS 12.9 months vs. 3.2 months). Consequently, the likelihood of stabilization of primarily unstable SBM depends to a large extent on the prognosis of the patients, as recalcification of osteolytic SBM is not expected before 3–6 months after palliative RT (19).

Thus, the relevance of stabilization of unstable SBM is higher for patients with a median OS exceeding 6 months. In our study, tumor histology and the Karnofsky Performance Score were found to be the crucial prognostic factors for OS, which is consistent with the results of previous studies predicting OS in patients with bone metastases (20, 21). Differences in recalcification and stabilization rates between different tumor entities are to a large extent due to the different prognoses, but other factors may also play important roles, such as the individual radiation sensitivity of the respective tumor cell types, the individual tumor microenvironment, the radiation dose or simultaneous systemic treatments. To date, the exact underlying mechanism of radiation-induced recalcification of osteolytic bone metastases remains incompletely understood.

For patients with a low chance of achieving bone stability 6 months after conventional palliative RT, alternative approaches to improve metastatic spinal stability may be considered. For such situations, further dose escalation in the bone metastases through simultaneous integrated boost (i.e., hypofractionated ablative radiotherapy) or even stereotactic body radiotherapy (SBRT) may be promising options. Dose escalation strategies have the potential to improve stabilization in patients with unstable SBM, particularly in patients with good life expectancy and SBM from tumor entities with a relatively low chance of bone stability at 6 months or those with oligometastatic disease. However, potential benefits of SBRT must be balanced against the increased risk of side effects such as fractures or neurologic deficits (22, 23). Surgical stabilization options may also become more relevant to patients. However, compared to SBRT or conventional palliative RT, surgery may interrupt necessary systemic treatments for a considerable time due to perioperative comorbidities.

In assessing vertebral body stability, our analysis showed a relatively good agreement between the SINS and Taneichi scores, with slightly better stabilization rates as assessed by the SINS. This is primarily explained by the inclusion of clinical assessment parameters. Therefore, improved stability scores in our evaluation were also measured by the SINS in case of only a pain response in the absence of recalcification. Nevertheless, our study has shown that previously reported stabilizing effects of palliative RT, based on the Taneichi Score, can be transferred relatively well to the SINS (9, 11, 13, 14, 16, 18, 24). In spinally metastasized head-and-neck tumors, a recent publication assessed stability also on the basis of the SINS (8).

For the SINS, a Karnofsky Performance Score of less than 70% had a statistically significant negative association with the probability of stabilization in our analysis for patients still alive at 6 months after palliative RT. This can be potentially explained by a reduced physical activity of patients with reduced performance, which could negatively impact bony mineralization. In contrast to the results of a recently published study, we could not identify any predictive factors for the Taneichi score in patients still alive at 3 and 6 months after palliative RT that could predict stabilization of primarily unstable SBM (24).

In our study population, pathologic fractures of unstable SBM were shown to be a common clinical problem before starting irradiation. After palliative RT, SRE occurred in 12% of irradiated SBM due to new fractures (3%), progressive fractures (8%), and local progression with the need for re-irradiation (1%). Most post-RT fractures occurred in patients with initial fractures and unstable SBM, and two-thirds of patients with a post-RT fracture reported associated pain. In the literature, secondary fractures, spinal cord compression, and re-irradiation rates after palliative multifractional RT were reported in 2–5, 4–6, and 7–9% of cases, respectively (25–28). The higher number of fractures in our study population can be explained by the high proportion of initially complicated SBM that were not adequately considered in the landmark studies and large literature reviews (25–28).

The presence of a pathologic fracture prior to RT resulted in an increase of SRE in our analysis compared to unfractured metastatic bone (21 vs. 6%). Furthermore, SINS-based initial vertebral instability was found to be significantly associated with the occurrence of SRE, whereas no such association could be demonstrated for Taneichi-based vertebral instability.

Our study has some limitations, especially considering the retrospective character of this patient cohort. For instance, data on clinical factors that may influence bone stabilization and fracture probability such as, e.g., osteoporosis, medication or physical activity could not be systematically collected in our cohort. Furthermore, patients’ quality of life could not be assessed retrospectively and requires further prospective investigation. Our evaluation did not include cervical and sacral SBM, as the Taneichi Score is only validated for osteolytic thoracic and lumbar SBM.

For this analysis, we intentionally included only patients who had not received RT in recent years to exclude potential effects of modern systemic therapies such as immunotherapy on bony remineralization. Thus, as a result of improved survival, SRE and stabilization rates of patients with more recently treated unstable SBM may be higher than reported here. Therefore, the current analysis intends to serve as baseline examination for subsequent histology-specific stability analyses of SBM irradiated in recent years.

In summary, the choice of radiation dose and fractionation should take into account not only the therapeutic goal but also clinical factors such as patients’ general condition and comorbidities, the extent of metastatic disease, and the overall prognosis of the patients, since significant recalcification of osteolytic SBM can first be detected at 3–6 months after palliative RT. The results of our retrospective evaluation support the urgent need to initiate prospective studies to systematically assess irradiation effects and complication rates (SRE) as a function of initial SINS-based vertebral body instability in the era of modern systemic therapies.



Conclusion

Our analysis showed a relatively high agreement between two widely available clinical stabilization scores. The data published so far based on the Taneichi score can therefore be transferred relatively well to the SINS. However, compared to the SINS, the Taneichi Score has some important limitations (i.e., validation only for osteolytic SBM and thoracolumbar lesions), so the SINS should be further considered in future studies on the stabilization effects and complications of palliative RT in SBM. In this regard, initial vertebral body instability according to SINS and pre-existing fractures seemed to increase the risk for SRE after RT.
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Aim

The efficacy of low-dose fractionated radiotherapy (LDFRT) and chemotherapy (CHT) combination has large preclinical but little clinical evidence. Therefore, the aim of this review was to collect and analyze the clinical results of LDRT plus concurrent CHT in patients with advanced cancers.



Methods

A systematic literature search was conducted on PubMed using the PRISMA methodology. Only studies based on the combination of LDFRT (< 1 Gy/fraction) and CHT were included. Endpoints of the analysis were tumor response, toxicity, and overall survival, with particular focus on any differences between LDFRT-CHT and CHT alone.



Results

Twelve studies (307 patients) fulfilled the selection criteria and were included in this review. Two studies were retrospective, one was a prospective pilot trial, six were phase II studies, two were phase I trials, and one was a phase I/II open label study. No randomized controlled trials were found. Seven out of eight studies comparing clinical response showed higher rates after LDFRT-CHT compared to CHT alone. Three out of four studies comparing survival reported improved results after combined treatment. Three studies compared toxicity of CHT and LDFRT plus CHT, and all of them reported similar adverse events rates. In most cases, toxicity was manageable with only three likely LDFRT-unrelated fatal events (1%), all recorded in the same series on LDFRT plus temozolomide in glioblastoma multiforme patients.



Conclusion

None of the analyzed studies provided level I evidence on the clinical impact of LDFRT plus CHT. However, it should be noted that, apart from two small series of breast cancers, all studies reported improved therapeutic outcomes and similar tolerability compared to CHT alone. 



Systematic Review Registration

www.crd.york.ac.uk/prospero/, identifier CRD42020206639.





Keywords: chemo-sensitization, low-dose radiotherapy, systematic review, clinical trials, combined modality treatment



Introduction

Conventionally fractionated curative radiotherapy (RT) is delivered in 1.8–2.0 Gy daily fractions. Conversely, low-dose fractionated RT (LDFRT) is defined as the use of very small dose per fraction (< 1.0 Gy). In some experimental models, LDFRT resulted more effective than predicted by the linear quadratic model in terms of improved cell kill (1, 2). In particular, in vitro experiments showed this phenomenon in several cell lines (3–5). Interestingly, the higher efficacy of LDFRT was confirmed in human cells by several laboratories using different assay techniques, conditions of cell growth, handling, and irradiation (1). On the contrary, a relative tumor cell radiation resistance was recorded when higher doses per fraction were used (6). The low-dose hyper-radiation sensitivity (HRS) phenomenon has been interpreted on the basis of a threshold effect in radiation-induced damage repair. In fact, DNA-repair mechanisms are triggered only above certain dose levels, while lower doses are ineffective in arresting irradiated cells in the G2 cell-cycle phase (7, 8).

The peculiar efficacy of LDFRT has been interpreted also on the basis of immunological mechanisms. For example, Klug and colleagues (9) reported that local LDFRT produces efficient recruitment of tumor-specific T cells in human pancreatic carcinomas with T-cell-mediated tumor rejection and prolonged survival in otherwise immune refractory spontaneous and xenotransplant mouse tumor models. The authors used one single fraction with doses ranging between 0.5 and 6.0 Gy. They observed that the number of intratumoral T lymphocytes was higher after irradiation with the lowest dose (0.5 Gy) (9). Based on this preclinical evidence, LDFRT was tested also in a clinical study (10).

Concurrent chemoradiation is a standard treatment option in several tumors since CHT is able to act as a radiosensitizer. Interestingly, when delivered as LDFRT, also RT may act as a chemosensitizer. This peculiar synergistic effect of LDFRT and CHT was demonstrated by several preclinical studies, in different cell lines, and using different drugs such as cisplatin, carboplatin, docetaxel, and paclitaxel (11–15). It is worth noting that LDFRT-induced toxicity is significantly lower compared to conventional fractionation or hypofractionation. This higher tolerability allows LDFRT to be associated with “full-dose” CHT, with a clear benefit in terms not only of local response but also of systemic tumor control (16).

Considering these aspects, interest in the combination of LDFRT with CHT in the clinical management of cancer patients grew. LDFRT was proposed as a new systemic agent labeled with an “r” (e.g., gemcitabine plus LDFRT: rG) (17). Although some preliminary studies suggested the effectiveness of this combination (16, 17), randomized trials, meta-analyses, and systematic reviews on this topic are lacking. Therefore, the aim of this review was to collect and analyze the results of LDFRT plus CHT, currently available in literature, in terms of tumor response, clinical outcomes, and treatment tolerability.



Methods And Materials

Our systematic review protocol was registered (registration number: CRD42020206639) within the International Prospective Register of Systematic Reviews (PROSPERO, www.crd.york.ac.uk/prospero/) on 31 August 2020.


Inclusion Criteria

Human studies of any design, without limitations in terms of the number of enrolled patients, and based on LDFRT plus CHT combination, were included. Studies based on LDFRT without concurrent CHT were excluded. No restriction about total delivered dose, biological effective dose (BED), and RT technique was imposed.



Outcome Measures

We reported the main findings of the analyzed papers with particular focus on clinical tumor response, overall survival, and treatment-related toxicity. Moreover, any differences between LDFRT-CHT and CHT alone were recorded and reported.



Bibliographic Search

We conducted a search based on PubMed from the earliest date to 20 May 2020. In our review, we considered only studies published in the English language. We used various combinations of the subsequent terms in PubMed such as low-dose, radiotherapy, ultra-fractionation, hyper-radiation-sensitivity, chemosensitization, concurrent, and chemotherapy. Finally, the following two search strategies were used in PubMed: i) low-dose[All Fields] AND (“radiotherapy”[Subheading] OR “radiotherapy”[All Fields] OR “radiotherapy”[MeSH Terms]) AND concurrent[All Fields] AND (“drug therapy”[Subheading] OR (“drug”[All Fields] AND “therapy”[All Fields]) OR “drug therapy”[All Fields] OR “chemotherapy”[All Fields] OR “drug therapy”[MeSH Terms] OR (“drug”[All Fields] AND “therapy”[All Fields]) OR “chemotherapy”[All Fields]); and ii) “hyper radiation sensitivity” OR ((“ultrafractionation” OR “ultrafractionated”) AND (“radiotherapy” OR “irradiation” OR “radiation”)) OR (“chemosensitization” AND (“radiotherapy” OR “irradiation” OR “radiation”)). We found 396 studies with the first strategy and 253 with the second one. We removed duplicates, and we made the first selection based on titles and abstracts. Moreover, a further search through the references of the selected studies was performed. After reading the full-text articles, six studies were excluded: three used the term “ultrafractionation” or “low-dose RT,” but the delivered dose/fraction was ≥ 1 Gy; two studies did not use LDFRT plus CHT combination, and one study reported duplicated patients. Finally, 12 articles fulfilled our criteria (16–27).



Study Selection and Quality Assessment

We used the PRISMA guidelines as a guide to select the items to be included within the review (28, 29). Title, abstract, and keywords of the identified articles were independently analyzed by two researchers (ES, AZ), and disagreements were solved by the senior author (AM). Potentially eligible studies were retrieved, and full-text evaluation was performed based on the inclusion and exclusion criteria by two different authors (ES, AZ) with disagreements resolved by consensus-based discussion. Subsequently, the following data were collected independently by two authors (ES, MB) from each article, with disagreements resolved by the senior author (AM): authors’ name and year of publication, study design, accrual period, patients and setting, treatment (LDFRT and CHT), and main outcomes. Papers were evaluated based on the ROBINS-I Risk of Bias tool (30). Two reviewers (ES, AZ) assessed the quality of the included studies, and discrepancies were resolved on agreement.




Results


Search Results

Twelve articles (16–27) including 307 patients fulfilled the inclusion criteria for this review. Accrual period of all the studies ranged from 2000 to 2014. Details on the analyzed studies are reported in Table 1, while the flowchart of the literature search process is shown in Figure 1.


Table 1 | Studies characteristics.






Figure 1 | Process of paper selection.





Study Design and Risk of Bias

Two studies were retrospective (22, 26), one was a prospective pilot trial (18), six were phase II studies (16, 19, 21, 23, 25, 27), two were phase I trials (20, 24), and one was a phase I/II open label study (17). No randomized controlled trials were found. All were considered to own moderate to serious risk of bias according to the ROBINS-I tool (30). Appendix 1 shows the risk of bias rating per study based on the ROBINS-I tool.



Analysis of the Selected Studies


Treated Tumors

The characteristics and stage of primary tumors in the analyzed papers are shown in Table 1.



Patients and Treatment

Patients’ median age ranged from 21 to 84 years (median 57.6) (16–18, 20, 22–26). Median follow-up ranged from 6.5 to 48 months (median: 22.5 months). The RT total dose ranged from 1.6 to 67.5 Gy. CHT was based on different schedules depending on tumor features. RT details and CHT schedules are shown in Table 1.



Evaluations

Response was reported in different ways in all the studies (16–27), while overall survival (OS) rates were reported in six studies (18, 19, 21–23, 27). Toxicity was reported in 11 studies (16–21, 23–27), mainly using the Common Toxicity Criteria for Adverse Events scale (31).



Treatment Results

Toxicity results are shown in Table 2. In most studies, the treatment was reasonably tolerated, despite obvious differences due to the different used CHT regimens (16–21, 23–27). In the phase II trial conducted by Beauchesne et al. (19) on LDFRT plus temozolomide in glioblastoma multiforme (GBM), three cases of fatal adverse events were reported: one due to hematological toxicity and two due to pulmonary infections. Moreover, Regine and colleagues (17), in their trial on gemcitabine plus LDFRT in pancreatic and small bowel cancers, reported one grade 3 infection out of six patients treated with 0.6 Gy/fraction and one grade 3 infection and one grade 3 diarrhea out of four patients treated with 0.7 Gy/fraction. Table 3 reports details on tumor response and outcome. The results are very inhomogeneous as expected considering the different treated tumors and clinical settings.


Table 2 | Toxicity.




Table 3 | Response and outcome.





Comparisons

Among all the studies included in our review, only Morganti and colleagues compared irradiated (LDFRT) and non-irradiated sites in patients with metastatic colorectal cancer treated with FOLFIRI-Bevacizumab (23). The authors reported 83.4% and 33.3% overall response rate (ORR) in irradiated and non-irradiated metastases, respectively (p: 0.02). Moreover, the 2-year progression rate was 63.9% and 31.2% in irradiated and non-irradiated sites, respectively (p: 0.08) (23). In other publications, the results of LDFRT-CHT were compared to those of CHT alone as reported in other studies (Table 4) (16–22, 24–27).


Table 4 | Comparisons with chemotherapy alone.







Discussion

To the best of our knowledge, this is the first review of clinical studies on combined LDFRT plus CHT. Five studies compared clinical response rates after LDFRT-CHT with literature data on CHT in similar patients, reporting higher ORR rates (16, 21, 23, 26, 27). Similarly, four studies compared OS after LDFRT-CHT and reported improved outcome compared to CHT alone (17, 19, 20, 22). Finally, four studies compared toxicity after LDFRT plus CHT versus CHT alone reporting similar adverse event rates (16, 21, 24, 25). Interestingly, clinical findings regarding LDFRT-CHT were published in 12 studies between 2004 and 2017, and no further studies were published thereafter. The lack of prospective studies, moreover with no control groups, could explain the disinterest in this combined modality therapy.

However, in most cases, the analyzed studies included only patients undergoing LDFRT plus CHT, without direct comparisons with patients undergoing CHT alone. In fact, differences were almost always tested against CHT results from other published studies.

Arnold et al. (16) reported higher ORR (90%), in advanced head and neck squamous cell carcinoma treated with LDFRT plus CHT, compared to literature data (55–75%) on similar patients treated with the same drug combination (carboplatin plus paclitaxel) (32–35). Regine et al. (17) reported prolonged OS after LDFRT plus gemcitabine, in locally advanced pancreatic adenocarcinoma, compared to literature data (36, 37) on gemcitabine alone (median OS: 11 months versus 4.8–5.6 months, respectively). Konski et al. (20) reported on locally advanced pancreatic cancer, with or without small burden metastatic disease, recording improved OS after LDFRT plus erlotinib and gemcitabine (9.1 months) compared to a study on erlotinib and gemcitabine alone (6.2 months) (38). Mattoli et al. (22) reported prolonged median OS in stage IIIA-IIIB non-small cell lung cancer treated with LDFRT plus concurrent induction CHT compared to another study (39) based on induction CHT alone in a similar patient population (median OS: 51 months versus 12.5 months, respectively). Beauchesne et al. published the results of their phase II trial (19) on inoperable GBM treated with LDFRT plus temozolomide reporting 16 months median OS. Surprisingly, this result is at least comparable with the outcome (median OS: 14.6 months) recorded in the EORTC/NCIC trial after standard RT plus temozolomide in patients with resected disease (40). Mantini et al. (21) reported 42% ORR and 17 months median OS in stage III-IV non-small cell lung cancer treated with LDFRT plus concurrent pemetrexed. These results were better compared to 9.1% ORR and 8.3 months median OS recorded in a similar patient population treated with pemetrexed alone (41). Valentini et al. (26) reported higher response rates in patients with lung (ORR: 41.6%) and head and neck cancer (ORR: 57%) treated with LDFRT-CHT compared to literature data on lung (ORR: 5–10%) (42, 43) and head and neck tumors (ORR: 10–35%) (44–47) treated with CHT alone (similar regimens). Das et al. (27) reported 100% ORR and 100% 2-year OS in locally advanced carcinoma of the uterine cervix treated with LDFRT plus induction CHT followed by radical chemoradiation. These figures were higher compared to the ones registered in a similar patient population treated with the same CHT induction regimen followed by standard chemoradiation (48). Only two studies did not show improved results after LDFRT plus CHT compared to CHT alone. In fact, Nardone et al. (24, 25) treated stage IIA/B-IIIA breast cancer patients with LDFRT plus CHT and reported similar response rates compared to CHT alone. However, it should be noted that the sample size of these studies was particularly small, with only 10 (24) and 21 patients (25) enrolled, respectively.

In terms of toxicity, Arnold et al. (16), Nardone et al. (24, 25), and Mantini et al. (21) reported similar toxicity profile in patients treated with LDFRT plus CHT compared to studies on CHT alone. Moreover, Balducci et al. (18) reported lower toxicity rates with LDFRT plus CHT compared to similar patient groups with recurrent GBM (49, 50) treated with several different approaches (second-line CHT, re-irradiation, re-resection). The worse complications recorded in the analyzed papers were reported in Beauchesne et al.’s (19) and Regine et al.’s studies (17). The first series included GBM patients treated with LDFRT plus temozolomide. Three cases of fatal adverse events were recorded: one after severe hematological toxicity and two due to pulmonary infections (19). It should be noted that these complications are not uncommon in patients treated with temozolomide alone. In particular, pneumonitis can occur when prophylactic treatment against pneumocystis carinii infections is not prescribed. In the second study, based on LDFRT plus gemcitabine in pancreatic and small bowel cancers, two grade 3 infections and one grade 3 diarrhea were reported (17). The irradiation of the entire upper abdomen could almost partially explain these adverse events.

A comparison within the same study between LDFRT-CHT and CHT was reported only by Morganti et al. As previously described, after CHT based on the FOLFIRI-bevacizumab regimen, the ORR rate was 83.4% in metastatic lesions undergoing LDFRT and 33.3% in non-irradiated lesions (p: 0.02) (23).

This review has several limitations including lack of randomized trials, heterogeneity of the study design with inclusion of two retrospective studies (22, 26), small sample size with a median number of 23 patients per study (range: 6-44) and four studies with less than 20 patients, and heterogeneity in terms of tumor and treatment characteristics. More specifically, the outcome results reported in two phase I (24) and phase I/II (17) trials, each enrolling only 10 patients, must be interpreted with caution due to the very small sample size. The usefulness of a literature review with these limitations could be debatable. However, due to lack of evidence from large prospective trials, we considered it useful to review the available data. Furthermore, it should be emphasized the uniformity between the analyzed series in terms of results, since all studies reported better outcomes after LDFRT-CHT compared to CHT alone, apart from two small studies on breast cancer (24, 25).

Based on the low level of evidence of the selected studies, the use of LDFRT-CHT in current clinical practice does not seem justified. However, especially in advanced cancers resistant to systemic therapies, enrollment of patients in prospective studies would be useful.

Further studies in this field could have the following design or aims: (i) randomized comparison between LDFRT-CHT versus CHT alone; (ii) definition of the optimal dose and fractionation in LDFRT-CHT; (iii) definition of the optimal CHT regimens in this setting; and (iv) evaluation of LDFRT plus immunotherapy combination, given some evidence on the immune-enhancement effect of LDFRT (51).
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Objectives

The purpose of this study is to independently compare the performance of the inverse planning algorithm utilized in Gamma Knife (GK) Lightning Treatment Planning System (TPS) to manual forward planning, between experienced and inexperienced users, for different types of targets.



Materials and Methods

Forty patients treated with GK stereotactic radiosurgery (SRS) for pituitary adenoma (PA), vestibular schwannoma (VS), post-operative brain metastases (pBM), and intact brain metastases (iBM) were randomly selected, ten for each site. Three inversely optimized plans were generated for each case by two experienced planners (OptExp1 and OptExp2) and a novice planner (OptNov) using GK Lightning TPS. For each treatment site, the Gradient Index (GI), the Paddick Conformity Index (PCI), the prescription percentage, the scaled beam-on time (sBOT), the number of shots used, and dosimetric metrics to OARs were compared first between the inversely optimized plans and the manually generated clinical plans, and then among the inversely optimized plans. Statistical analyses were performed using the Student’s t-test and the ANOVA followed by the post-hoc Tukey tests.



Results

The GI for the inversely optimized plans significantly outperformed the clinical plans for all sites. PCIs were similar between the inversely optimized and clinical plans for PA and VS, but were significantly improved in the inversely optimized plans for iBM and pBM. There were no significant differences in the sBOT between the inversely optimized and clinical plans, except for the PA cases. No significant differences were observed in dosimetric metrics, except for lower brain V12Gy and PTV D98% in the inversely optimized plans for iBM. There were no noticeable differences in plan qualities among the inversely optimized plans created by the novice and experienced planners.



Conclusion

Inverse planning in GK Lightning TPS produces GK SRS plans at least equivalent in plan quality and similar in sBOT compared to manual forward planning in this independent validation study. The automatic workflow of inversed planning ensures a consistent plan quality regardless of a planner’s experience.





Keywords: inverse planning, Gamma Knife Icon™ ®, GammaPlan®, Gamma Knife® Lightning, stereotactic radiosurgery (SRS), pituitary adenoma, vestibular schwannoma, brain metastases (BM)



Introduction

The Leksell Gamma Knife (GK) is considered an effective stereotactic radiosurgery (SRS) platform for various cranial diseases. Although initially designed for small and well-circumscribed lesions, such as targets in functional brain surgery or solitary brain metastasis (1), GK continues to evolve with advanced technologies of variable collimator sizes, motor-driven sector, and image-guided cone-beam CT (CBCT), to allow for SRS for targets of non-spherical and irregular shapes. There have been excellent clinical outcomes reported on the management of post-operative brain metastases (2), acoustic neuroma (3), pituitary adenoma (4), and arteriovenous malformations (5) using GK SRS.

During an SRS treatment delivered by a GK Perfexion/ICON™ unit, 8 sectors with 60Co sources can be independently modulated with collimators of three different sizes to achieve a variable irradiated volume at the isocenter. A patient receiving GK SRS is supported and moved by a high-precision treatment couch which aligns the irradiation focal point to a pre-defined cranial location, and the radiation is delivered at the location with a given set of collimators, which is usually referred as a “shot”. A single shot or multiple shots with various weights can be used to achieve desired coverage or conformity for targets of different volumes or shapes. The treatment planning for GK SRS is therefore defined as the adjustments of collimator selection, isocenter location, and relative weight of multiple shots to create a GK SRS plan that meets the pre-defined requirements.

Traditionally, the design of a GK SRS plan is performed manually, in a forward, trial-and-error approach. The quality of a GK SRS plan generated in this approach significantly relies on the prior experiences of a planner, the time and effort spent on planning, and different planning approaches applied among various planners. Hence, the plan quality of a GK SRS plan usually suffers from inter-planner variabilities and it is often challenging to ensure consistent plan quality. In addition, the improvement of plan quality of GK SRS plans is usually accompanied by the inflation of beam-on time (BOT) (6) which could result in prolonged treatment time and patient discomfort. Therefore, it is desirable to have an efficient and effective automatic treatment planning system available for clinical application independent of planner’s experiences to assure consistent plan quality for GK SRS.

Multiple inverse planning approaches have been proposed for GK SRS using morphology guided (7), non-linear programming (8), multiresolution-level (9) techniques. Whereas these approaches presented promising results, they were never integrated with the treatment planning system (TPS) thus not ideal for real-time clinical application. More recently, a new inverse planning technology has become clinically available in the latest GK Lightning TPS which enables an automatic workflow for GK treatment planning with minimum manual inputs (10). While the initial study performed by the vendor has demonstrated encouraging results, only two independent studies on GK Lightning have been recently published (11, 12), and independent evaluations of the inverse planning technology with broader clinical relevance are still in need. In the current manuscript, we aim to evaluate this new inverse planning technology by comparing the inversely optimized plan generated with this technology to clinically approved forward-based plans for a variety of disease types. The inversely optimized plans generated by different planners with various experience levels were also compared for all plans to assess the readiness of this new technology.



Materials and Methods

Patients treated with GK SRS at our institution for pituitary adenoma (PA), vestibular schwannoma (VS), postoperative surgical bed of brain metastases (pBM), and intact brain metastases (iBM) were randomly selected for this retrospective, institutional IRB approved (Pro2018000227) study.

Per departmental protocol, series of T1- and T2-weighted MRI were acquired prior to treatment planning. Gross tumor volumes (GTVs) were contoured as radiographic enhancements on contrast-enhanced T1-weighted FSPGR MRI in 1.5mm axial cuts, and verified on an independent series of contrast-enhanced T1-weighted MRI in coronal cuts. Clinical target volumes (CTVs) were the same as GTVs, except for post-operative brain metastasis cases, where there was no GTV and a CTV was created by adding a 2-mm isotropic margin to a surgical cavity. All the selected clinical plans were initially treated with frame fixation and therefore setup margin was not used. Therefore, planning target volumes (PTVs) was identical to CTVs. The original clinical plans were manually designed to achieve at least 99% target coverage by prescribed doses, unless at the discretion of physicians. The dose constraints to organs-at-risk (OARs) were strictly followed with AAPM Task Group report 101 (13), that D0.035cc<10 Gy and D0.2 cc<8 Gy for the optical apparatus, D0.035cc<15 Gy and D0.5cc<10 Gy for the brainstem, and D0.035cc<9 Gy for the cochlea.

To compare the differences between the manual forward planning and the new inverse planning technology, each patient was replanned by two experienced planners (OptExp1 and OptExp2) and one novice planner (OptNov) utilizing the inverse planning technology in the GK Lightning TPS (10). The experienced users have at least 5 years of GK planning experience, while the novice planner has less than 3 months experience. The implementation of the inverse planning technology was discussed in detail by Sjölund et al. (10). Briefly, a cost function is first constructed to include various planning objectives defined by a planner, including the prescription dose coverage of multiple targets, the maximum dose delivered to targets and OARs, low dose spillage, and BOT, in order to encourage higher target coverage and lower selectivity and to penalize higher dose to the OARs and longer BOT. The optimizer then adjusts the position and weight of each shot by minimizing the cost function using linear programming until an optimal solution to the cost function is achieved. Neither shot placement nor shot opening selection is required prior to optimization. Furthermore, multiple targets could be inversely optimized at the same time.

In this study, the same original clinical plan prescription dose was chosen to cover the target, and target coverage was selected as a mandatory constraint. Similarly, the maximum dose to OARs was defined using the same dose constraints as the approved clinical plan. There were no new requirements on the weights of low dose spillage or BOT, for both the weights were frequently adjusted by a planner in a trial-and-error approach. Manual modifications of shot position and weight after the optimization were allowed to either increase target coverage or reduce OAR dose, if necessary. The planning goal was to achieve at least 99% target coverage and as good a Paddick Conformity Index (PCI) (14) and Gradient Index (GI) (15) as possible, with the goal of PCI > 0.75 and GI < 3. In order to compare the BOT between the clinical and inversely optimized plans generated at different dose-rates, the BOTs were scaled to the same dose rate of 3.5 Gy per minute (sBOT).

The inversely optimized plans were compared to the original clinical plan using several metrics including target coverage, prescription percentage, PCI, GI, sBOTs, number of shots, and number of different utilized sectors. The prescription percentage is defined as the percentage of the dose maximum that is normalized with the prescription dose. D0.035cc and D0.5cc of the brainstem, D0.035cc of the optic chiasm/nerves, and the ipsilateral cochlea were evaluated if these OARs were present. Furthermore, V12Gy of the brain was also included for analysis for postoperative and intact brain metastases cases.

For each disease site, the Student’s t-test was first applied to compare the metrics between clinical and inversely optimized plans. Specifically, the Chi-square test was used to demonstrate if there was any difference in the numbers of sectors used per plan. Then, the one-way ANOVA test was performed to determine if there were any differences in the metrics among the inversely optimized plans created by different planners, followed by the post-hoc Tukey Test to determine the metrics of which specific inversely optimized plans were different. A p-value less than 0.05 was considered statistically significant.



Results


Dosimetric Metrics

Forty patients treated with GK SRS were identified from our institutional database with 10 patients for each of the pre-defined disease sites. The prior clinical plans were all manually generated without using any optimization algorithms. All optimized plans generated using the inverse planning technology of the GK Lighting TPS were reviewed to ensure that target coverage and dosimetric OAR constraints all met the clinical criteria. Although manual modification was allowed, none of the planners reported necessity of manual tweaking of shots, since all dosimetric criteria were met after iterative inverse optimization. A comparison of dose distribution and shot placement between the clinical plan and inversely optimized plan for a representative pBM case is shown in Figure 1. Compared to the clinical plan, the inversely optimized plan has similar coverage, but greater number of shots with different isocenters.




Figure 1 | An example of prescription dose coverage and shot placement in (A) clinical plan and (B) inversely optimized plan. The surgical cavity is delineated in orange, and the CTV is in red. The blue lines represent the shots, and the yellow lines represent the isodose lines of the prescription dose.





Results for Each Site

Figure 2, Tables 1 and 2 summarized the comparison of plan qualities among the inversely optimized and clinical plans for patients treated for PA, VS, pBM, and iBM.




Figure 2 | Boxplots of the plan qualities among the inversely optimized and clinical plans for all sites. PA, pituitary adenoma; VS, vestibular schwannoma; pBM, post-operative brain metastases; iBM, intact brain metastases; GI, gradient index; PCI, Paddick Conformity Index; RxPercentage, prescription percentage; sBOT, scaled beam-on time.




Table 1 | Summary of the target metrics among the inversely optimized and clinical plans for all sites.




Table 2 | Summary of the dosimetric metrics among the inversely optimized and clinical plans for all sites.



For PA cases, the GI and sBOT were both significantly improved in the inversely optimized plans at the expense of larger number of shots utilized per plan compared to the corresponding clinical plans. No significant differences were observed for any other metrics between the inversely optimized and clinical plans. The results of the ANOVA test indicated that there were no differences in the metrics among the inversely optimized plans by the three planners, except that GIs in the inversely optimized plans created by the novice planner were significantly lower than those in the inversely optimized plans by the two experienced planners.

For VS cases, the low dose spillages were better controlled with significantly lower GIs in the inversely optimized plans compared to the clinical plans, whereas the numbers of shots used per plan were also significantly higher in the inversely optimized plans. No other statistically significant differences in the other metrics were observed between the inversely optimized and clinical plans. Furthermore, all three inversely optimized plans had similar metric values with the only significant differences observed in the PCIs.

For pBM cases, the inversely optimized plans presented better plan qualities with significantly higher PCI and lower GI, but more shots per plan compared to the clinical plans, and there were no significant differences observed among the three inversely optimized plans. For each PTV treated in the iBM cases, despite all PTVs covered with at least 99% of prescription dose, there were significant differences in D98% of PTV, PCI, and GI between the clinical and inversely optimized plans. The volumes of PTV in iBM cases range from 0.02 to 17.62 cc, with a mean of 2.19 cc and a standard deviation of 3.25 cc. While the inversely optimized plans had higher conformality and tighter low dose spillage, which also resulted in lower V12Gy of normal brain tissue, the clinical plans delivered higher radiation dose to the PTVs with higher D98%. These differences could probably be explained by the margin deliberately created between the prescription isodose line and PTVs during the manual planning process, especially for small brain metastases. The inversely optimized plans again presented similar plan qualities, except for that the sBOTs in the OptExp2 plans were significantly shorter than those in the OptExp1 and OptNov plans, and that the PTVs in the OptNov plans were prescribed to a significantly lower percentage isodose line.



BOT Comparison

Figure 3 summarizes the average numbers of shots and compositions of sectors in the inversely optimized and clinical plans for the four disease sites included in the study. As shown previously, the number of shots used per plan was significantly higher in the inversely optimized plans regardless of treatment sites. Furthermore, the number of shots used per target in the inversely optimized plans positively correlated with the target volume, as illustrated in Figure 4. We should also note that significantly more blocked sectors were used in the inversely optimized plans (Chi-squared test; p<0.001) than clinical plans, since planners barely used blocked sectors during the manual planning process in order to avoid the lengthening of sBOTs as a consequence of reduced effective dose rate. The reduction of effective dose rate due to the usage of blocked sector in the inversely optimized plans was compensated by more utilized shots, therefore the sBOTs in the inversely optimized plans remained no worse than those in the clinical plans.




Figure 3 | Comparison of the average number of shots and the distribution of different sectors used per plan. PA, pituitary adenoma; VS, vestibular schwannoma; pBM, post-operative brain metastases; iBM, intact brain metastases.






Figure 4 | Correlations between the increase of number of shots in the inversely optimized plans and the PTV volume. The linear regression for each site was shown in the straight line. PA, pituitary adenoma; VS, vestibular schwannoma; pBM, post-operative brain metastases; iBM, intact brain metastases.






Discussion

The results of the study revealed that inversely optimized plans generated using the new inverse planning technology in GK Lightning TPS presented comparable quality to clinically approved plans. No consistent differences between the inversely optimized plans generated by experienced and inexperienced users were observed, which implied the persistent performance of the inverse planning technology in GK Lightning TPS which was independent of planner’s experiences. Hence, the implementation of the inverse planning technology may potentially help flatten the learning curve for inexperienced users. To date, the research on the clinical applications of the inverse planning technology in GK is still limited. Wieczorek et al. (11) compared inverse plans optimized by GK Lightning with manual forward plans on 115 lesions and demonstrated that the inverse plans were comparable or superior to forward plans with regard to plan quality metrics. Spaniol et al. (12) performed similar analyses on 38 patients’ plans, as well as evaluated inter-operator variability on one plan for every pathology type. They also showed improved plan quality with GK Lightning, with minimal variability on the operator’s experience. Compared with previous studies, our study not only classified plan quality comparisons into different diagnoses with a wider range of treatment sites, but also investigated planner dependence for all forty plans. Our study provides an independent evaluation of the inverse planning technology and a comparison of GK plans created by experienced and inexperienced users with various disease sites clinically treated with GK.

Overall, the plan quality of inversely optimized plans generated with the inverse planning technology was at least equivalent to the plan quality of those manually created by experienced planners across all disease types, especially the PCI of the inversely optimized plans was significantly better in the pBM and iBM cases. This is primarily due to the nature of malignancy type of lesions and the large separation between the targets and critical organs, so that large shots were often used in forward planning for multiple brain metastases cases to reduce overall treatment time.

The traditional manual forward planning for GK is usually complex and nonintuitive, mostly due to the high degrees-of-freedom of a GK plan. Because of the high dimension of the search space (8), the plan quality of a manually created GK plan largely depends on the experience of the planner, and therefore it can be challenging for an inexperienced planner to create an acceptable GK plan. Even for plans created by experienced planners, it is very likely that these plans are not the optimal solution, especially when the target is large and complex with adjacent OARs present. It was not until the release of Leksel GammaPlan V10.0 (2010) that resolving this limitation of manual forward planning became possible with an inverse planning tool (16). This commercially available tool provides a solution with a two-step optimization process that first identifying the number and location of shots then adjusting the weighting of each shot to achieve the desired plan quality. However, the implementation of this first version of the inverse planning technology has been limited with several drawbacks. The inverse planning tool is unable to create a plan equivalent to a manual plan created by an expert planner unless the targets are regular-shaped with no adjacent OARs. Additionally, it is only suitable for the optimization of one target at a time and it doesn’t account for the existing dose spillage from nearby targets during the optimization.

The optimization technology in GK Lightning has been substantially improved from the previous version. The simultaneous optimization of multiple targets is allowed in GK Lightning and is integrated as a single-step procedure where the placement of shots and the pre-selection of sectors are no longer needed. Furthermore, prescription doses to targets and maximum doses to OARs can be specified prior to optimization, which are especially beneficial for the planning of benign cases presented with adjacent OARs. Additionally, planners only need to manipulate optimization with respect to two optimization objectives: low dose spillage and BOT. This has been simplified compared to prior versions where planners needed to specify coverage, selectivity, GI, and BOT.

We should note that the isodose line prescription percentage is implicitly determined during the optimization. Whereas the lower bound of the prescription percentage of a target is directly correlated with the maximum dose of the target, which can also be specified in the optimization, the upper bound of the prescription percentage can only be adjusted indirectly by increasing the penalty on low dose spillage. This lack of direct manipulation of the prescription percentage imposes challenges to control the dose homogeneity of a target. It has been argued that the internal hotspot created by prescribing to a lower percentage would increase the response of the central hypoxic region of the tumor and therefore result in a higher local control (17), whereas it was also reported that prescribing to a percentage of 70% or higher would not affect local control (18). Despite the lack of consensus, the optimum prescription percentage of 50% is usually preferred at our institution in order to take the advantage of the steepest dose fall-off, with up to 70% isodose line prescriptions allowed in certain cases to increase target conformity; however, when using GK Lightning for small intact brain metastases, we have noticed that the prescription isodose line could be increased to higher than 80% because of the preset penalties on lower target conformity and longer BOT. Therefore, for small intact brain metastases cases, it might be necessary to manually adjust prescription percentage or re-optimize by assigning a higher weighting to low dose spillage and lower weighting to BOT to achieve satisfactory treatment plans.

It is worth noting that the actual delivery time is the sum of the BOT and transition times between consecutive shots. The more shots used in a GK plan, the longer transition time will be added to the total delivery time. In general, inversely optimized plans have a higher number of shots, since the algorithm in the GK Lightning tends to deploy multiple shots of different sector combinations at a single location (10). Thus, the actual delivery time of an inversely optimized plan will be longer than that of a manual forward plan with similar plan quality and BOT. On average, adding one more shot in a GK plan will add an approximately 5-second transition time. Therefore, an inversely optimized plan with 30 more shots would result in additional two and a half minutes in the actual delivery time. Although the impacts are expected to be small for patients immobilized with frame fixation, this increase in the actual delivery time may affect patients treated with frameless fixation in several aspects, including higher likelihood of treatment interruptions due to the intrafraction motion and patient discomfort.

Nevertheless, the inverse planning in GK Lightning improve the workflow of GK treatment. Experienced users may find the automatic planning process advantageous to free themselves from the tedious and lengthy manual planning while focusing on other aspects that need their clinical knowledge and judgments. The overall good quality of inversely optimized plans is beneficial especially for inexperienced users, in that inexperienced users could create plans of comparable quality to those created by experienced users with similar planning time. It should be noted that manual contouring is needed for the inverse planning, thereby additional contouring time is required and should be considered for clinics where the manual forward planning is conducted without contouring.

One limitation of the study is that there was no direct comparison of the treatment planning time between the inversely optimized and clinical plans, since the study was retrospective and treatment planning times were not recorded for manually generated clinical plans. Although treatment planning time of a GK plan, regardless of whether the plan is created manually or with inverse planning, increases for more complex plans, it usually takes substantially more time to manually create plans for multiple large and irregular targets. While the planning time of a manual plan varies from 5 minutes for a single, regular brain metastasis to more than half an hour for a large post-operative cavity, the optimizing of a plan with the inverse planning usually takes less than 15 minutes, despite several iterations of re-optimization. It can be inferred from clinical experiences that the implementation of the inverse planning technology in GK Lighting will help reduce treatment planning time and improve planning efficiency.



Conclusion

The dosimetric quality of the plans inversely optimized with GK Lightning TPS are comparable to those forwardly planned by an experienced user. The performance of the inverse optimization is user independent, making the inverse planning technology in GK Lightning TPS a promising tool to enable efficient clinical workflow.
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Purpose

In radiotherapy, high radiation exposure to optic nerve (ON) can cause optic neuropathy or vision loss. In this study, we evaluated the pattern and extent of the ON movement using MRI, and investigated the potential dosimetric effect of this movement on radiotherapy.



Methods

MRI was performed in multiple planes in 5 human subjects without optic pathway abnormalities to determine optic nerve motion in different scenarios. The subjects were requested to gaze toward five directions during MRI acquisitions, including neutral (straight forward), left/right (horizontal movement), and up/down (vertical movement). Subsequently, the measured displacement was applied to patients with peri-optic tumors to evaluate the potential dosimetric effect of this motion.



Results

The motion of ON followed a nearly conical shape. By average, the anterior end of ONs moved with 10.8 ± 2.2 mm horizontally and 9.3 ± 0.8 mm vertically, while posterior end has negligible displacement. For patients who underwent stereotactic radiotherapy to a peri-optic tumors, the movement of ON in this measured range introduced non-negligible dosimetric effect.



Conclusion

The range of motion of the anterior portions of the optic nerves is on the order of centimeters, which may need to be considered with extra attention during radiation therapy in treating peri-optic lesions.





Keywords: radiation-induced optic neuropathy, MRI, optical nerve, stereotactic radiodiotherapy, radiation therapy



Introduction

Radiation-induced optic neuropathy (RION) can be a severe ocular complication in patients treated with radiotherapy (1). It often presents as an acute, profound, and irreversible loss of vision about 10-20 months after radiation exposure (2). It is believed that necrosis resulting from an overdose of radiation to the anterior visual pathway (AVP) is the primary cause of RION. Dosimetric studies have demonstrated that RION can occur when the cumulative dose to the AVP exceeds 50 Gy for conventional fractionation, or beyond 10Gy in a single fraction (2).

During radiation treatment, a planning margin, either a planning target volume (PTV) relative to clinical target volume (CTV) or planning risk volume (PRV) relative to organs at risk (OAR), is typically given to compensate for inter-/intrafractional motion and setup uncertainties. A 3-5 mm expansion is used for the optic apparatus in conventional radiation treatment, and a 0-1 mm expansion is used for single-/hypofractionated stereotactic radiosurgery (SRS). This concept is particularly crucial in SRS treatments, as the sharp dose falloff required near critical structures necessitates the reduction of small positional uncertainties that could have a sizable effect on radiation dose.

Compared to the optic chiasm (3), the range of movement for the optic nerve is known to be higher (4). Furthermore, instructing patients to fix their eyes on a single point for 5 minutes, or to close their eyes, did not significantly reduce movement (5). These findings implied the occurrence of non-negligible movement of the optic nerve, which may affect the dose exposure during radiotherapy. An accurate understanding of the magnitude of optic nerve movement is fundamental to the development of intracranial radiation treatment plans that minimize the risk of RION. The purpose of this study is to investigate the pattern and extent of optic nerve motion using serial MRI scans, and evaluate the potential dosimetric influence of this motion in representative patients with peri-optic tumors.



Methods


Human Subjects and Image Acquisition

The MRI study was approved by the Institutional Review Board at University of Virginia. Five healthy subjects without any orbital or optic apparatus abnormalities were recruited, including three young subjects (ages 24, 30, and 35 yrs., all males) and two older subjects (a 65-year-old female and a 67-year-old male). MRIs were performed on a 3T MR scanner (Siemens Magnetom Prisma, Erlangen, Germany) with a 64-channel head/neck coil. Images were taken with T2-weighted FLAIR-HASTE acquisition (duration: 50-74 seconds, resolution: 0.7 x 0.7 x 3.0 mm3, slice number 8-12 slices, TE/TR=90/3060ms, GRAPPA factor=4). All subjects were scanned in the supine position and were instructed to gaze in five different directions during MRI acquisitions: neutral (straight forward), left/right (horizontal movement), and up/down (vertical movement). Axial plane images were acquired for both eyes to assess horizontal motion and sagittal plane images of the right eyes were obtained to evaluate vertical motion. To be able to reproduce eye motion, extra scans assessing horizontal movement were taken on two different days within a 14-day window for the three younger subjects.



Motion Assessment

On day 1, a baseline was established using the acquired MRI with the eyes in the neutral position. All other scans captured at different eye positions or on different days were rigidly aligned to the baseline using Velocity (Varian Medical Systems, Palo Alto, CA). Three measurement points were created, an anterior end connecting to the globe, a posterior end connecting to the optic canal along each optic nerve, and a middle point with equal distance between the optic nerve and the anterior/posterior ends. The L-R displacement was calculated along the axial plane to represent the horizontal movement of the eyes, while the S-I motion was assessed along the sagittal plane to represent vertical movement. The reproducibility of these points was also evaluated by comparing the repeated results to the initial ones. The extent of movement was further determined from the average displacement of the optic nerve as measured in the all subjects. Finally, a new motion-inclusive model was constructed based on the pattern of physiological movement of the optic nerve established from this study using Solidworks (Dassault Systèmes, Velizy-Villacoublay).



Dosimetric Impact

To evaluate the potential dosimetric effect of optic nerve movement, three patients with peri-optic tumors (defined as a lesion within 3-5 mm of the optic nerve) were identified: Patient #1 was diagnosed with a meningioma that was treated with external beam radiation utilizing two partial arcs to a total dose of 6600 cGy in 33 fractions on a Truebeam (Varian Medical Systems, Palo Alto, CA); Patient #2, was diagnosed with a pituitary adenoma that was treated with hypofractionated stereotactic radiosurgery to a total dose of 2500 cGy in 5 fractions using the Gamma Knife Icon™ (Elekta, Stockholm, Sweden); and Patient #3, who was diagnosed with an optic nerve sheath meningioma treated with proton beam therapy to a total dose of 5220cGy RBE in 29 fractions with the Mevion S250 Proton Therapy System (Mevion Medical Systems, Littleton, MA).

The planning images (CT or MRI), plan dose, and contours were transferred to Eclipse (Varian Medical Systems, Palo Alto, CA) for direct comparison. We then further simulated the effect of optic nerve movement by creating a new estimated contour that was conically expanded from the original contour, effectively generating a motion-inclusive margin. The maximum point dose (Dmax or D0.035cc) and D0.2cc to the optic nerve on both the conventional and motion-inclusive margin models were obtained, while the Dmin to the GTV and D95 for the PTV were reported in the worst-case scenarios and then compared with the actual/original values.




Results


Representative Images Showing Movement Pattern

A representative case showing optic nerve movement in the left-right (L-R, axial plane) and superior-inferior (S-I, sagittal plane) directions is displayed in Figures 1 and 2. The middle images demonstrate the neutral position with the subject looking straight forward, while the others show the subject gazing in different directions. It is evident that the optic nerves move in the opposite direction relative to the lens. When the subject’s gaze was guided to the left, the optic nerves moved to the right, whereas when the subject was instructed to gaze upwards, the optic nerves moved downwards. Additionally, regardless of eye movement, the posterior end of the optic nerve, where it exits the optic canal, demonstrated minimal movement. Overall, the anterior end had a larger magnitude of displacement relative to the posterior end.




Figure 1 | Representative axial view images obtained from subject S1 (29-year-old male). Optic nerve structure and measurement points are shown as: the anterior end (AE) of the optic nerve connects to the globe, the posterior end (PE) connects to the optic canal, and the middle point (MP) is the midpoint of the optic nerve. It is quite evident that the anterior ends of both optic nerves move quite substantially in the opposite direction of the motion of the eyes (lens), as compared to their locations when the subject is looking straight forward (gaze middle).






Figure 2 | Representative images obtained from subject S4 (65-year-old female) for vertical movement of the eyes. Similarly, the anterior ends of both optic nerves move in the opposite direction of the vertical motion of the eyes (lens).





Motion Assessment

Movement was assessed via both horizontal and vertical movement. As shown in Table 1, the anterior end (AE) moved in the range of centimeters horizontally, with an average of 10.4 ± 2.2 mm and 11.1 ± 1.4 mm for the left and right eyes, respectively. Conversely, the posterior end (PE) had minimal movement, being within 1 mm. The middle point (MP) movement is equivalent for both eyes and is about half of the AE movement, with 5.1 ± 1.3 mm both the left and right eyes. The same motion pattern was observed regarding vertical movement. The anterior end moved with an average distance of 9.3 ± 0.8 mm going up/down, and the posterior end connecting to the optic canal showed minimal motion. From these results, it can be postulated that the optic nerve rotates around the PE, where it exits the optic canal, and moves within a conical shape, as shown in Figure 3.


Table 1 | Horizontal movement of the optic nerves.






Figure 3 | Images generated by Solidworks (Dassault Systèmes, Velizy-Villacoublay), showing the range of motion (red) for the optic nerves based on measurement of anatomy gathered from MRI of subject S1.





Repeatability:

Horizontal movement was tested in the three younger subjects (S1-S3). The mean differences were 1.1 mm for left eye and 1.2 mm for the right eye while the maximal differences for the left and right eyes were 2.7 and 3.8 mm respectively.



Dosimetric Impact

Three clinical cases were selected to evaluate the dosimetric impact of possible optic nerve motion. Two cases (Patients #1 and 2) had optic nerves in close proximity to the target volumes, while a third case (Patient #3) had an optic nerve sheath meningioma where the nerve was part of the target volume itself. A conical shape with fixed PE and a 5 mm expansion for the AE was used to create a motion-inclusive planning optic nerve margin for all cases to evaluate the dosimetric impact further.

Patient #1, as shown in Figure 4, was diagnosed with a meningioma that treated with two partial arcs to a total dose of 6600 cGy in 33 fractions. In the original treatment plan, a conventional 3 mm expansion was used to create the optic nerve PRV. According to the latest QUANTEC recommendation for conventional fractionation (6), the estimated risk of toxicity for the optic apparatus is < 3% when the maximum point dose, Dmax is less than 55Gy, 3%-7% if Dmax is within 55-60Gy, and 7-20% when Dmax is larger than 60Gy. In the patient’s original plan the Dmax of the optic nerve is approximately 52 Gy (Table 2), which is within the tolerance limit; however, with the consideration of possible optic nerve movement, the Dmax could have increased to 56 Gy, falling into the range of increased risk (3-7%) for developing optic neuropathy (RION).




Figure 4 | A 61-year-old male patient with skin cancer who was previously treated on Truebeam (Varian Medical Systems, Palo Alto, CA) for 66 Gy in 33 fractions. Original contour for optic nerve is shown in yellow and optic nerve with motion in worst scenario is shown in purple contour.




Table 2 | Changes of maximal doses due to potential movement of optic nerves.



Patient #2, as shown in Figure 5, was diagnosed with a peri-optic pituitary adenoma treated with hypofractionated SRS to a total dose of 2500 cGy in 5 fractions. When utilizing the motion-inclusive margin, the maximum point dose D0.035 cc (the dose covering the 0.035cc volume receiving highest dose), as shown in Table 2, increased from 24.4 Gy (clinically acceptable) to 25.2 Gy, which is above the dose constraint of 25 Gy, in accordance with AAPM TG-101 (7). The D0.2cc (the dose covering the 0.2cc volume receiving highest dose) increased from 22.9 Gy to 23.4 Gy, which also exceeded the recommended dose constraints (≤23Gy) as per protocol (7).




Figure 5 | A female patient with a perioptic pituitary adenoma treated with hypofractionated SRS for 2500 cGy in 5 fractions. Original contour for optic nerve is shown in yellow and optic nerve with motion in worst scenario is shown in purple contour.



Patient #3, as shown in Figure 6, was diagnosed with an optic nerve sheath meningioma with a large portion of the optic nerve itself being targeted with proton beam therapy to a total relative biologically effective (RBE) dose of 5220cGy in 29 fractions. The PTV percent volume that received at least 95% of the prescription dose (D95, yellow) with conventional 3mm expansion from the GTV was 95% of the prescription dose in the treated plan; however if the motion-inclusive expansion PTV (purple) was utilized, the D95 target coverage actually dropped to 92%, as shown in Figure 6. The minimum dose, Dmin, to the gross tumor tablevolume (GTV) also dropped from 95% of the prescription dose in the treated plan to 90% with the motion-inclusive expansion as shown in Figure 6.




Figure 6 | A 51-year-old female with a benign meningioma treated on the Mevion S250 Proton Therapy System (Mevion Medical Systems, Littleton, MA) for 52.2 Gy in 29 fractions. Original contours for GTV and PTV are shown in yellow and GTV and PTV moving with optic nerve in worst scenario are shown in purple contours.






Discussion

The purpose of this study was to identify the extent of optic nerve motion using MRI and to further evaluate the dosimetric impact on perioptic lesions that have undergone radiation treatment. Optic nerve motion was found to be in the opposite direction of globe motion and followed a nearly conical shape. The displacement of the PEs of the optic nerves, where they adjoin the optic canal, was minimal (within 1 mm) in all subjects, yet the displacement of the AEs of the nerves, where they connect to the globes, could be over 10 mm. A simple rigid motion model was applied to three clinical scenarios to evaluate the dosimetric effects of optic nerve movement based on the finding of this study. In these three cases, non-negligible dosimetric changes were observed.

A few studies have investigated optic nerve motion previously. Clarke et al. (8) demonstrated that by having patients look at different sides the optic nerves could move up to 6 mm as compared to the neutral position, based on CBCT images of four patients. In a study investigating optimal MRI sequence design for optic nerve disease by Moodley et al. (4), it was found that the mean total distance that the optic nerves travel during eye movement was 11.8 mm; however, none of these prior studies systematically evaluated the movement patterns for the optic nerves in multiple directions, nor did they further assess the dosimetric impact of these movements.

Although the absolute risks of RION remain relatively low in most patients, the risk for toxicity increases exponentially as therapeutic dose increases. This is especially true in patients with peri-optic lesions such as meningiomas, pituitary adenomas etc., where hypofractionated SRS can be the definitive treatment. Due to sharp dose falloff required near critical structures with SRS, even small uncertainties in position could have a sizeable effect on the radiation dose delivered. The risk of RION can be further increased in patients who have undergone prior radiation treatments to the same area, where avoiding excessive dose to the optic nerve is crucial. For SRS, most clinical sites use either no margin or 1 mm margins for the optic nerve contours/PRV. For conventional external beam treatment, a 3 to 5 mm margin is generally used, pending image guidance and treatment technique. The results obtained from this study demonstrated that the displacement of the optic nerves as patients change the direction of their gaze can exceed these defined margins, and this may lead to insufficient dosing to the target volume if the tumor is of the optic nerve (i.e., optic sheath meningioma), or excessive dosage to the organs at risk (i.e., optic nerve itself) if the PTV is adjacent to the nerve. One may argue that for conventionally fractionated external beam radiation therapy, treatment is divided into multiple fractions over a long course. The eyeball movement is likely be averaged out in all directions. However, for single-fraction SRS or hypofractionated SRT, the optic nerve motion could result in a higher impact, especially when patients are treated with high-dose-rate beams (e.g. 1400MU/min for 6FFF beam). Additionally, majority of patients treated in radiation oncology are simulated with CT images, which only take a few seconds. If the patient is simulated with optic nerves at non-neutral positions the dosimetric estimation regarding the nerves itself could be inaccurate since the treatment plan was purely generated based on that image set. A possible solution to this could be that patients may need to be counseled to look straight ahead (or in a pre-determined direction based on target location) or to utilize eye-tracking if deemed necessary (9, 10). Furthermore, during treatment, it may be beneficial to guide the patient to look towards the desired optimal side/direction, in order to minimize the radiation dose to the optic nerve. Nevertheless, data on how far and frequently the patients move their eyes during the entire course of radiation treatment and how stable the optic nerve can stay at neutral position with/without couching, although beyond the scope of the current study, warrants larger-scale clinical investigations.

This study has a few limitations. First, to shorten the imaging acquisition time for improved patient comfort, two-dimensional imaging sequences with relatively thick slices (3mm) were used. Even though the in-plane resolution is relatively high (0.7 mm), the thicker slices could still lead to uncertainty in the measured range of movement. Given the imaging parameters, this uncertainty should not exceed 1-2 mm, which does not affect the conclusion of this study. In addition, a rigid movement model was assumed throughout the course of the study. The optic nerve, being an organ consisting of soft tissue, deforms with motion. Based on imaging results, the anterior portion of the optic nerves, which are close to the posterior walls of the globes, followed the rotation of the globes and bent towards their posterior aspects. This slightly reduces the actual movement of the optic nerves following the motion of the globes. The rigid movement model used in this study serves as a conservative estimate for the range of motion. It also shows that optic nerves maintain linear shapes following movement. This is consistent with the findings that displacement of the middle points of the optic nerves is always close to half of the displacement values measured for the anterior portions. Therefore, a rigid movement model, which may overestimate the movement slightly, should still provide a very reasonable and relatively accurate estimation of the range of motion. Finally, the clinical impact of the dosimetric changes found based on the motion-inclusive model warrants more investigation. A prospective study with larger cohort of patients would better elucidate the overall impact on reducing the incidence of RION or improving tumor control, especially in stereotactic radiation therapy with reduced margins of the OARs and/or targets. Future work with accumulation of relevant cases with thinner image slices and longitudinal follow-up will be needed.



Conclusion

In this exploratory study, the optic nerves were found to follow a nearly conical shape relatively to the motion of the eyes. The range of motion of the anterior portions of the optic nerves was on the order of centimeters, which exceeds the current considerations in the field of clinical radiation oncology. Special attention may be needed for radiation simulation, treatment planning, and treatment monitoring to avoid excessive dosage to the optic nerves, or to ensure sufficient coverage of the target on the optic nerves, depending on varying clinical scenarios.
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Delivering radiotherapy to patients in an upright position can allow for increased patient comfort, reduction in normal tissue irradiation, or reduction of machine size and complexity. This paper gives an overview of the requirements for the delivery of contemporary arc and modulated radiation therapy to upright patients. We explore i) patient positioning and immobilization, ii) simulation imaging, iii) treatment planning and iv) online setup and image guidance. Treatment chairs have been designed to reproducibly position seated patients for treatment and can be augmented by several existing immobilisation systems or promising emerging technologies such as soft robotics. There are few solutions for acquiring CT images for upright patients, however, cone beam computed tomography (CBCT) scans of upright patients can be produced using the imaging capabilities of standard Linacs combined with an additional patient rotation device. While these images will require corrections to make them appropriate for treatment planning, several methods indicate the viability of this approach. Treatment planning is largely unchanged apart from translating gantry rotation to patient rotation, allowing for a fixed beam with a patient rotating relative to it. Rotation can be provided by a turntable during treatment delivery. Imaging the patient with the same machinery as used in treatment could be advantageous for online plan adaption. While the current focus is using clinical linacs in existing facilities, developments in this area could also extend to lower-cost and mobile linacs and heavy ion therapy.




Keywords: patient positioning, upright, radiation therapy, lung cancer, immobililization



Introduction

Radiation therapy is delivered predominantly to patients in the recumbent position on a treatment couch, with a gantry rotating around them to deliver radiation from prescribed angles. Recumbent positioning is intrinsically linked to the acquisition of the required volumetric imaging used for treatment planning. The inherent stability this position provides was particularly important for early computed tomography (CT) scanners, which were quite slow (1).

There are several potential advantages to treating selected patients in an upright position instead of recumbent (2). Some conditions, such as obesity, heart problems, superior vena cava obstruction and phrenic nerve injury, can result in respiratory difficulty when in a supine position resulting in uncomfortable treatment (3, 4). Patients may be unable to complete treatment as a result or have compromised treatment due to poor position stability. Patient position can also influence the position of some tumours and organs at risk (OARs). Treating mediastinal tumours in upright patients resulted in reduced normal lung tissue irradiation due to an increase in lung volume (5–7). An upright position can also reduce the effect of respiratory motion, potentially resulting in reduced normal tissue dose (8). Further, with appropriate immobilization, an upright patient could be comfortably rotated relative to a fixed beam to vary the treatment angle, reducing the need for a rotating gantry (9). Gantry-free treatment is being explored via horizontal patient rotation but is complicated by challenges such as angle-dependent patient deformation due to gravity (10, 11). Importantly, the vertical rotation could be done faster than a gantry rotation around the patient (increasing from less than 1 rpm to as much as 3-7 rpm, such as used for Total Skin Electron Treatment) thereby increasing scope for breath-hold and improving image quality (12, 13).

The present work is focused on implementing upright positioning for routine, contemporary photon treatments, including intensity and field-modulated capabilities, using clinical linear accelerators. Aside from the immediate potential benefits outlined above, upright patient positioning may facilitate shrinkage of the machine and shielding and reduction in machine complexity. Such size and complexity reductions open up the potential for portable and low-physical footprint radiation therapy devices. However, other modalities may likely benefit from further addressing the challenges associated with upright radiation therapy. Indeed, some work in this direction already exists in the context of particle beam therapies (14). A dedicated system exists to deliver particle therapy to upright patients via a suite of specifically designed equipment (15). While comprehensive, the system is only likely to be implemented in the largest or most specialised centres. The high cost and space requirements of rotating gantries, especially for very heavy ions such as carbon, make upright patient geometry attractive in this setting.

We previously reviewed the historical applications of upright radiation therapy, relevant recent developments and potential benefits (2). While upright radiation therapy has been delivered in various forms, these have typically been limited in complexity and often for palliative intent. The current paper describes the technical requirements and potential solutions for the delivery of radiation therapy to upright patients of the same quality as that achieved in current recumbent treatments. Our current focus relates to state-of-the-art delivery via implementation in existing linear accelerator facilities, with a minimum of bespoke additional equipment. This is likely to produce the most immediate clinical benefits and allow for upright patient positioning to become a routine treatment modality option. The current framework covers patient positioning and immobilization, simulation imaging, treatment planning and online setup and image guidance (see Table 1).


Table 1 | Overview of the key requirements that need to be met for clinical upright radiation therapy, and the proposed solutions that are detailed in this paper. This includes patient position and immobilization, treatment planning imaging, treatment planning, and online setup and image guidance.





Patient Positioning and Immobilization

Contemporary radiation therapy is delivered using beams from multiple angles, or continuous arcs around the patient, to improve conformity and reduce dose to critical organs. A fundamental requirement is thus rotation of the radiation beam around the patient, or rotation of a patient relative to a static beam. Transposition of the primary anatomical axis relative to the conventional treatment orientation and the gantry rotation axis will be required. If using a conventional linear accelerator, the patient will therefore need to rotate with respect to the treatment beam to replicate contemporary treatments. Some specifically designed chairs for upright patients have an inbuilt rotating platform suitable for this purpose, but an independent mechanism such as a turntable is also acceptable and could accommodate a range of supports (16). The platform or turntable should be able to rotate continuously or to prescribed angles with a high level of accuracy, and ideally achieve 360° of rotation (17). If the turntable is not permanently in place in the treatment suite, it must be reproducibly positioned each time and calibrated to ensure alignment of its centre of rotation with the imaging and treatment beam isocentre (18). The patient support should feature independent translational adjustment of the patient position relative to the turntable, to facilitate alignment of the target to the rotational and treatment beam isocentres.

When treating a patient in an upright position, a challenge is introduced due to the potential loss of the stability typically provided by the treatment couch for recumbent patients. Patient immobilization devices connected to a turntable, which can rotate the patient relative to the static imaging and treatment beams. The level of support required, such as a seat, stool, or standing frame, will depend on the target location, performance status of the patient, and their ability to remain in the required position for the duration of the procedure. Additional fixation devices, analogous to those currently used in conjunction with the usual couch, can be adapted to be compatible with upright supports mounted on the rotating system (19). Several examples of in-house upright patient positioning have been reported. To treat a thymic carcinoma, a standing patient was secured to a back support with the aid of a belt (20). A similar approach could be used for prostate, rectal or gynaecological patients. A method has been evaluated for treating head and neck cancer (HNC) patients with a forward tilting chair. A thermoplastic mould was wrapped around the back of the head, connecting to a plate with a variable angle. This method was reported to have adequate reproducibility and patient comfort making it a viable option for positioning HNC patients upright (21). Based on an ad hoc method of breast immobilisation for upright treatment, thermoplastic moulds could be used for breast shape optimisation (22). Due to the potential reduction in respiratory motion for upright patients, the need for motion management such as free-breathing gating or breath-hold for thoracic and upper abdominal tumours may be decreased (8). Recently, systems for upright patient positioning have been developed, including a chair designed to position and rotate patients for HNC treatment using fixed beamline carbon ion therapy (16, 23). Patient stability may be aided by novel solutions, such as soft robotics, as currently used in rehabilitation (24). Several implementations of soft robotics currently being assessed include mask free HNC treatment, upright patient stabilisation and patient stability for horizontal rotation (25–27). The HNC example uses a camera to monitor head position and a pneumatic air bladder system to control position. A similar approach could be adapted for upright patients. While not commercially available yet, this supports the potential for upright patient positioning to be clinically implemented in the near future.



Simulation Imaging

Simulation images should be a 3D representation of the anatomy in the treatment position. Anatomical changes between supine and upright images may be significant in the thoracic, abdominal, and pelvic regions due to gravity and posture. In some cases, these changes are the motivation for pursuing upright orientation. Image quality must be adequate to accurately delineate the target volumes and nearby critical organs and be free from geometric distortion. Voxel data must be converted into media information for dose calculation, which typically relies on accurate Hounsfield Units (HU) in the image or an accurate method of mapping material compositions and densities to an acquired image. Standard CT scanners are unable to image an upright patient, making an alternative imaging approach necessary. Dedicated vertical CT scanners exist which can produce the required images (20). However, these are highly specialised, and access to such a system is likely to be limited for most clinics.

A method has been proposed that uses the onboard imaging capabilities of linacs, removing the need for specialist equipment (28). The kV source and detector are fixed and projections are acquired as a seated patient is rotated at the isocentre, producing a cone-beam computed tomography (CBCT) scan. While the original approach used the treatment couch to perform the rotation, it could be substituted for a turntable, permitting a greater variety of patient positioning and an improved imaging speed. 4DCT is also an important part of simulation imaging for tumours subject to respiratory motion (29). Respiratory trace acquisition can be achieved similarly in the upright position using existing respiratory belts or through the use of projection data to derive the respiratory signal (30, 31).

The large radiation angle and detector required in CBCT increases scattered radiation reaching the detector, decreasing image contrast and rendering the HU inaccurate (32). To use CBCT images for treatment planning, improvements in image quality and HU consistency are required. Methods to estimate and correct for the influence of scatter on CBCTs include analytical and Monte Carlo based approaches, and more recently neural network and use of the linear Boltzmann equation (33–39). Other methods for improving CT number accuracy for dose calculations without scatter estimations include creating a synthetic CT via a bulk density override, generative adversarial network (GAN) or deformable image registration (DIR) (40–43).

The use of DIR may also be crucial for fusing multiple imaging modalities to deliver accurate radiation therapy to upright patients (44, 45). Intermodality fusion is already a standard part of supine treatment, used to assist with target and critical organ delineation (46). However, image fusion normally occurs between two images acquired with the same patient orientation. The larger anatomical differences between supine imaging modalities (like MR and PET imaging) and upright images may limit the accuracy of directly applying DIR. The upright case may require alternative strategies such as an intermediate step: first implementing the standard supine image fusion with diagnostic images to create required contours. DIR from supine CT to upright CBCT could transfer contours. Research has been undertaken to correct for large anatomical changes and lung changes in DIR, which has the potential to benefit supine-to-upright deformation (47, 48). The issues of image handling, registration and fusion may be the area requiring the most attention to realise routine upright radiotherapy.



Treatment Planning

The treatment planning process involves the determination of the appropriate beam angles or arc delivery angles, followed by optimisation of the beam apertures and fluences to achieve the planning goals (49). To deliver upright radiotherapy using standard linacs, gantry rotation would be transposed to patient rotation. Mechanical limitations including rotation speed, acceleration and angular range would need to be constrained in forward and inverse planning. A further consideration may be required on speed, acceleration and jerk with respect to patient comfort: this may be used as a constraint/objective in inverse planning of arc treatments. Speed and acceleration tolerances may vary between patients, making this a variable constraint to be considered to ensure patient comfort.

As with supine treatment, the requirements of treatment planning depend on the treatment to be delivered. Simpler treatments, such as 3D conformal radiation therapy (3DCRT) and intensity modulated radiotherapy (IMRT), require multiple beams at different angles around the patient. Typically a multileaf collimator (MLC) is used to shape the beam to the tumour for each angle or modulate the beam intensity (50, 51). Provided the upright patient DICOM simulation images can be imported into the software, current commercial treatment planning systems (TPS) can achieve this through maintenance of a static gantry angle and the use of couch angles to achieve the different beam angles. Treatment planning complexity increases with continuously moving beams such as in dynamic conformal arc therapy (DCAT) and Volumetric Modulated Arc Therapy (VMAT). A feedback loop will be necessary to ensure turntable rotation accuracy, especially for VMAT treatment with variable rotation speed. With minor modifications to optimisation, in which the beam angle is replaced by a turntable/couch angle, both DCAT and VMAT treatments could be planned with little difference compared with supine/prone treatment position.

Non-coplanar treatment to an upright patient with a conventional medical linac may also be feasible. Instead of using only a fixed gantry angle, it could be altered within a small range (likely dependent on immobilization). Further non-coplanar beam angle range could be achieved through the tilt of the patient positioning device. Most current TPS do not accept images in the upright patient geometry, with the exception of some particle therapy systems – the existence of which demonstrates that it is already implementable (52). With vendor cooperation, TPS capabilities could be extended to accept upright images. The ability of TPS to perform related tasks, such as image fusion and dose accumulation, with upright images would also be advantageous.



Online Setup and Image Guidance

Patient positioning for treatment as per simulation typically involves set up using the external patient contour followed by verification using imaging of the target and internal anatomy. Initial patient setup to the machine isocentre is typically achieved using lasers aligned to tattoos on the patient skin, or through surface guidance. In the upright scenario, a ‘reference’ position/rotation must be defined, which is how the patient will be set up before treatment. This may be the position of the first static treatment beam or the start of the first arc. Lasers and surface tracking may still be applied in the upright position, with optical or thermal surface guidance providing an elegant solution for upright patient positioning (53).

Once the patient is set up in the treatment position, images are acquired to validate anatomy and tumour position before treatment (54). Positional adjustments may then be required, potentially involving manually repositioning the patient or shifting the position of the treatment chair if it allows for 6 degrees of freedom (like current treatment couches). These images can be planar x-ray images or 3D volumetric images. While the image quality does not need to be the same as the simulation image, it still needs to be sufficient to validate patient alignment to ensure that the tumour receives the intended dose (54). Thus, the imaging system on a standard linac can be used to image an upright patient and allows for 2D and/or 3D setup image acquisition before treatment. The acquisition of simulation images using the same system as treatment may facilitate online adaptive radiotherapy, to account for anatomical changes or variations in daily patient positioning (55, 56).

Continuous monitoring of the patient’s position during treatment could be achieved by using surface guidance to track the patient’s external contour, with reference position updated for each beam (57). This will be more challenging for treatment with continuous rotation (like VMAT), requiring constant updating of the reference image. Positional monitoring could also be achieved via images acquired during treatment. If the imaging geometry is such that imaging and treatment can be performed contemporaneously then intra-treatment planar imaging could be used to track internal target anatomy during patient rotation using systems such as beacons or radio-opaque markers (58).



Discussion

Delivering upright radiation therapy to an upright patient is achievable for the most part with current technology. Engagement from vendors would be required to make the treatment planning more clinically acceptable. Vendor cooperation could also aid in the production of simulation images through a formalised acquisition and correction pipeline. While not previously discussed, the shielding requirements for upright radiation therapy must be considered prior to the commencement of treatment. Assuming a fixed horizontal treatment beam for upright radiation therapy, there will only be one primary barrier. Depending on the department, this barrier may not have the required shielding and must be increased, adding an additional requirement for upright radiation therapy. However, concentrating the radiation, and thus the shielding, in one direction would reduce the total amount of shielding required (59). This reduction, coupled with the potential decrease in cost and size of a fixed beam linac could lead to the potential for portable radiation therapy. It has been proposed to contain the equipment needed for radiation therapy in a truck or shipping container (59).

The framework paper is focused on high-quality MV photon treatment with the same geometric accuracy as recumbent treatment. However, the implementation of such treatment could serve as a gateway to particle therapy. Particle therapies produce advantageous dose distributions resulting in less damage to the normal tissue. However, delivering particle therapy to patients in conventional recumbent positions requires large rotating gantries which come at a considerable cost and technical complexity (60). Particle therapy facilities are frequently constructed with fixed beamlines, even when one or more gantries are included. Advances in patient positioning and rotation in front of a fixed beamline aperture may improve the usefulness of those fixed beams. Treatment of a patient in an upright position may also help to facilitate the use of Synchrotron radiation for emerging techniques such as microbeam radiation therapy (MRT) and FLASH radiotherapy (61, 62). Creating a practical workflow for upright radiation therapy on clinical linacs should help to progress research into upright particle and FLASH radiation therapy aiding their progression towards clinical implementation.



Conclusion

While radiation therapy is traditionally delivered to recumbent patients, we have provided a framework to deliver contemporary highly modulated radiation therapy to upright patients. Requirements that must be met for the four aspects of radiation therapy – patient positioning, simulation imaging, treatment planning and setup and image guidance – have been considered. We have identified the most promising developments in each of these areas that could lead to viable solutions, such that implementation in the near future is realistic and feasible. The framework has been written with the intent of routinely delivering upright radiation therapy in current centres with existing facilities and minimal new equipment. However, elements of the framework could be applied to other contexts where upright radiation therapy is preferable. It is hoped that introducing upright radiation therapy could allow patients to be more comfortable during their treatment, receive less normal tissue irradiation or have greater access to treatment.
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Purpose

Spine SBRT target delineation is time-consuming due to the complex bone structure. Recently, Elements SmartBrush Spine (ESS) was developed by Brainlab to automatically generate a clinical target volume (CTV) based on gross tumor volume (GTV). The aim of this project is to evaluate the accuracy and efficiency of ESS auto-segmentation.



Methods

Twenty spine SBRT patients with 21 target sites treated at our institution were used for this retrospective comparison study. Planning CT/MRI images and physician-drawn GTVs were inputs for ESS. ESS can automatically segment the vertebra, split the vertebra into 6 sectors, and generate a CTV based on the GTV location, according to the International Spine Radiosurgery Consortium (ISRC) Consensus guidelines. The auto-segmented CTV can be edited by including/excluding sectors of the vertebra, if necessary. The ESS-generated CTV contour was then compared to the clinically used CTV using qualitative and quantitative methods. The CTV contours were compared using visual assessment by the clinicians, relative volume differences (RVD), distance of center of mass (DCM), and three other common contour similarity measurements such as dice similarity coefficient (DICE), Hausdorff distance (HD), and 95% Hausdorff distance (HD95).



Results

Qualitatively, the study showed that ESS can segment vertebra more accurately and consistently than humans at normal curvature conditions. The accuracy of CTV delineation can be improved significantly if the auto-segmentation is used as the first step. Conversely, ESS may mistakenly split or join different vertebrae when large curvatures in anatomy exist. In this study, human interactions were needed in 7 of 21 cases to generate the final CTVs by including/excluding sectors of the vertebra. In 90% of cases, the RVD were within ±15%. The RVD, DCM, DICE, HD, and HD95 for the 21 cases were 3% ± 12%, 1.9 ± 1.5 mm, 0.86 ± 0.06, 13.34 ± 7.47 mm, and 4.67 ± 2.21 mm, respectively.



Conclusion

ESS can auto-segment a CTV quickly and accurately and has a good agreement with clinically used CTV. Inter-person variation and contouring time can be reduced with ESS. Physician editing is needed for some occasions. Our study supports the idea of using ESS as the first step for spine SBRT target delineation to improve the contouring consistency as well as to reduce the contouring time.





Keywords: spine SBRT, auto-segmentation, target delineation, clinical target volume (CTV), gross tumor volume (GTV)



Introduction

Bone is a frequent site of metastases and causes significant morbidities including severe pain and spinal cord compression (1–3). Stereotactic body radiotherapy (SBRT) has been increasingly used to provide a treatment option in the multidisciplinary management of metastases located within or adjacent (paraspinal) to vertebrae/spinal cord. In SBRT treatments, high dose will be prescribed in typically one to five fractions. Localization accuracy can be managed at millimeter levels with advances in patient immobilization, target visualization, and image-guidance technology (4–7). Target segmentation accuracy becomes critical for spine SBRT due to the requirement of ablative high dose per fraction to the target volume and minimizing the dose to organ at risks, especially the spinal cord. To standardize the target delineation, consensus guidelines for the target volume were published in 2012 for appropriate target volume definition (8). However, manual contouring is time-consuming and has large inter-observer variance. To improve the efficiency and reduce the inter-observer variance, auto-segmentation tools have been developed mainly in three categories: threshold-based methods (9, 10), atlas-based methods (11, 12), and deep learning methods (13, 14). Some methods require human intervention or the manual setting of parameters. Deep learning methods such as supervised learning might be a solution for fully automated spine auto-segmentation, but large training sets are needed. Moreover, based on the International Spine Radiosurgery Consortium (ISRC) Consensus guidelines (8), different anatomical regions (such as vertebral body, pedicles, spinous process, or transverse processes/lamina) will be included in the clinical target volume (CTV) based on location of gross tumor volume (GTV). Most of the above-mentioned published studies are focused on whole spine segmentation, which might not be available to be applied for clinical spine SBRT treatment yet.

Recently, a dedicated software has been developed for spine SBRT treatment (Elements Spine SRS®, Brainlab AG, Germany) including auto-segmentation, image fusion, and treatment planning.

Previous evaluation studies have shown the advances of Elements Spine SRS in dosimetry (15–17). Moreover, the auto-segmentation tool Elements SmartBrush Spine (ESS) was developed for fast target delineation, which can potentially improve the efficiency of the clinical workflow. Giaj−Levra et al. have demonstrated that the inter-observer difference can be reduced by using ESS (18) by evaluating the GTV contours. The aim of this study is to evaluate the accuracy of the CTV auto-segmentation based on existing GTV contours using ESS for spine SBRT patients.

To evaluate the performance of the auto-segmentation, analysis metrics were developed to evaluate medical image segmentation (19). Among these, Dice similarity coefficients (DICE) and Hausdorff distance (HD) are common metrics to efficiently evaluate the quality of segmentation. In this study, evaluation metrics including volume differences, distance of center of mass, DICE and HD were selected for the spine segmentation evaluation based on the target contour impact on radiation delivery.



Materials and Methods


Patients and Treatments

This study was approved by the Institutional Review Board. Eligible patients required metastasis limited to one vertebral level and without severe compression fracture (loss vertebral height more than 50%). A total of 51 spine SBRT cases treated in our institution from 2018 to 2021 were reviewed. Twenty-one of the 51 cases met this inclusion criterion, and the CTV could be successfully segmented and were evaluated in this retrospective comparison study. Details are shown in Table 1. The GTV of 21 targets (12 T spine and 9 L spine) were drawn by physicians based on the MR images and were used as input for the CTV auto-segmentation. The CTV was auto-segmented by ESS on CT scans in two steps. In the first step, the affected vertebra including 6 different sectors were auto-segmented using ESS, which is an atlas-based auto-contouring method. This spine segmentation and labeling of spinal structures in the background enables the automatic CTV calculation. Then, the CTV was generated based on the GTV involvement following the rules from the ISRC guidelines (8). After reviewing the initial target contour, a physician reviewed the auto-segmented CTV and edited the CTV by including/excluding different sectors of the vertebra, if needed, using patient-specific clinical judgment, by simple mouse clicking on each sector. After CTV generation, the planning target volume (PTV) was calculated with uniform expansion with 2 mm margin and modified to avoid potential overlap with the cord. Prescription dose and fraction were determined based on the tumor volume, previous radiation treatment, and surrounding organ-at-risk (OAR) dose tolerance limits.


Table 1 | Summary of all cases (21 lesions) sorted by clinically used CTV volume.





Evaluation Metrics

To evaluate the impact of auto-segmentation for CTV delineation using ESS, the SmartBrush-generated CTVs were compared with the clinically used CTVs using qualitative and quantitative methods. After initial visual assessment and editing by a physician, in-depth quantitative contour comparison metrics were used for comparison, including relative volume difference, distance of center of mass, dice similarity coefficients, structure similarity index measurement, and Hausdorff distance. Both ESS-generated CTVs and clinically used CTVs were exported from Elements as a DICOM file for evaluation. Hausdorff distance was calculated using open source Plastimatch and other evaluation metrics were implemented in MATLAB (The MathWorks, Inc., Natick, MA) using built-in functions. To evaluate the performance statistically, both average and standard deviation (SD) were also calculated for each evaluation metrics.

For the given two different contours A (ESS-generated CTV) and B (clinically used CTV):

Relative volume difference (RVD) is defined as:

	

Distance of center of mass (DCM) is defined as the distance between center of mass of A and B with the unit of mm in this study:

	

Dice similarity coefficients (DICE) is defined as:

	

DICE is an overlap-based metrics and is widely used for the contour evaluation with a value between 0 to 1. If A and B are exactly the same, then DICE will equal to 1.

Hausdorff distance (HD) is defined as:

	

Where d(A, B) = sup{d(a, B)|a ∈ A}, d(a, B) = inf {d(a, b)|b ∈ B},  sup represents the supremum, inf represents the infimum. HD is measuring maximum surface distance with the unit of mm in this study. If A and B are exactly the same, then the HD value will equal to 0. As HD is usually sensitive to outliers, 95% Hausdorff distance (HD95) was also calculated. Note that the boundary Hausdorff function in Plastimatch was used to report HD and HD95 in this study.




Results

Figure 1 shows examples of vertebral bodies that were auto-segmented by ESS and CTV was generated automatically based on the GTV involvement following ISRC consensus guidelines. A physician reviewed the auto-segmented CTV and edited it by including/excluding different sectors of the vertebra if needed. In this study, 7 of 21 cases need physician’s editing to include/exclude one or more sectors to generate the final CTV. The ESS-generated CTV was labeled as Clinical Target in the software. Figure 2 shows GTV, ESS-generated CTV, and clinically used CTV of the same patient in 3D and three views (which are axial, sagittal, and coronal). In addition to the 21 cases, there are 30 of 51 reviewed cases that failed the ESS auto-segmentation due to (a) multiple vertebrae (12 cases), (b) paraspinous soft tissue involved in GTV (15 cases), and (c) large curved anatomy like C spine at neck region or L spine and sacrum junction (3 cases). Both a and b situations are not implemented in the current version of ESS auto-segmentation.




Figure 1 | One example of auto-segmented CTV. All vertebrae were segmented and the auto-segmented CTV was automatically generated by ESS following ISRC consensus guidelines. Green: clinically used GTV. Orange: clinically used CTV. Red: ESS-generated CTV, labeled as Clinical Target in Elements.






Figure 2 | Examples of CTV delineation by manual method and ESS in axial, sagittal, coronal, and 3D views. Green: clinically used GTV. Orange: clinically used CTV. Red: ESS-generated CTV, labeled as Clinical Target in Elements.



Analysis results are summarized in Table 2. Average volume of clinically used CTV was 32.3 cc (range from 3.95 cc to 57.4 cc) while ESS-generated CTV ranged from 5.52 cc to 60.9 cc, with an average volume of 33.17 cc. The average of relative volume difference (RVD), distance of center of mass (DCM), and dice similarity coefficient (DICE), Hausdorff distance (HD), and 95% percentile Hausdorff distance (HD95) for the 21 cases were 3% ± 12%, 1.9 ± 1.5 mm, 0.86 ± 0.06, 13.34 ± 7.47 mm, and 4.67 ± 2.21 mm, respectively.


Table 2 | Summary of comparison between clinically used CTV and auto-segmented CTV regarding volume, DCM, DICE, SSIM, HD, and HD95.



Figure 3 shows DCM for the 21 lesions as a function of clinically used CTV volume. For the treatment planning, the center of the target was usually selected as the treatment isocenter. The DCM was below 2 mm for 16 out of the 21 cases.




Figure 3 | Distance of center of mass of 21 lesions vs. clinically used CTV volume.



Absolute RVD and DICE are shown in Figure 4. Both absolute RVD and DICE are volume-based evaluation metrics. Low relative volume is associated with high DICE, which indicate good agreement between ESS-generated CTV and clinically used CTV.




Figure 4 | Absolute RVD and DICE of the 21 lesions vs. clinically used CTV volume. Blue dots are Absolute RVD and orange dots are DICE.





Discussion

Accurate target delineation has significant impact on the quality of the radiation treatment plan. For a spine SBRT approach, correct definition of the treatment volume becomes even more important due to the nature of this treatment with high dose delivery per fraction and the proximity of critical OARs such as the spinal cord. Many studies have already demonstrated that inter-observer variability can be reduced by using the auto-segmentation tool (18). Our study also supports the findings. Overall, the ESS-generated CTVs have a good agreement with the clinically used CTVs. Different evaluation metrics can display the similarity in different aspects. It is highly recommended to use multiple metrics to evaluate contours in different aspects. For example, DICE is a volume-based evaluation metric that might be less sensitive to evaluate large volume contours. Otherwise, Hausdorff distance measures the surface distance between two contours, which can be used in the contour shape evaluation. For the contour with a small volume, even they have large relative volume differences, and HD and HD95 might not be large as shown in Figure 5A. In contrast, as shown in Figure 5B, high DICE cases might also have high HD and HD95 depending on the shape of the contours with outliers of large surface distances.




Figure 5 | Examples of clinically used CTV and ESS-generated CTV comparison for small and large volumes. Case (A) clinically used CTV volume is 3.95 cc. DICE is 0.69, HD is 13.55 mm and HD95 is 6.4 mm. Case (B) clinically used CTV volume is 49.2 cc. Dice is 0.87, HD is 21.47 mm and HD95 is 6.67 mm. Here, ESS-generated CTV is labeled as Clinical Target.



After reviewing each case, clinically used CTV is more likely to include inter-space between vertebrae more generously if the spine is not parallel to the axial CT slices. ESS splits the vertebra into 6 sectors according to the ISRC consortium guidelines. The accuracy of identifying the vertebra as well as sectors of vertebral body can be improved significantly if the auto-segmentation is used as the first step. Moreover, the users have the flexibility of clicking and selecting to include or exclude different sectors, after reviewing the auto-segmented CTV, which will potentially improve the efficiency of the clinical workflow.

For most T or L spine cases, ESS can be an efficient tool to automatically generate CTVs on CT images based on the GTV locations. As discussed in the method session, 21 of the 51 cases met the inclusion criteria and the CTV could be successfully segmented and were evaluated in this study. For the other cases, failed auto-segmentation was due to some limitations for the current version. During the evaluation, we observed that ESS failed to segment a CTV if (a) the GTV involves multiple vertebrae (12 cases) or (b) paraspinous soft tissue was involved in the treatment target (15 cases). In addition, it might be challenging to segment CTV for C spine (1 case) at the neck region, or the L spine and sacrum junction (2 cases) and spine might be split mistakenly using ESS when large curved anatomy relative to the CT slices exists. Therefore, careful physician review and confirmation is needed.

There are some limitations of this study. Firstly, only 21 cases were in-depth evaluated and the small sample size may introduce some statistical bias. Only CTVs were evaluated in this study. Surrounding OARs contouring accuracy is also important for plan optimization and evaluation. In the future, both CTV and OAR analysis for larger samples or cross-institutions could be potentially carried out.



Conclusion

Elements SmartBrush Spine can auto-segment a CTV quickly and accurately and has good agreement with the clinically used CTV. Inter-person variation can be reduced with ESS. Physician editing is needed for some occasions. Our study supports the idea of using ESS as the first step for spine SBRT target delineation to improve the contouring consistency as well as to reduce contouring time, which might potentially improve the efficiency and precision of the spine SBRT treatment.
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The future of radiation oncology is exceptionally strong as we are increasingly involved in nearly all oncology disease sites due to extraordinary advances in radiation oncology treatment management platforms and improvements in treatment execution. Due to our technology and consistent accuracy, compressed radiation oncology treatment strategies are becoming more commonplace secondary to our ability to successfully treat tumor targets with increased normal tissue avoidance. In many disease sites including the central nervous system, pulmonary parenchyma, liver, and other areas, our service is redefining the standards of care. Targeting of disease has improved due to advances in tumor imaging and application of integrated imaging datasets into sophisticated planning systems which can optimize volume driven plans created by talented personnel. Treatment times have significantly decreased due to volume driven arc therapy and positioning is secured by real time imaging and optical tracking. Normal tissue exclusion has permitted compressed treatment schedules making treatment more convenient for the patient. These changes require additional study to further optimize care. Because data exchange worldwide have evolved through digital platforms and prisms, images and radiation datasets worldwide can be shared/reviewed on a same day basis using established de-identification and anonymization methods. Data storage post-trial completion can co-exist with digital pathomic and radiomic information in a single database coupled with patient specific outcome information and serve to move our translational science forward with nimble query elements and artificial intelligence to ask better questions of the data we collect and collate. This will be important moving forward to validate our process improvements at an enterprise level and support our science. We have to be thorough and complete in our data acquisition processes, however if we remain disciplined in our data management plan, our field can grow further and become more successful generating new standards of care from validated datasets.
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Introduction

Radiation oncology has undergone fundamental change over the past several decades. The primary turning point in our discipline was the transition from anatomic to volumetric treatment planning pivoting away from previous two-dimensional planning methods. The transition required a seed change in how we identified disease and targeting of tumor volumes in juxtaposition to normal tissue which we could now evaluate in three and four dimensions. We became closer to our imaging colleagues but asked different questions of the images we review in collaboration. While imaging colleagues told us that a mass was present, radiation oncologists needed to know the size and peripheral location including the boundaries of involvement. We also needed to adapt our plans to our understanding of the natural history of disease and predictable routes of tumor spread including additional tissues at risk for disease. We need to balance our plans with our growing knowledge of normal tissue constraints and how systemic therapy modulates these constraints. We had to and continue to adapt our therapy to growing concerns of normal tissue pre-existing co-morbidity as society ages and need for radiation therapy in older populations becomes the sole option for treatment. Today there are innumerable medical coefficients to the management of each patient and the modern radiation oncologist must be fluent and knowledgeable in each detail of medical care.

Our technology has matured at a rapid rate, at times out pacing our ability to fully harness its strength and apply modern technology in a strategic manner to daily care. Historically, once the radiation oncologist left the simulator, most of the physician work was completed with less nuance and detail applied to treatment planning. We simply did not have tools to optimize our craft beyond fluoroscopy and two-dimensional treatment platforms. Today, the simulation appointment is designed to construct immobilization devices and provide four-dimensional imaging with fusion of diagnostic images as needed for target definition. The work of the radiation oncologist today only begins when the patient leaves the simulator. This has a profound impact on department workflow as the work of the physics planning team can only begin once the volumes to treat and constraints to follow are made available as part of the directive of care. If the patient requires rapid initiation of therapy and the contours are not completed in a timely manner, the physics planning team does not have the time to both optimize planning and perform quality assurance of the plan including the appropriate checks of the chart for patient care. Tools and strategy for daily image guidance are now an integrated component of patient care. Historically, we assumed it was self-evident that treatments were reproduced daily validated by a weekly mega electron volt (MeV) image. Today, directive for image guidance using volumetric and kilovoltage (kV) imaging coupled with optical tracking tools are standard of care. Magnetic resonance (MR) integrated tools monitor biological parameters of care and artificial intelligence tools are applied to predict outcome from radiomics and pathomics in multiple disease areas with protocols designed to both augment and titrate care based on evolving patient specific biomarkers.

The changes in both work scope and workflow in our discipline have been profound and continue to grow. Although the infrastructure of our skill set has roots with our first mentors, training in radiation oncology bears more limited resemblance to training programs of the past. The skill set required for the modern radiation oncologist is now broad, detailed, and requires comprehensive knowledge of medicine, surgery, radiology, and pathomics. Radiation oncology interacts on a near daily basis with every medical subspecialty, surgical subspecialty, radiology, pathology, and disease-based program within a cancer center. Radiation oncologists need to maintain the skill set of a surgeon for brachytherapy and simultaneously remain fluent in the pharmacokinetics of integrated systemic therapy for multi-disciplinary management. We must maintain expertise in imaging and applied pathology for biomarker assessment of developing treatment plans which may require dose titration or augmentation/dose painting. Radiopharmacy has the potential to mature into a powerful tool for both diagnosis and patient treatment. Modern care is challenging requiring constant communication between providers to ensure consistent messaging to patients and families.

We need to understand the strengths and limitations of our colleagues in oncology related disciplines and fill gaps in service and communication when appropriate. Every patient brings an opportunity for clinical research in tumor control and normal tissue outcome analysis, and we need to work harder at imbedding this activity into our daily work as part of our patient care management. We need to educate the next generation of providers and colleagues in primary care disciplines to recognize the fingerprints of therapy on normal tissue structure and function and optimize care as best as possible to prevent symptomatic normal tissue sequelae including the impact imposed on tissue by combined modality therapy. Medical education has begun to recognize the importance of oncology in medical practice establishing courses in oncology and oncology related patient care at several timepoints during each year of medical school. This will serve to provide common language between disciplines and promote improved understanding of oncology related matters.

Coupled with improvements in our discipline comes the responsibility of increasing our visibility in direct patient care and leadership in multi-disciplinary management. Radiation oncologists have historically and superficially been perceived through the prism of proceduralists and less involved with the longitudinal care of the cancer patient, often managed by colleagues in medical oncology. Today is a different day. Hepatocellular oncology, thoracic oncology, and central nervous system disease management invites multiple complex procedural based therapies including radiopharmacy directed care with radiation oncologists often assuming primary management for the coordination of care between medical and interventional radiology colleagues. Because of primary management of sub-total whole brain therapy, gastrointestinal presentations and pulmonary nodules of both primary and metastatic origin, radiation oncologists are following patients with equipoise previously associated with medical oncology in multiple disease areas. Interpretation of follow up therapy images in computed tomography (CT), positron emission tomography (PET), and magnetic resonance (MR) imaging require radiation oncology review to validate image interpretation relative to the radiation therapy treatment field. Often therapy leaves predictable changes on images which can be misinterpreted as disease. Accordingly, response assessment is often best accomplished in a multi-disciplinary setting including the fields of radiation therapy. This requires fingertip availability of radiation therapy treatment objects for review by colleagues outside of our discipline. Aside from improving patient care, this would also serve to educate our colleagues concerning process improvements in our discipline and educate trainees in other disciplines (1–5).

In this area, radiation oncologists are poised to assume more visible and influential leadership roles in disease-based disciplines. Our treatment has become more valuable to patient care due to improvements in tumor control and titration of sequelae of management. Because we are integrated with all liquid and solid disease systems with increasing patient care responsibility, we are maturing as thought leaders in oncology programs. This is both a strength and a potential weakness as we need to first mature and accept the responsibility as leaders and make certain our science and written manuscripts reflect the maturation of our discipline. Our clinical -translational science is improving and our basic science is drawing more attention and support at a national level. Our next objective is to move these functions to an enterprise level and establish integrated processes to move our science forward with validation. Process improvements in data acquisition and data management need to become part of our daily work.



Responsibility of Clinical Trials and Translational Medicine

Radiation oncologists have participated in clinical trials sponsored by the National Clinical Trials Network’s (NCTN) former cooperative groups for more than 50 years. We have managed clinical trials as a primary discipline and participated in trials when the study required radiation therapy but not necessarily as the primary study question. Quality assurance in clinical trials initially centered in generating consistency in computational analytics. Prior to planning systems becoming more commercialized, field dose calculations were performed onsite with two-dimensional algorithms calculated at field isocenter or at depth. Phantoms were constructed by colleagues at the Radiological Physics Center (RPC, now IROC Houston) for protocols to generate consistency in computation and therapy execution across institutions. Fluoroscopic simulation images and images taken under megavoltage were submitted for quality assurance initially without diagnostic images to validate how the targets were chosen. Therapy fields were designed by anatomical considerations and were not necessarily driven by image guidance.

With the advent and development of three-dimensional planning systems, the paradigm shifted, and quality assurance moved beyond computational analytics generated through phantoms as a sole source identifying a plan as study compliant. Although consistency in computational algorithms remains important; harmonization through vendor technology facilitated consistent and reproducible approach to computations validating dose to volume. Equally relevant was the introduction of imaging directly into treatment planning and the skill set of the radiation oncologist pivoted towards a balance between imaging and computational analytical treatment planning algorithms. Diagnostic imaging colleagues often place focus on the presence or absence of a structure. Radiation oncologists needed to know the peripheral boundaries and three-dimensional shape of the target corresponding to normal tissue abutting the target. Radiation oncologists now had to think in terms of volumes and the relationship of target volumes to structure. Normal tissues likewise had volumetric measures and radiation oncologists now had to think and apply therapy with consideration to dose and volume both to disease and normal tissue. The dose volume histogram became an invaluable two-dimensional reconstruction of volumetric therapy and care plans could be compared through this prism. Therapy plans and full radiation oncology datasets could be shared, and protocols matured rapidly in the cooperative groups using volumetric language. These tools gave us voice and an opportunity for sharing information with providers and colleagues with common ground. More importantly, our discipline could speak in a more unified voice in a quantitative language germane to radiation oncology. Protocols matured with constraints to tumor targeting and normal tissue and provided us the opportunity to share information as colleagues in a digital format and intercompare outcome analysis with a common denominator. However, we understand our discipline does not function in isolation. Patient care and translational science require multiple disciplines to work in synergy and complement the strengths and weaknesses of other disciplines. We need to make certain colleagues in other direct and indirect patient care disciplines understand our technology and more importantly, the application of our technology to patient care and the meaning of radiation dose to volume. These processes affect all disease sites with opportunities for improvement in our science and patient care (1–21).



The Need for Process Improvements in Our Clinical Translational Science

Clinical trials are mechanisms designed to improve patient care. Although clinical trials can be designed to ask direct questions in radiation therapy, often radiation oncologists participate applying radiation therapy in a uniform format in protocols evaluating chemotherapy and targeted therapy with radiation therapy. This is of equal importance to trials evaluating radiation therapy endpoints. Radiation therapy may not be the primary study question, however if not applied in a uniform manner, study questions may not be answered in the manner intended by the study design. The HeadSTART trial evaluated the role of the hypoxic cell sensitizer Tirapazamine in the management of patients with locally advanced head and neck carcinoma. There were multiple favorable phase 2 data supporting the use of the agent in management. The phase 3 trial was one of the first trials using volumetric planning in the management of patients with head and neck cancer. Because the trial was one of the first trials involving worldwide participation, the trial was managed with interventional review in near real time, but not pre-therapy real time as managed today with digital data exchange. Data including diagnostic imaging required to validate the choice of target volumes were submitted with radiation therapy treatment objects and was reviewed within the first three days of treatment. On review, radiation therapy quality had a direct impact on the results of the study and undermined the goal of the study. There were interesting caveats as patients of investigators who made adjustment on plans after the initiation of therapy had decreased survival compared to patients whose plans were approved on quality review de novo. These patients had survival similar to patients who were scored initially as study deviations but on retrospective review had volume deviations considered less clinically meaningful as the fields did not transgress gross tumor seen on imaging. This study demonstrated that the quality of radiation therapy mattered and despite our improved technology, we did not apply our technology in a uniform matter during an important study. Accordingly, the deviations overrode the primary study question and the utility of Tirapazamine as a hypoxic cell sensitizer could not be established. This demonstrated that we as a discipline had work to do to in supporting our colleagues in clinical trials, otherwise the benefits of our technology would remain less visible to oncology colleagues (10).

A similar problem arose in Hodgkin lymphoma studies which revealed a survival benefit to patients treated with radiation therapy in a protocol compliant manner when the study did not demonstrate a benefit to radiation therapy as part of the primary evaluation due to the number of study deviations (Figure 1). Accordingly, we could not demonstrate our value in this disease. American College of Surgeons Oncology Group (now Alliance for Clinical Trials in Oncology) Z0011 breast cancer clinical trial was designed to assess the utility of surgical and radiation therapy titration of therapy to the axilla, however the lack of interventional review precluded uniform application of radiation therapy, thus did not answer the primary study point relative to radiation therapy. Today, axillary radiation therapy remains understudied and often misunderstood despite our multiple efforts to address these questions in clinical trials. This creates confusion among medical and surgical colleagues and became an opportunity lost to optimize care for these patients. Non-small cell lung carcinoma clinical trial formerly Radiation Therapy Oncology Group (RTOG) 0617 was designed as a two-tier randomization between low and high dose radiation therapy with systemic therapy for patients treated with definitive chemoradiotherapy. The trial did not show a benefit to higher dose radiation therapy and investigators moving forward assumed lower dose therapy was a standard of care. Less well known is the local control rate in the high dose arm was 12% less during the first three years of the study, possibly suggesting that tumor may/may not have been fully contoured as part of the gross tumor volume. Unfortunately, diagnostic imaging validating the contour of gross tumor was not collected, therefore the reason for the unanticipated result could not be evaluated. Therefore, an opportunity lost to ask an important question. If full diagnostic imaging datasets were reviewed as part of the study process, would trial outcome have been different? The trial has had and continues to have influence in the thoracic community as the results suggested that “less is better” when in fact there was no explanation for why the higher dose arm had worse local control in the initial management of the trial. We can only speculate that targeting of disease may have been incomplete due in part to concern of toxicity by investigators who may have unintentionally under contoured disease to spare parenchyma from toxicity. Today, in clinical trials evaluating the role of immunotherapy in lung cancer management assume that 60 Gray (Gy) to gross tumor is the standard of care. Although several other trials have suggested that higher dose may be optimal for local control, it remains challenging to convince others, including peers and insurance providers, that the trial may have had imperfections which influenced outcome. Therefore, despite our effort and good intentions, our trials have, at times, brought unintended downstream consequence to clinical management due to self-directed imperfections in data acquisition and data management drawing conclusions on studies that may or may not be accurate. Moving forward, we can only prove our point by collecting all data including outcome imaging and identify issues associated with local control and what can be done to both mitigate this point and not compromise normal tissue metrics. Constraints are influenced both by volume and intended dose and we need to study this in greater depth to become confident in our standards. These examples bring us to an understanding that as our discipline matures, we must accept greater responsibility for trial management and the narrative associated with the trial results if we are to be believed and recognized as thought leaders. We need to commit to normal tissue constraints in our trials and make effort to treat patients on trials abiding by normal tissue constraints to make accurate assessments of normal tissue tolerance. All too often, we let other disciplines control the narrative about radiation therapy. We need to mature as leaders with presence at interdisciplinary events where we can speak with respect but also speak from a leadership position. We need to not unintentionally contradict each other without understanding the context associated with the information. We must let the facts drive the narrative. Our presence at interdisciplinary national and international meetings will be increasingly important moving forward as we continue to treat a larger percentage of the oncology population. Our technology has matured, and we need to mature with our technology and represent the strengths of our discipline balanced with the inclusion of the strengths of colleagues. Our translational and basic science needs to continue to improve and this will improve our clinical trials. The National Cancer Institute recently established the core of a radiation oncology biology integrated network (ROBIN). This will promote the strengths of our science and provide visibility for our role in basic science and clinical trials. ROBIN will provide infrastructure to move our science into clinical trials. We need to integrate our science with current biomarkers, pathomics, and radiomics at an enterprise level as these vehicles become points of validation for our work and will serve to 1) identify patients of increased/decreased risk for recurrence, 2) interpret outcomes relative to science, and 3) improve clinical pathways for future patients and translational studies. A new initiative is being developed to house patient care data in a uniform format to develop programs in artificial intelligence in both our clinics and translational science laboratories. We understand that artificial intelligence will only be successful if built on strong datasets with complete information, otherwise we will be committed to continue to make the mistakes of the past limiting our credibility with colleagues from other disciplines (22–37).




Figure 1 | Non-protocol compliant radiation therapy had equal survival to patients treated with chemotherapy alone. Patients with protocol compliant radiation therapy had improved survival which was statistically significant (22).





Next Steps

For our discipline to promote and apply our science in a meaningful manner to clinical trials, we will need to adapt our data management process. This will include all elements of information currently used to manage patients including outcome data with imaging to validate our performance and identify gaps for process improvements. The National Clinical Trials Network (NCTN) has tissue banks, clinical data, and outcome information associated with biomarkers housed in various platforms often within separate statistical centers. The Imaging and Radiation Oncology Core (IROC) supports the NCTN with imaging and radiation oncology data acquisition and management including real time review of objects to support the clinical objectives of study and the quality of treatment delivered during the clinical trial. These are important components to the infrastructure required to perform sound and modern translational science; however, each continues to function in relative isolation to each other with no natural pathway to generate interactions between the centers housing pathology, imaging, radiation therapy objects, and clinical outcome data. In addition, there are administrative layers which require approval to move data/information to investigators. Many within disease and discipline committees of the NCTN members point to the separation of data and redundant and duplicative effort required to retrieve data as a barrier to translational science involving secondary and unanticipated events associated with clinical trials. Accordingly, it remains challenging for investigators to bring all components necessary for research concerning secondary trial objectives not necessarily recognized at the time of trial development. Often, secondary questions, including review of quality assurance data, can only be optimally done at closure of the study and after the study has collected enough outcome information, including imaging, to assess questions concerning tumor control and toxicity (22, 34, 36, 37).

The Cancer Imaging Archive (TCIA) houses information on completed trials including clinical information, pathomics, imaging, and radiation therapy objects. TCIA has tools to permit research integrating all elements of data used for patient care and clinical trials. Investigators can apply established and novel tools for analysis including applications for the development of artificial intelligence to repurpose the data and ask questions not previously recognized during the conduct of the trial. The archive is rich and complete. The archives house all relevant information that can be rapidly retrieved for evaluation. Moving forward, TCIA will place enhanced emphasis on acquisition of radiation oncology objects including imaging used for target definition and outcome imaging for evaluation. With radiation therapy technology including theranostics rapidly moving forward, we need to accept the responsibility of making certain we collect and analyze all information to validate outcome and learn to appropriately apply our tools for patient care. If we do not collect all the relevant pathomic and radiomic information, we risk replicating our mistakes of the past and reach invalid conclusions as we have done far too often in previous trials as discussed. If we are to gain the most information from each trial, the trial must be conducted in a comprehensive manner with data transparency and sound acquisition processes to generate outcome analysis that can be trusted (38, 39).

Artificial intelligence models require validated and complete databases to develop strong algorithms which can serve as predictive indices for outcome. We will need artificial intelligence programs in all facets of our clinical, planning and research effort moving forward. The more complete the datasets used to build the models for artificial intelligence development, the more useful the models will be in clinical and academic practice. The challenge is to make this information available as quickly as possible to investigators. Although the data should naturally flow to an informatics platform that can be queried by investigators in near real time, the challenge remains that each group has the responsibility of data management and data protection, therefore data transfer to different programs requires approvals and integration of data flow processes between the centers of data acquisition for the information to be used and re-purposed in a meaningful manner. The databases have to be structured with a self-renewal process as images acquired more than a decade ago may or may not be relevant to a modern question as imaging platforms mature and diversify. Housing the information in the informatics library is important and the information must be curated to maintain relevance.

The TCIA infrastructure has been established at several institutions to serve as an institutional data management service as few platforms can store varied data and function at an enterprise level for review of information. This can serve as a platform to move data into the national archive. Radiation oncologists interact with all surgical, medical, imaging, pathology, and basic science colleagues daily. Our discipline needs to use our central position as caregivers as a strength and become leaders in data acquisition and management. It is only through this process can we provide opportunities for meaningful continuous self-improvement as our discipline is maturing a rapid pace. Having tools such as this housed within institutions gives investigators opportunities to review internal data and compare outcomes to information housed in the archive. Through this process we adjust and improve our skill and publish manuscripts with meaning and relevance. We can compare clinical drug x-ray interaction relative to normal tissue and functional metrics in similar clinical trials identified from the archive. Through these processes we can mature as a discipline, improve our metrics for normal tissue tolerance, and improve our definitions of risk categories and assign titrated or augmented therapies to patients within similar disease categories. The challenge is moving modern information with up-to-date imaging and pathomics to both IROC and TCIA platforms rapidly and in an enterprise manner. The biology data will include information obtained from modern pathomics including genomic sequencing and mutation analysis. The more we can streamline our processes, the more quickly we can build robust platforms to support our science. We need to build our departmental infrastructure to support data transfer in uniform formats to be repurposed for use in the next iteration of clinical science (38–50).



Conclusion

Radiation oncology is no longer a lateral or secondary component in cancer management. We are important to current oncology management and are maturing as thought leaders in disease-based disciplines. Oncology patients will receive radiation oncology service today more than any other discipline in cancer management. We interact with patients from all disease sites and play a more prominent central role in the coordination of care for cancer patients We are a primary resource for follow up in many disease sites treated with advanced technology radiation therapy. The visibility we now possess comes with the responsibility of closing gaps in both our clinical care and translational science with equal attention to follow up care and management.
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Child pugh score baseline

© N W e o >

ALBI grade
1
2
3

Maximal tumor diameter (median,
range), mm
Portal vein thrombosis (PVT)

TACE

69 (45-92)
18 (95%)

1(6.3%)

2(11%)
5 (23%)
2(11%)
2(11%)
8(42%)

0(0%)
2(11%)
7 (26%)
0(0%)
0(0%)
0(0%)
12 (63%)

16%)
16%)
6 (32%)
2(11%)
2(11%)
0(0%)
9(47%)

7@7%
12 (63%)
0(0%)
0(0%)
0(0%)

17 (00%)
15
2
2(10%)
1
1

9(47%)
10 (53%)
0(0%)

32(10-78)

0(0%)

B. TREATMENT CHARACTERISTICS

CTACE
Drug-eluting beads TACE

Total number of TACE sessions
One TACE

Two TACE

Three TACE

Five TACE

Six TACE

SBRT

Total prescribed dose, median
(IaR)

BEDo, median (IQR)
Dose per fraction, median (IGR)
Nr of fractions, median (IQR)

SBRT

76 (53-85)
13 (72%)

5(28%)

4(22%)
5 (28%)
6(33%)
1(6%)
2(11%)

4(22%)
0(0%)
11(61%)
1(6%)
0(0%)
2(11%)
7 (39%)

0(0%)
0(0%)
2(11%)
3(17%)
5(28%)
1(6%)
10(56%)

2(11%)
7 (40%)
9 (50%)
0(0%)
3(17%)

14 (78%)
8
6
4(22%)
2
2

11(61%)
7 (40%)
0(0%)

42 21-210)

6(87%)

p-value*

0.36

0.09

074

0.19™

06

0.0013

0.10
0.40™

051

0.08

0.01

8(429%)
11 (68%)

6(32%)
737%)
2(11%)
1(6%)
16%)

55 (49-60) Gy

100 (75-139) Gy
72(65-15.9) Gy
5(8-12)

CTACE, conventional transarterial chemoembolization; BED, biological effective dose;
NASH, non -alcoholic steatohepatitis; BCLC, Barcelona Clinic Liver Cancer; TACE,
trans-arterial chemoembolization; PVT, portal vein thrombosis; SBRI, stereotactic body

radiation therapy; cTACE, conventional transarterial chemoembolization;
test (binary variables) or Wilcoxon’s two-sample test (continuous variables);

prior treatment; ***A vs. B; n.a, not avaiable.
‘tsome patients received multiple treatments.

isher's exact
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Horizontal Movement

Vertical Movement

Right Eye Left Eye Right Eye
L*->C* C->R* L->R L->C C->R L->R U*->C C->D U->D
Anterior(mm) 4.9+0.8 6.2H.3 11.1+1.4 5.9+0.7 4.6+1.3 10.4+2.2 5311.7 42121 9.310.8
Middle(mm) 2.6+0.5 3.0+0.6 5.2+0.6 3.2+0.3 2.1+08 51113 3.110.9 21+1.1 5.110.8
Posterior(mm) 0.7+0.3 0.5+0.2 0.8+0.3 0.3+0.4 0.3+0.2 0.410.2 0.4+0.3 0.4+0.3 0.5+0.3

*denotes five directions: L, Left; C, Center: R, Right: U, Upwards; D, Downwards.
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Dimax (Gy) Do.oascc (GY) Do2cc (GY) Do.scc (GY)

Patient #1 52.0—585.7 50.0—51.6 47.1-49.4 42.9-45.3
Patient #2 26.9—31.6 25.6—26.3 22.9-23.4 13.4—12.8"

Values before and after symbol — are original doses and doses after potential movement of optic nerve. * decrease of DO.5cc is because the total volume of the optic nerve is 0.7cc. Even
though the maximal dose increases, the minimal dose covering the 0.5¢cc volume decreases.
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Parameter

SBRT vs. TACE
ALBI grade (2-3 vs. 1)

Nodule (multple vs. soltary)

Prior treatments (yes vs. no)

Tumor diameter = 50 mm (yes vs. no)
BCLC (A vs. C)

BCLC (Bvs. C)

HR

0.119
0.222
2.602
2.028
0.581
1.438
3.040

95% Cl

0.015-0.933
0.029-1.702
0.557-12.154
0.496-8.288
0.129-2.614
0.094-22.086
0.385-24.022

Cl, confidence interval; HR, Hazard ratio; TACE, transarterial chemoembolization; SBRT,
stereotactic body radiation therapy; ALBI, albumin biliubin grde; HCC, hepatocelllar
carcinoma, BCLC, Barcelona Iiver clinic classification.
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Overall survival Progression free survival

Parameter HR 95% Cl P HR 95% CI P

UNIVAR
SBRT vs. TACE 1716 0.739-3.985 021 2172 0.988-4.775 0.05

Child pugh score (7-9 vs. 5-6) 3.968 1.419-11.096 0.01 1.831 0.689-4.864 0.23
ALBI grade (2-3 vs. 1) 1.677 0.724-3.587 023 1.181 0.561-2.631 0.67
nodules (multiple vs. solitary) 1.530 0.653-3.587 033 2759 1.207-6.306 0.02
Prior treatments (yes vs. no) 1.286 0.564-2.982 0.56 2693 1.199-6.046 0.02
Metastases (yes vs. no) 1.728 0.499-6.980 0.39 2260 0.634-8.062 0.21
Diameter > 50mm (yes vs. no) 3214 1.365-7.624 0.01 1.740 0.782-3.873 0.18
BCLC (Avs.C) 0514 0.161-1.638 0.26 0.208 0.056-0.787 0.02
BCLC (Bvs. C) 0478 0.177-1.289 0.15 0.471 0.197-1.126 0.09

Portal vein thrombosis (yes vs. no) 1.454 0.626-3.374 0.03 2.341 0.919-6.965 0.07
- 7]

SBRT vs. TACE 1.948 0.778-4.879 0.15 2855 1.227-6.644 0.02
Child pugh score (7-9 vs. 5-6) 8866 2.355-33.376 <001 5637 1.661-19.123 <001
Diameter = 50 mm (yes vs. no) 4695 1.810-12.477 <001

HCC (multiple vs. solitary) 3344 1.171-9.547 0.02 5021 1.840-13.699 <001

Cl, confidence interval; HR, Hazard ratio; TACE, transarterial chemoembolization; SBRT, stereotactic body radiation therapy; ALBI, albumin biliubin grade; HCC, hepatocelluar carcinoma,
BCLC, Barcelona liver clinic classification.
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Patient positioning and immobilization

COVR>

Treatment planning imaging

© Imaging Beam

=

Treatment planning

[ 4
¢ r.'?
- Treatment Beam

Online setup and image guidance
ﬂ o/

L

i Surface Guidance

Requirements

Upright, reproducible, stable, comfortable position

Rotate patient relative to the treatment beam .
Angular control with feedback to the delivery .
system .
High-quality 3D and 4D images of an upright .
patient .
Accurate tissue classification/HU for dose .
calculation

Geometrically accurate

TPS accepts upright treatment geometry .
Gantry rotation transposed to patient rotation
Implementation of 3DCRT, IMRT, VMAT .
In-room patient setup: pose and isocenter .
alignment

Planar and volumetric imaging for tumour targeting
Continuous patient position monitoring

Proposed solution

Chairs and standing frames

Adapt existing immobilization devices
Augmented by soft robotics
Turntable with interfaced control

Upright CT/MRI scanner

Linac onboard CBCT with HU corrections
Deformable registration from recumbent multi-
modality imaging

Expand upright geometry availability to
photon/electrons

Turntable rotation included as planning and
optimization variable

Laser/surface guidance systems adapted for an
upright position

Upright 2D/3D/4D on-board imaging using kV/MV
photons or MRI

Online position monitoring adapted for a continuously
moving patient
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Case Clinically used CTV Volume  SmartBrush-generated CTV Volume  Absolute Vol Diff RVD DCM DICE HD HD95
number (cc) (cc) (co) (%) (mm) (mm) (mm)
1 3.95 5.52 1.57 42.0% 1.59 0.69 13.55 6.40
2 12.30 14.10 1.80 15.2% 0.73 0.88 6.43 2.77
3 13.70 13.70 0.00 -0.1% 0.66 0.82 917 4.18
4 13.80 12.80 -1.00 -7.6% 0.39 0.88 6.25 2.50
5 15.00 14.00 -1.00 -6.7% 178 0.87 5.75 2.52
6 17.10 16.30 -0.80 -3.0% 1.08 0.94 2.83 1.27
ré 17.60 17.00 -0.60 -1.4% 1.54 0.70  20.80 8.78
8 19.30 17.60 -1.70 -7.8% 2.90 0.89 7.43 2.54
9 20.90 18.80 -2.10 -9.8% 417 0.86 7.71 3.75
10 27.00 27.70 0.70 1.9% 1.14 0.84 17.31 4.79
1 28.60 27.00 -1.60 -5.7% 1.59 0.83  21.50 6.94
12 39.30 39.40 0.10 0.9% 0.60 0.94 4.38 2.50
13 45.40 51.70 6.30 13.5% 4.21 0.86 19.52 4.51
14 45.90 47.10 1.20 2.9% 1.63 0.88 23.10 5.60
15 46.80 55.90 9.10 20.4% 0.72 086 26.84 9.04
16 48.20 49.07 0.87 1.8% 6.04 0.87 1584 4.48
17 49.20 47.30 -1.90 -41% 0.61 087  21.47 6.67
18 50.00 50.50 0.50 1.0% 1.80 0.89 9.81 4.70
19 52.40 56.40 4.00 7.5% 1.50 0.91 6.41 2.65
20 54.40 53.70 -0.70 -1.5% 1.21 0.89 9.02 3.19
21 57.40 60.90 3.50 7.0% 3.65 0.83  24.97 8.24
Average 32.30 33.17 0.87 3.0% 1.90 086 13.34 4.67
SD 17.28 18.61 283 12.0% 1.50 0.06 7.47 221

The bold values are Average and SD to distinguish from values of each case.
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Case number Treatment site CTV volume (cc) Prescription dose (Gy) Fractions

1 T8 3.95 20 1
2 T6 12.3 16 2
3 5 137 27 3
4 T4 13.8 16 2
5 5 15 18 1
6 T 1741 16 ;|
7 T9 17.6 18 1
8 T9 19.3 24 3
9 5 20.9 24 3
10 T 27 18 1
1 T2 28.6 24 3
12 L1 39.3 16 1
13 L3 45.4 16 1
14 L3 45.9 16 1
15 L2 46.8 18 1
16 T 48.2 27 3
17 L4 49.2 18 1
18 T9 50 18 1
19 L3 52.4 20 1
20 L4 54.4 20 1
21 L4 57.4 27 3
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Study

Arnold
2004 (16)

Regine
2007 (17)

Valentini
2010 (26)

Mantini
2012 (21)
Nardone
2012 (24)

Nardone
2014 (25)

Konski
2014 (20)

Balducci
2014 (18)

Beauchesne
2015 (19)

Das
2015 (27)

Morganti
2016 (23)

Mattoli
2017 (22)

Study
design

Phase Il

Phase I/l

Retrospect.

Phase Il

Phase |

Phase Il

Phase |

Prospective

Phase Il

Phase Il

Phase Il

Retrospect.

No
ofpatients

40

10

22

10

21

27

32

40

24

44

Median
FUP

18

NR

6.5

6.5

NR

31

8.4

225

48

30

30

NR

Setting

Locally
advanced
SCCHN
Unresectable
(5) or M1
pancreatic
(liver) (4) or
unresectable
small bowel ca
)

Relapsed or
metastatic ca
of lung (12),
H&N (7),
breast (2);
esophagus (1)
Advanced
NSCLC
Breast cancer
stage IIA/B-IIA

Breast cancer
stage IA-IIA

Locally
advanced or
metastatic
pancreatic
cancer
Recurrent/
progressive
GBM

Newly
diagnosed
inoperable
GBM

Locally
advanced SCC
of the cervix
(stage IIB-IB)
Metastatic
colorectal
cancer
NSCLC (stage
IA-IB)

Treatment

Radiotherapy total dose (dose
per fraction)

3.2 Gy/4 fx (0.8 Gy, days: 1, 2, 22,
23)

2 dose levels: 0.6 and 0.7 Gy/fx,
BID, days: 1, 2, 8, 9.
Four cycles planned

0.4 Gy BID repeated over 2 (lung,
breast, and esophagus) or 4 (H&N)
consecutive days, depending on the
CHT schedule. Median total dose 8
Gy (range, 3.2-12.8 Gy).

1.6 Gy (0.4 Gy BID, days 1,2)

0.4 Gy BID for 2 days every 21 days
for 8-6 cycles

0.4 Gy BID, days: 1, 2, 6 of every
cycle. First RT fraction delivered
before CHT, the second fraction
given at least 5-6 h later; cycle
repeated every 21 days; total dose:
9.6 Gy (6 cycles)

3 RT dose level: 1) 28.8 Gy (0.4 Gy
BID); 2) 28 Gy (0.5 Gy BID); 3) 28.8
Gy (0.6 Gy BID) days 1,2,8,9

Two schedules: 1) 0.3 Gy BID,
days: 1,2, 8, 9, 15, 16, every 42
days (2 cycles: total dose of 7.2
Gy); 2) 0.4 Gy BID over 5
consecutive days, every 28 days (2
cycles: total dose of 8 Gy)

67.5 Gy/90 fx (0.75 Gy each 3 daily
doses, at least a 4-h interfraction
interval; 5 days a week)

3.2 Gy/4fx (0.8 Gy BID)

2.4 Gy (0.2 Gy BID, days: 1, 2 of
every cycle)

100% patients: induction CHT + 0.4
Gy BID (days: 1,2 and 8,9 every
cycle); 45% surgery; 59% neo-
adjuvant CHT-RT (50.4Gy)

Chemotherapy

Paclitaxel 225 mg/m2 i.v. (days 1, 22) + Carboplatin 10 mg/
ml (within 30 min after Paclitaxel)

Gem 1,250 mg/m? days: 1 and 8 at 10 mg/m?min of a 3-
week cycle

Gem (1) or Cisplatin+Gem (1) or Pemetrexed (8) or
Carboplatin (2) or Cisplatin+Fluorouracil (7) or Capecitabine
(1) or Fluorouracil (1) or Docetaxel (1)

Concurrent Permetrexed 500 mg/m2 IV (cycles repeated
fourfold every 21 days)

2 CHT schedules: 1) 4 cycles of nonpegylated liposomal
doxorubicin sequentially followed by 4 cycles of docetaxel;
2) 6 cycles of nonpegylated liposomal doxorubicin +
concurrent docetaxel

6 cycles of liposomal anthracycline (50 mg/mq) and
docetaxel (75 mg/maq) on day 1 of a 21-day cycle; cycle
repeated every 21 days

Gem IV days 1, 8 + Erlotinib once PO (21 day cycles)

Two schedules: 1) Cisplatin (30 mg/m? on days 1, 8, 15) +
Fotemustine (40 mg/m? on days 2,9,16) if recurrent or
progressive disease during adjuvant TMZ, on days 1, 2, 8,
9, 15, and 16, every 42 days; 2) TMZ rechallenge (150/200
mg/m?) if recurrent or progressive disease more than 4
months after adjuvant TMZ, over 5 consecutive days, every
28 days

Concurrent TMZ (dose of 75 mg/m? for 7 days a week). At
the end of a 4-week break, CHT was resumed for up to 6
cycles of adjuvant TMZ treatment, every 28 days according
to the standard 5-day regimen.

Paclitaxel (175 mg/mz) + Carboplatin (AUC X 5) 3 weekly for
2 cycles followed by radical chemoradiation

12 FOLFIRI-B cycles (bevacizumab, irinotecan, bolus
fluorouracil, and leucovorin with a 46-h infusion of
fluorouracil, every 2 weeks)

100% patients: 2 cycles of concurrent Platinum; 59% neo-
adjuvant CHT+RT

FUP, follow-up; RT, radiotherapy; CHT, chemotherapy; SCCHN, squamous cell carcinoma of the head and neck; SCC, squamous cell carcinoma; RR, response rate; CR, complete
response; PR, partial response; PFS, progression free survival; BID, bis in die; NRC, neoadjuvant radiochemotherapy; NAC, conventional neoadjuvant chemotherapy; PO, per oral; PMRR,
pathological major response rate; TRG, tumor regression grade; GBM: glioblastoma multiforme, TMZ, temozolomide; Gem, gemcitabine.
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Armold et al.,
2004 (16)
Regine et al.,
2007 (17)
Valentini

et al.,, 2010
(26)

Mantini
etal, 2012
(21)
Nardone
etal., 2012
(24)
Nardone
etal., 2014
(25)

Konski et al.,
2014 (20)
Balducci
etal, 2014
(18)

Beauchesne
etal, 2015
(19)

Das et al.,
2015 (27)
Morganti
etal., 2016
(23)

Mattoli et al.,
2017 (22)

Grade 3,4 toxicities: neutropenia (50%), infection (8%), dermatologic reactions (8%), allergic reactions (3%), pulmonary reactions (3%), myalgia (3%). No
grade 5 toxicity. Toxicity profile similar to CHT alone

1/6 experienced DLT at dose level 1 (0.6 Gy/fX): grade 3 infection; 2/4 experienced DLT at dose level 2 (0.7 Gy/fx): grade 3 nonhematologic infection and
grade 3 diarrhea

Grade 3-4 hematologic toxicities (9%); at a median follow-up of 6.5 months no local toxicity observed

Neutropenia grade 4 (1 patient: 5.2%), already experienced during the prior CHT regimen (cisplatin and gemcitabine). Toxicity profile similar to CHT alone

No grade 8, 4 toxicities. Toxicity profile similar to CHT alone

No grade 2-4 hematological toxicities; no cardiac events

Very little > grade 3 toxicity; in cycle 4, one grade 5 bowel perforation in dose level 1 in one patient (3.7%) with a very large tumor with invasion of the
duodenum; grade 3 ileus in the first cycle of therapy with dose level 1 in 1 patient (3.7%)

Toxicities reversible without treatment-related death. Grade 2 fatigue (37.5%), grade 2 alopecia (50%), grade 1 skin reaction (9.3%), grade 1 headache
(3.1%). Hematological toxicity (28.1%), with grade 1, 2 and 3, 4 in 18.7% and 9.4%, respectively. No late toxicity observed in retreated patients. LDFRT +
CHT showed better toxicity profile when compared to the same group of patients treated with the different approaches available in this setting (re-
resection, re-irradiation, different chemotherapy schedules)

Fatal grade 4 hematological toxicity (2.5%), fatal pulmonary infection (5%)

Grade 3, 4 hematological toxicity (24%)

Grade 3, 4 toxicities 11.1%

Toxicity NR

RT, radiotherapy; LDFRT, low-dose fraction radiotherapy; CHT, chemotherapy; DLT, dose-limiting toxicity; NR, not reported.
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Study

Main findings

Amold et al.,
2004 (16)
Regine et al.,
2007 (17)
Valentini

et al., 2010
(26)

Mantini et al.,
2012 (21)
Nardone
etal, 2012
(24)
Nardone
etal, 2014
(25)

Konski et al.,
2014 (20)
Balducci
etal, 2014
(18)
Beauchesne
etal, 2015
(19)

Daset al.,
2015 (27)
Morganti

et al., 2016
(23)

Mattoli et al.,
2017 (22)

ORR: 82% (assessed radiographically); RR: 90% at the primary site; RR: 69% at nodal site
ORR 30% (assessed radiographically); median OS 11 months (range: 4-37 months)

ORR 45% (42% in previously treated patients); ORR of 57.1% and 41.6% in HN and lung cancer, respectively; with a median follow-up of 6.5 months
no local toxicity observed

ORR 42%; median OS 17 months. RR and median OS higher than CHT alone.

50% clinical CR; TRG 1 (absence of residual cancer) 10%; TRG 2 (residual isolated cells scattered through fibrosis) 40%; PMRR 20% with LDFRT +
sequential CHT and 40% with LDFRT + concurrent CHT

PMRR: 33.3%; TRG1: 14.3%; TRG2: 19%

R (30%), stable (55.5%), PD (3.7%); median OS 9.1 months

CR 3.1%, PR 9.4%, stable disease 25% for at least 8 weeks after the end of treatment, 62.5% PD. Clinical benefit 37.5%. Median PFS and OS 5 and 8
months. Survival rate at 12 months 27.8%

2y-0S 32.4%; 3-y OS 17.2%; median PFS 9.6 months; CR (10%); PR (17.5%). No improved OS (9.53 months) compared to unresectable GBM
reported in literature

OS and PFS at 2.5 years 84%. ORR (100% with 40% CR and 60% PR, based on MRI findings) and 3y-OS (80%)

38.9% clinical or pathological CR; median OS 38 months; 2y PFS: 63.9 and 31.2% and ORR: 83.3% and 33.3% in irradiated and not irradiated lesions,
respectively

Response assessed by '®F-FDG PET-CT; at early PET-CT, 47.6% responders. At final PET-CT, 83% responders, 17.4% nonresponders (all
nonresponders at early PET-CT). Early responders had higher PFS and OS than early nonresponders. Locoregional recurrence < 30%; 2-y OS rate was
59%; median OS 51 months

RT, radiotherapy; CHT, chemotherapy; LDFRT, low-dose fraction radiotherapy; ORR, response rate; CR, complete response; PR, partial response; PD, progression disease; PFS,
progression-free survival; RECIST, response evaluation criteria in solid tumors; BID, bis in die (twice daily); GBM, glioblastoma muitiforme; NRC, neoadjuvant radiochemotherapy; NAC,
conventional neoadjuvant chemotherapy; PO, per oral; PMRR, pathological major response rate; TRG, tumor regression grade; HN, head and neck; "8F-FDG PET-CT, [18F]Fluoro-2-
Deoxy-d-Glucose positron emission tomography/computed tomography.
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Amold et al., LDFRT + CHT well tolerated with higher RR delivering less CHT cycles compared to CHT alone. Toxicity profile similar to CHT alone

2004 (16)

Regine et al., RR and survival rates higher than CHT alone

2007 (17)

Valentini ORR higher than CHT alone seen in different settings

etal, 2010

(26)

Mantini RR and median OS higher than CHT alone. Toxicity profile similar to CHT alone

etal, 2012

(21)

Nardone Toxicity profile similar to CHT alone

etal., 2012

(24)

Nardone PMRR was 33.3%, similar to CHT alone

etal., 2014

(25)

Konski et al., Efficacy results compared to CHT alone (median OS of metastatic patients around 6 months in locally advanced disease with gemcitabine alone versus

2014 (20) 9.1 months with LDFRT + CHT)

Balducci LDFRT + CHT showed a very low toxicity profile when compared to the same group of patients treated with different approaches (36)

etal., 2014

(18)

Beauchesne Median OS of 16 months higher than OS rates reported in EORTC/NCIC trial (conventional RT + CHT versus conventional RT alone)

etal, 2015

(19)

Das et al., ORR (100% with 40% CR and 60% PR, based on MRI findings) and 3y-OS (80%) with LDFRT + CHT followed by CHT + RT versus RR (70%) and 3y-

2015 (27) OS (68%) with CHT + RT (the latter treatment scheme done with more CHT cycles). Lower toxicity grade with LDFRT+CHT followed by CHT + RT
compared to treatment scheme using CHT+RT (the latter done with higher cycles of CHT)

Morganti 2y PFS: 63.9 and 31.2%, ORR: 83.3% and 33.3% in irradiated and not irradiated lesions, respectively

etal., 2016

(23)

Mattoli et al., Median OS higher than CHT alone

2017 (22)

RT, radiotherapy; CHT, chemotherapy; SCCHN, advanced squamous cell carcinoma of the head and neck; HN, head and neck; ORR, response rate; CR, complete response; PR, partial
response; PD, progression disease; PFS, progression free survival; RECIST, response evaluation criteria in solid tumors; BID, bis in die (twice daily); NRC, neoadjuvant radiochemotherapy;
NAC, conventional neoadjuvant chemotherapy; PO, per oral: PMRR, pathological major response rate; TRG, tumor regression grade; DLT, dose-limiting toxicity.
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Predictor 3 months after RT 6 months after RT

p-value OR Cl p-value OR cl
Age NA 1.006 NA 0.65 1.008 0.975-1.042
Lung cancer 0.09 1.637 0.929-2.543 0.21 1.717 0.740-3.983
(vs. breast cancer)
KPS 0.63 0.845 0.424-1.683 0.69 0.775 0.223-2.698
(<70% vs. =70%)
Fractures before RT 0.60 0.874 0.527-1.448 0.58 0.805 0.373-1.736

(yes vs. no)
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Stability assessment of irradiated SBM

Taneichi classification prior to RT
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Taneichi classification 3 months after RT
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Taneichi classification 6 months after RT
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SBM, spinal bone metastases; RT, radiotherapy; n, number of patients.

62 (45.9)
20 (14.8)
9(6.7)
17 (12.6)
15 (11.1)
11(8.1)
1(0.7)
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Records identified through database Additional records identified through
searching (n = 649) other sources
(n=0)

Records after duplicates removed
(n=300)

Records screened Records excluded

(n=349) (n =330)

Full-text articles excluded (n = 7)
2 reporting duplicated patients
3 studies using doses > 1Gy/fx
2 studies not reporting LDFRT plus CHT

Full-text articles assessed
for eligibility
m=19)

Studies included
(n=12)
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Stability assessment of SBMs SINS

Taneichi score

Prior to RT

(total study population)

- stable (%) 64 (23%)
- unstable (%) 218 (77%)

Shift from unstable to stable 3 mo. after RT

(only SBM of the surviving patients in the entire study population)

- stable (%) 50 (35%)
- unchanged unstable (%) 93 (65%)
Shift from stable to unstable 3 mo. after RT

(only SBM of the surviving patients in the entire study population)

- unchanged stable (%) 40 (95%)
- unstable (%) 2 (5%)
Shift from unstable to stable 6 mo. after RT

(only SBM of the surviving patients in the entire study population)

- stable (%) 52 (50%)
- unchanged unstable (%) 52 (50%)
Shift from stable to unstable 6 mo. after RT

(only SBM of the surviving patients in the entire study population)

- unchanged stable (%) 29 (97%)
- unstable (%) 1 (38%)
Shift from unstable to stable 6 mo. after RT

(only SBM of the surviving breast cancer patients,

- stable (%) 40 (51%)
- unchanged unstable (%) 39 (49%)
Shift from unstable to stable 6 mo. after RT

(only SBM of the surviving lung cancer patients,

- stable (%) 12 (48%)
- unchanged unstable (%) 13 (52%)

58 (21%)
224 (79%)

39 (25%)
115 (75%)

29 (94%)
2 (6%)

53 (46%)
62 (54%)

20 (100%)
0 (0%)

39 (48%)
42 (52%)

14 (41%)
20 (59%)

SBM, spinal bone metastases; SINS, Spine Instability Neoplastic Score; RT, radiotherapy; NA, not analyzable, because the follow-up examination was missing due to a deterioration of the

general condition or death.
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Predictor 3 months after RT 6 months after RT

p-value OR Cl p-value OR cl
Age 0.99 1.001 0.941-1.064 0.80 0.995 0.954-1.087
Lung cancer 0.41 1.829 0.434-7.713 0.16 2.196 0.742-6.500
(vs. breast cancer)
KPS 0.20 0.273 0.037-1.996 0.02 0.158 0.032-0.790
(<70% vs. =70%)
Fractures before RT 0.88 0.919 0.294-2.868 0.73 0.850 0.337-2.142

(yes vs. no)
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Metrics

Gl

PCI

RxPercentage
(%)

SBOT (min)

Number of
Shots

Site

PA
'S
pBM
iBM
PA
Vs
pBM
iBM
PA
'S
pBM
iBM
PA
'S
pBM
iBM
PA
VS
pBM

iBM

OptExp1

2.64 +0.13 (2.46-2.86)

268 + 0.10 (2.55-2.85)
2,69 + 0.13 (2.54-2.94)
3.13 + 0.51 (2.52-4.47)
0.71 0.14 (0.39-0.85)
0.70 + 0.06 (0.59-0.77)

0.85 + 0.01 (0.83-0.88)
0.71 £ 0.19 (0.19-0.92)
54.20 + 5.05 (47.00-

61.00)

48.30 + 5.23 (42.00-
55.00)

50.50 + 6.33 (43.00-
61.00)

56.77 + 8.21 (41.00-
76.00)

4412 £ 11.67 (27.06-
61.17)

3322 + 17.30 (16.36-
71.30)

53.25 + 16.46 (36.69-
91.17)

68.46 + 23.73 (29.33-
108.60)

37.30 + 13.65 (12.00-
61.00)

3390 +20.71 (10.00-
83.00)

53.70 + 20.37 (41.00-
107.00)

16.84 + 12.53 (1.00-
49.00)

OptExp2

2.63 £ 0.14 (2.45-2.85)

267 + 0.16 (2.46-3.00)
2.73 + 0.12 (2.56-2.96)
3.25 + 0.54 (2.60-4.33)
0.72 + 0.15 (0.39-0.86)
0.80 = 0.09 (0.65-0.89)

0.83 = 0.04 (0.74-0.86)
067 = 0.16 (0.18-0.89)
55.10 + 5.63 (46.00-
63.00)

52.80 + 5.81 (44.00-
62.00)

49.60 + 5.87 (44.00-
59.00)

58.23 + 7.27 (45.00-
75.00)

46.60 + 9.98 (33.09-
68.80)

3322 + 11.73 (15.48-
53.67)

45.03 + 1096 (32.10-
61.79)

49.26 + 13.63 (20.87-
63.27)

39.10 + 1539 (14.00-
70.00)

32.20 + 15.83 (10.00-
62.00)

43.30 + 12.49 (29.00-
64.00)

11.97 + 8.36 (1.00-
35.00)

OptNov

2.49 £ 0.07 2.37-2.61)

2,59 + 0,08 (2.49-2.71)
2,63 +0.12 (251-2.87)
2.95 + 0.43 (2.60-4.22)
0.72 £ 0.15 (0.38-0.87)
0.78 + 0.09 (0.62-0.88)

0.85 + 0.03 (0.78-0.89)
0.68 + 0.19 (0.20-0.91)
51.90 + 5.53 (40.00-
59.00)

50.40 + 4.77 (43.00-
57.00)

50.20 + 5.45 (43.00-
61.00)

51.58 + 8.17 (40.00-
74.00)

54.68 + 11.64 (37.07-
69.42)
31.15+ 1391 (18.71-
54.13)

61.49 + 14.96 (42.24-
91.49)

73.88 + 22.63 (23.74-
107.11)

4150 + 12.89 (18.00-
58.00)

30.20 + 17.16 (8.00-
62.00)

59.40 + 25.26 (37.00-
121.00)

17.35 + 14.04 (1.00-
50.00)

Clinical

2.88 + 0.35 (2.56-3.66)

2.78 +0.23 (2.57-3.39)
2,93 + 0.20 (2.65-3.22)
3.56 + 0.68 (2.55-4.92)
0.72 £ 0.1 (0.47-0.83)
0.77 £ 0.1 (0.61-0.89)

0.77 + 0.09 (0.58-0.86)
0.59 + 0.15 (0.22-0.81)
50.70 + 2.00 (49.00-
56.00)

50.00 + 0.00 (50.00-
50.00)

50.40 + 2.50 (45.00-
55.00)

55.42 + 6.11 (50.00-
70.00)

67.09 + 15.53 (38.97-
83.10)

4005 + 17.65 (17.17-
70.15)

4565 + 7.79 (31.34-
59.88)

5851 + 19.59 (24.92-
84.38)

22,60 + 8.87 (9.00-
42.00)

19.80 + 8.53 (7.00-
32.00)

27.40 + 6.87 (11.00-
36.00)

6.00 + 5.22 (1.00-
21.00)

p-value Student’s
t-test

p <0.05
p <0.05

p <0.05
p <0.05

p <0.05
p <0.05

p <0.05

p <0.05
p <0.05
p <0.05

p <0.05

ANOVA

p<0.05;
OptNov

p<0.05;

OptExp1

p<0.05;
OptNov

p<0.05;
OptExp2

OptExp1 and OptExp2 are from two experienced planners and OptNov is from one novice planner.
PA, pituitary adenoma; VS, vestibular schwannoma; pBM, post-operative brain metastases; iBM, intact brain metastases; G, gradient index; PCI, Paddick Conformity Index;
RxPercentage, prescription percentage; sBOT, scaled beam-on time.
The bold values mean the difference is significant with p < 0.05.
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Metrics

LON_D0.03cc (Gy)
RON_D0.03cc (Gy)
BS_D0.03cc (Gy)
BS_DO0.5cc (Gy)
Chiams_D0.03cc
Gy)

BS_D0.03cc (Gy)
BS_DO.5cc (Gy)
Cochlea_D0.03cc
Gy)

Brain_V12Gy (cc)
PTV_D 98% (Gy)
Cavity_D 98% (Gy)
Brain_V12Gy (cc)

PTV_D 98% (Gy)

PA
PA

Vs
Vs
Vs
pBM
pBM
pBM
iBM

iBM

OptExp1

4.88 217 (1.40-7.90)
4.86 + 2,09 (2.30-8.70)
8.09 + 2.86 (4.40-
11.40)

5.97 + 2.00 (3.50-8.30)
5.15 + 0.98 (3.80-6.90)

10.40 + 3.32 (3.70-
14.10)
751 +3.18 (1.80-
11.30)
5.64 +2.71 (2.30-
11.20)
38.42 + 1534 (11.51-
65.28)
17.04 + 1.4 (15.30-
18.70)
19.39 + 2.19 (15.90-
22.10)
16.88 = 10.02 (0.45-
36.06)
2028 + 2.07 (13.40-
25.70)

OptExp2

5.8 + 2,61 (1.40-9.00)
5.00 + 2.46 (2.30-9.80)
9.58 + 3.66 (5.30-
14.10)

6.50 + 2.35 (3.30-9.50)
5.17 = 1.30 (3.50-7.70)

11.24 + 3.24 (5.20-
14.00)

7.62 +3.09 (2.50-
11.10)

5.56 + 2,61 (1.90-

10.40)
40.11 £ 16.99 (12.14-
74.12)

17.18 + 1.41 (15.40-
18.70)

19.48 + 2.16 (16.00-
22.20)

18.86 + 11.44 (0.57-
41.06)

2051 +1.92 (14.10-
23.00)

OptNov

5.38 + 2.49 (1.70-8.90)
5.11 +2.34 (2.10-9.10)
9.02 +3.20 (5.10-
13.30)

6.35 + 2.18 (3.40-9.20)
5.20 + 1.09 (3.40-6.80)

11,60 + 3.42 (4.90-
14.70)
7.84 +3.20 (2.30-
11.70)
5.30 + 1.87 (2.20-8.10)

37.98 + 15.94 (11.19-
67.02)

17.20 + 1.39 (15.50-
18.80)

19.80 + 2.31 (16.50-
22.40)

16.98 + 10.10 (0.58-
35.21)

20.97 + 2.05 (13.70-
24.50)

Clinical

539 +2.17 (1.40-8.10)
5.26 + 2.78 (2.30-9.80)
9.45 + 3.41 (4.90-
13.10)

6.48 + 2.34 (3.20-8.80)
551+ 1.25 (3.70-7.40)

10.84 + 3.19 (4.90-
14.40)
7.65 +3.10 (2.30-
11.20)
552 + 2.87 (2.50-
12.60)
43.53 + 19.86 (17.42-
89.79)
17.06 + 1.89 (13.90-
20.00)
18.97 + 2.1 (15.50-
21.60)
22.16 + 13.20 (0.54-
46.61)
21.16 + 2.22 (13.50-
24.70)

p-value Student’s
t-test

p<0.05

p <0.05

ANOVA

OptExp1 and OptExp2 are from two experienced planners and OptNov is from one novice planner.
PA, pituitary adenoma; VS, vestibular schwannoma; pBM, post-operative brain metastases; iBM, intact brain metastases; L/RON, left/right optic nerve; BS, brainstem.
The bold values mean the difference is significant with p < 0.05.
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Variables (n=22) Before Balloonimplantation After Balloonimplantation Relative Gain (%) Absolute Gain p*

Dmax - rectum (Gy) 0.067
median (range) 76.2 (75.1-77.1) 75.8 (66.8-77.4) 0.4 (-2.83-12.1) 0.3 (-1.7-9.2)
mean + SD 76.1 +05 75.3 +22 11 +29 0.8 +22

D2.5cc - rectum (Gy) <0.001
median (range) 73.6 (71.8-73.9) 63.5 (47.2-73.8) 137  (-01-85.0) 101 (-0.1-25.4)
mean + SD 73.4 +05 61.3 +8.1 16.5 +10.7 121 +78

D5cc - rectum (Gy) <0.001
median (range) 71.9 (66.0-73.3) 56.6 (40.7-70.8) 20.9 (2.8-40.1) 148  (2.0-27.8)
mean + SD 71.4 +20 55.6 +8.0 221 +10.3 16.7 +7.2

D10cc - rectum (Gy) <0.001
median (range) 65.0 (62.7-69.4) 50.7 (34.0-59.4) 20.9 (9.6-44.4) 13.1 (6.1-30.2)
mean + SD 63.7 +45 49.1 +7.6 228 +108 14.6 +7.1

D15cc - rectum (Gy) <0.001
median (range) 56.9 (43.9-63.1) 457 (30.0-54.0) 170 (26-465) 103  (1.4-29.3)
mean + SD 55.7 +55 44.6 72 19.6 +13.1 11.2 +7.8

D20cc - rectum (Gy) <0.001
median (range) 50.9 (36.6-58.7) M1 (26.9-51.3) 15.4 (-9.2-47.5) 8.6 (-8.7-27.9)
mean + SD 49.3 +6.3 409 +6.9 16.0 +16.2 8.4 +8.4

V90% - rectum (cc) <0.001
median (range) 6.6 (3.6-9.3) 0.6 (0.0-5.3) 90.2 (325-100.0) 5.1 (2.5-8.4)
mean + SD 6.5 +16 11 +13 84.2 £A7 53 +15

V80% - rectum (cc) <0.001
median (range) 1.4 (6.2-15.8) 2.7 (0.1-8.4) 780  (264-99.1) 7.5  (3.0-15.4)
mean + SD 11.3 +2.6 29 +2.3 74.4 +19.5 8.3 +29

V60% - rectum (cc) 0.001
median (range) 241 (18.1-85.3) 14.0 (2.6-31.3) 371 (-21.6-88.1) 9.5 (-5.6-29.0)
mean + SD 23.3 +6.0 13.8 +8.4 39.9 +34.0 9.5 +8.8

V50% - rectum (cc) 0.058
median (range) 30.9 (18.5-50.3) 222 (5.9-62.6) 166 (67.7-812) 56 (-25.3-37.7)
mean + SD 31.9 +9.1 253 +14.2 18.4 +39.3 6.6 +146

V70 Gy - rectum (cc) <0.001
median (range) 6.7 (3.5-9.5) 0.6 0.0-5.3) 90.0 (325-1000) 52  (26-86)
mean + SD 6.6 17 12 +1.3 84.1 +17.1 5.4 +15

V70 Gy - rectum (%) <0.001
median (range) 97 (6.2-19.6) 0.7 (0.0-8.1) 91.4  (36.8-100.0) 8.5 (4.7-15.6)
mean + SD 10.7 +39 1.8 +22 85.2 +16.4 8.9 +3.1

V70% - bladder (cc) 0.10
median (range) 59.0 (18.5-103.7) 49.6 (21.5-95.3) 8.2 (-38.9-62.7) 49 (-22.5-39.8)
mean + SD 58.3 +189 532 +20.4 7.7 +21.3 52 +12.1

V60% - bladder (cc) 0.22
median (range) 72.0 (23.6-126.5) 64.0 (27.5-111.0) 8.1 (-41.2-62.0) 6.2 (-27.5-58.3)
mean + SD 74.0 +225 67.3 +225 6.6 +22.3 6.7 +17.0

V50% - bladder (cc) 0.39
median (range) 90.8 (31.3-147.1) 88.1 (36.4-133.3) 5.6 (-41.2-63.4) 57 (-31.1-92.3)
mean + SD 93.3 +288 85.5 +253 4.5 +23.0 7.8 +245

Homogeneity of the prostate CTV (10°%) 0.002
median (range) 29.5 (22.0-70.0) 215 (14.0-146.0) 29.4 (-108.6-56.3) 8.0 (-76.0-19.0)
mean + SD 31.2 +99 26.8 +26.9 20.4 +33.8 4.4 +18.8

DXcc, dose delivered to X cc of the indicated anatomic structure; VX%, volume receiving X% of the prescribed dose; V70 Gy, volume of the indicated anatomic structure receiving 70 Gy;
CTV, clinical target volume. *calculated for the relative gain, using Wilcoxon's test.
Bold values: p < 0.05.





OPS/images/fonc.2021.701998/table4.jpg
IPSS Baselinen=21

Median (range) 50 (1.0~

17.0)
Mean + SD 54 £39
Mild symptoms (0-7), n (%) 16 76.2%

Moderate symptoms (8-19), n 5 23.8%
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IPSS, International Prostate Symptom Score; RT, radiotherapy; SD, standard deviation.

End of RTn=23

1.0

(2.0~

28.0)

+82
39.1%
39.1%

21.7%

3

monthspost-
RTn=23

40 (0.0~

156.0)
50 £85
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Variables (n=24)

Age (years)
median (range) 755
mean + SD 741
Clinical T stage
Tic 4
T2a 16
T2b 2
Tec 2
NO status 24
MO status 24
Initial serum PSA (ng/ml)
median (range) 71
mean + SD 8.0
Prostate volume (cc)
median (range) 34.0
mean + SD 36.7
ECOGPS =0 24
Total Gleason score
6 2
7 22

(61.0-81.0)
+52

16.7%
66.7%
8.3%
8.3%
100.0%
100.0%

0.6-19.6)
+4.2

(15.0-89.0)
£17.2
100.0%

8.3%
91.7%

Characteristics (n=24)

Medical history
infectious disease
digestive tract disease
prostate resection
cardiovascular disease
type Il diabetes
pelvic surgery
Androgen deprivation therapy
Medications other than androgen deprivation therapy*
Anticoagulants
Biopsies
Number of biopsy cores
median (range)
mean + SD
Number of positive biopsy cores
median (range)
mean + SD
Total length of positive biopsies (mm)
median (range)
mean + SD
Proportion of positive biopsies (%)
median (range)
mean + SD
Side(s) invaded
left only
right only
left and right

145
14.8

4.0
4.8

20.0
20.4

30.0
35.3

7
4
13

0%
4.2%
20.8%
62.5%
12.5%

0%
45.8%
66.7%

0%

(5.0-24.0)
+4.6

(1.0-13.0)
+32

(1.0-50.0)
+12.8

(7.1-86.7)
+224

29.2%
16.7%
54.2%

SD, standard deviation; PSA, prostate-specific antigen; ECOG PS, Eastern Cooperative Oncology Group Performance Status; BMI, body mass index.

*medications other than androgen deprivation therapy included treatments for diabetes and other metabolic diseases, arterial hypertension and other cardiovascular diseases, gout,
allergy, asthma, arthritis, insomnia, stress, and glaucoma.
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Variables (n=24)

Time interval between implantation and the start of RT (days)
median (range)
mean + SD
missing data
Type of anesthesia
general
local
Duration of the surgical session (min)
median (range)
mean + SD
Duration of the implantation (min)
median (range)
mean + SD
missing data

RT, radiotherapy; SD, standard deviation.

23.0
245

22

36.0
33.5

14.0
14.2

(21.0-35.0)
+4.2

91.7%
8.3%

(13.0-64.0)
+129

(1.0-28.0)
+6.2
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Characteristics

1st irradiation N=104

Re-irradiation N=58

Total N =162

Age (years)

Median (min.; max.)
ECOG Performance Status
0

1

2

History of pelvic surgery
No

Yes

PSA (ng/mL)

Median (min.; max.)
Gleason score

<6

3+4

4+3

>8

N/A!

Prognostic group of Amico
Favorable

Favorable intermediate
Unfavorable intermediate
High risk

M, missing data; N/A', anatomical pathology analysis not feasible; ECOG, Eastern Cooperative Oncology Group; PSA, prostate-specific antigen.

75

7
22

103

35
40
17
12

(54 - 85)
(M=4)
77.0%
22.0%
1.0%

99.0%
1.0%

(2.3-78.0)

46.2%
38.5%
11.5%
3.9%
0%

33.7%
38.5%
16.3%
11.5%

70

52

52

o

© o~

(51-87)

89.7%
10.3%
0.0%

89.6%
10.3%

(0.4 -39.0)
M=7)
13.7%
15.7%
15.7%
43.1%
11.8%

73

129
28

155

55
48
20
26

(M=7)

(51-87)

81.6%
17.7%
0.6%

95.7%
4.3%

(0.4 -78.0)

35.5%
30.1%
12.9%
16.8%
4.9%
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Characteristics

Neoplasia related to 1st irradiation

Prostate 49 84.5%
Rectum 6 10.3%
Other 3 5.2%
Technique used during the 1st irradiation

IMRT 4 6.9%
3D-CRT 40 69.0%
Brachytherapy 14 24.1%
Abdominal-pelvic amputation

Yes 0 0%
No 58 100%
Dose of the first radiation (Gy)

Median (min.; max.) 701 (45 -78)
D’AMICO prognostic group during the M=2)
1st irradiation (N=49)

Favorable 16 34.0%
Favorable intermediate 8 17.0%
Unfavorable intermediate 2 4.3%
High risk 21 44.7%
TNM-staging of prostate cancer (M=4)
for a first irradiation (N=49)

cTla 1 2.2%
cT1b 1 2.2%
cTic 14 31.1%
cT2a 10 22.2%
cT2b 3 6.7%
cT2c 5 1.1%
cT3a 6 13.3%
cT3b 3 6.7%
cT3aN1 1 2.2%
CT3bN1 1 2.2%

M, missing data; IMRT, intensity-modulated radiation therapy; 3D-CRT, three-dimensional
conformal radiation therapy.
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Characteristics Value Percent

Age (y)
Median 63
Range 34-88
Gender (n)
Female 124 56.1
Male 97 43.9
KPS (nRTc)
100 5 20
90 41 16.6
80 78 31.6
70 74 30.0
60 36 14.6
50 9 3.6
40 3 12
30 1 04
Number of bone metastases (nRTvol)
Median 2
Range 1-14
Solitary 130 46.1
Multiple 162 53.9
Spine involvement (nRTvol)
Thoracic 139 49.3
Thoracolumbar 66 23.4
Lumbar 7 27.3
Primary tumor (n)
Breast carcinoma 83 37.6
NSCLC 126 57.0
SCLC 12 54
Distant extraskeletal metastases (n)
Brain 29 1341
Lung 33 14.9
Liver 38 17.2
Adrenal glands 15 6.8
Visceral 84 38.0
Other locations 15 6.8
Single radiation dose (Gy)
Median 3
Range 2-4
Cumulative dose (Gy)
Median 30
Range 8-40
Fractionation of RT (nRTvol)
20 x 2.0 Gy 31 11.0
10 x 2.5 Gy 1 0.4
14 x 2.5 Gy 27 9.6
156 x 2.5 Gy 1 0.4
1 x 3.0 Gy 1 0.4
3x3.0Gy 2 07
5x3.0Gy 1 04
7 x 3.0 Gy 1 0.4
9 x 3.0 Gy 1 04
10 x 3.0 Gy 208 73.8
11 x 3.0 Gy 1 0.4
12 x 3.0 Gy 3 s
2 x 4.0 Gy 1 0.4
5x4.0Gy 3 : B
Indications for RT
Pain (nRTvol) 235 83.3
Instability (nRTvol according to SINS) 218 77.3
Neurologic deficit (NRTc) 8 3.2
Chemotherapy (n) 150 60.7
Other treatments for bone metastases
Orthopedic corset (nRTvol) 151 53.5
Bisphosphonates (nRTc) 217 87.9

KPS, Karnofsky performance score; y, years; RT, radiotherapy; Gy, Gray; n, number of
patients (in total 221); nRTvol, number of RT volumes (in total 282); nRTc, number of RT
courses (in total 247).
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Reasons for durvalumab discontinuation

n. of patients (%)

Achieving planned total dose as per PACIFIC study
Disease progression
Pneumonitis

Diarrhea

Thyroiditis
Cardiovascular disease
Liver dysfunction
Neutropenia

Skin reactions
Pancreatic failure
COVID-19

Other

Total

36 (23.4%)
35 (22.6%)
1 (7.1%)
4 (2.6%)
3(1.9%)
3 (1.9%)
2 (1.3%)
2 (1.3%)
1 (0.6%)
1 (0.6%)
1 (0.6%)
2 (1.3%)
101/155 (65.2%)

Covid19, Coronavirus Disease 2019.
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Category
Age (mean)
Gender
Smoking habit

Performance status (ECOG)

Cardiac comorbidities
Hypertension

Histology

PD-L1 expression

T stage

N stage

TNM staging (9th edition)

Chemoradiotherapy

Variables

66 (40-82)
Male

Female

Active smokers
Former smokers
Never smokers
0

1

2

Yes

No

Yes

No
Adenocarcinoma
SCC

Other

<1%

1-50%

>50%
Unknown

T

T2

T3

T4

NO

N1

N2

N3

A

B

nc
Concomitant
Sequential

Percentage (%)

109 (70.3%)
46 (29.7%)
11 (7.1%)
88 (56.8%)
56 (36.1%)
93 (60.0%)
57 (36.8%)
5 (3.2%)
50 (32.2%)
105 (67.8%)
75 (48.4%)
80 (51.6%)
92 (59.3%)
49 (31.6%)
14 (9.1%)
14 (9.1%)
71 (45.8%)
63 (40.6%)
7 (4.5%)
21 (13.5%)
46 (29.7%)
44 (28.4%)
44 (28.4%)
4 (2.5%)
13 (8.4%)
94 (60.7%)
44 (28.4%)
51 (32.9%)
85 (54.9%)
19 (12.2%)
91 (58.8%)
64 (41.2%)

TNM, tumor node metastasis; ECOG, Eastemn Cooperative Oncology Group; PD-L1,

programmed-death ligand 1.
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Category

Patients
Age

Gender

Smoke habit

Cardiac comorbidities

Histology

PD-L1 expression

T stage

N Stage

'®FDG-PET

Clinical stage

Chemotherapy cycles

RT schedule

RT total dose

Clinical response

Time interval CRT —
durvalumab first dose

Total number
Mean (range)
Median (range)
Male (%)
Female (%)
Active smokers
Former smokers
Never smokers
No (%)

Yes (%)
Adenocarcinoma
SCC

Other

<1%

1%-25%
25%-50%
>50%
Unknown

T

T2

T3

T4

NO

N1

N2

N3

Yes

No

A

1[=}

nc

Median (range)
Two to three
Four

More than four
Conventional
Hypofractionation
>66 Gy

60-66 Gy

<60 Gy
Complete
response
Partial response
Stable disease
Unknown

Days (range)

Concomitant
CRT

91
64 (40-80)
66 (40-80)
61 (67.1%)
30 (32.9%)
37 (40.7%)
48 (52.8%)
6 (6.5%)
68 (74.7%)
23 (25.3%)
51 (56.1%)
31 (34.1%)
9(9.8%)
8 (8.7%)
36 (39.6%)
3(3.3%)
38 (41.8%)
7 (7.6%)
16 (17.6%)
31 (34.1%)
26 (28.6%)
18 (19.7%)
2 (2.2%)
8 (8.8%)
59 (64.8%)
22 (24.2%)
89 (97.8%)
2(2.2%)
37 (40.6%)
44 (48.3%)
0(11.1%)
4(1-9)
28 (30.7%)
2 (24.2%)
36 (39.6%)
1 (89.1%)
0 (9.9%)
10 (10.9%)
76 (83.6%)
5 (5.5%)
4 (4.4%)

71 (78.1%)
14 (15.3%)
2 (2.2%)
56 (10-245)

Sequential
CRT

64
69 (43-82)
72 (43-82)
48 (75%)
16 (25%)
19 (29.7%)
40 (62.5%)
5 (7.8%)
37 (57.8%)
27 (42.2%)
41 (64.1%)
18 (28.1%)
5 (7.8%)
6(9.3%)
22 (34.4%)
10 (15.6%)
25 (39.1%)
1 (1.6%)
5 (7.8%)
15 (23.4%)
18 (25.0%)
26 (40.8%)
2 (3.2%)
5 (7.8%)
35 (54.7%)
22 (34.3%)
61(95.3%)
3 (4.7%)
14 (21.9%)
41 (64.1%)
9 (14.0%%)
4(3-8)
26 (40.6%)
29 (45.3%)
9(13.6%)
49 (76.5%)
15 (23.5%)
2(3.2%)
51 (79.7%)
11 (17.1%)
2 (3.2%)

45 (70.3%)
16 (25.0%)
1 (1.5%)
51 (9-158)
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