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Objective: Stereotactic radiosurgery (SRS) is an established treatment for brain metastases in the management of metastasized melanoma. The increasing use of checkpoint inhibitors in melanoma therapy leads to combined treatment schemes consisting of immunotherapy and SRS that need to be evaluated regarding safety and feasibility.

Methods: We retrospectively analyzed 36 patients suffering from cerebral metastasized melanoma. Between November 2011 and May 2016, altogether 66 brain metastases were treated with single-fraction SRS (18–20 Gy prescribed to the 80% isodose) in combination with a checkpoint inhibitor (ipilimumab: 82%, pembrolizumab: 14% or nivolumab: 4%), administered within 3 months before or after SRS. Toxicity was evaluated with focus on the incidence of central nervous system (CNS) radiation necrosis (CRN). Overall survival (OS), freedom from local progression (FFLP), freedom from central nervous system radiation necrosis (FFCRN), and freedom from distant intracranial progression (FFDIP) were analyzed using the Kaplan-Meier method.

Results: The median follow-up was 25 months (range: 2–115 months). Two patients (6%) presented with cerebral edema CTCAE °III and another two patients (6%) presented with one-sided muscle weakness CTCAE °III after SRS. One of these four symptomatic cases correlated with an observed CRN, the other three symptomatic cases were related to local tumor progression (n = 2) or related to the performance of additional whole brain radiotherapy (WBRT). No further CTCAE °III or °IV toxicity was seen. During follow-up, seven of the growing contrast-enhanced lesions were resected, revealing two cases of CRN and five cases of local tumor progression. Altogether, the observed CRN rate of the irradiated metastases was 6–17% at the time of analysis, ranging due to the radiologically challenging differentiation between CRN and local tumor progression. The observed ranges of the 1- and 2-years FFLP rates were 82–85% and 73–80%, respectively. The median FFDIP was 6.1 months, the median OS was 22.2 months.

Conclusion: In the presented cohort, the combination of SRS and checkpoint inhibitors in the management of cerebral metastasized melanoma was safe and effective. Compared to historic data on SRS only, the observed CRN rate was acceptable. To gain resilient data on the incidence of CRN after combined treatment schemes, prospective trials are needed.
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INTRODUCTION

Prior to the era of immunotherapy and targeted therapy in metastasized melanoma, newly diagnosed brain metastases (BM) came along with a drastic decline of survival probability with an observed median overall survival (OS) of 4–5 months (1, 2). The emergence of immunotherapy and targeted therapy such as PD-1 antibodies or BRAF inhibitors resulted in fundamentally improved oncological outcomes (3–9). Furthermore, a potential synergistic effect of combined therapy regimens of stereotactic radiosurgery (SRS) and checkpoint inhibitors was observed by Lehrer et al. in a meta-analysis of 17 studies (10). The recent median OS of melanoma patients with BM is 14–23 months (11, 12).

Due to the prolonged survival times, there is an increasing number of patients suffering from BM that are treated by SRS and concurrent immunotherapy. Hence, long-term toxicity of RT is gaining more interest. There is an ongoing discussion on safety of combined treatment schemes of immunotherapy or targeted therapy with SRS since the central nervous system (CNS) radiation necrosis (CRN) risk could potentially be increased, as described in several analyses (13, 14).

There is no clear radiological definition of CRN and incidence rates differ drastically in different studies based on the underlying diagnostic criteria (15). Several studies aimed to implement effective diagnostic procedures (16–19), but in clinical routine, we are regularly confronted with missing perfusion sequences in the presented MRI images, absence of PET-imaging or other causes of uncertainty (e.g., inconsistent results or atypical courses of the disease). However, even in interdisciplinary decision-making, the differential diagnosis of tumor progression and CRN remains challenging and the accuracy of diagnosis remains uncertain.

In this study, we evaluated toxicity and survival outcomes of 36 melanoma patients with BM that received SRS with concurrent immune checkpoint inhibitors at our institution.



PATIENTS AND METHODS


Patients

In the present retrospective analysis, we included melanoma patients with BM, that were treated with SRS and concurrent immunotherapy with checkpoint inhibitors. Previous studies have defined concurrent therapy as application of immunotherapy within 1–4 months of SRS (20, 21). In the present study, concurrent immunotherapy was defined within 3 months before or after SRS. Treatments were performed from November 2011 to May 2016 at our institution. Clinical information was extracted from the charts. As described previously by Sperduto et al., the graded prognostic assessment score for melanoma using molecular markers (Melanoma-molGPA) was evaluated for each patient (22).



Radiotherapy

RT was performed as linear accelerator-based single-fraction SRS with photons with an energy of 6 MeV. Total doses of 18–20 Gy were prescribed to the 80% isodose line. Patients were positioned in an individually manufactured scotch-cast mask to effectively reduce movements to a maximum of 1–2 mm (23). The mask was attached to an external stereotactic localization system. Contrast-enhanced CT scans and contrast-enhanced MRI imaging with slice thicknesses of no more than 3 mm were performed as planning imaging. The gross tumor volume (GTV) was defined as the contrast-enhanced visible tumor in the axial T1-weighted MRI sequence. For planning uncertainties, a margin of 2–3 mm was added to define the planning target volume (PTV). Irradiation was done with multileaf collimators with a leaf width of 1.5 mm at the isocenter. Before and after SRS, dexamethasone therapy was administered to avoid acute radiation toxicity in form of increased intracranial pressure.



Immunotherapy

Immunotherapy was applied intravenously. Ipilimumab was administered in doses of 3 mg/kg body weight every 3 weeks for up to four cycles. The dose of pembrolizumab was set at 2 mg/kg body weight every 3 weeks. Nivolumab was applied in doses of 3 mg/kg body weight in 2-weeks intervals. Immunotherapy was defined as concurrent when administered up to 3 months before or after SRS.



Follow-Up

Follow-up time was defined from the day of SRS until last clinical evaluation or MRI scan. Follow-up was performed at least every 3 months by contrast-enhanced MRI scans and clinical evaluation. For response evaluation, we decided to define local tumor progression through interdisciplinary decision of dermatologists, neuroradiologists and radiation oncologists, whenever the clinical diagnoses seemed reliable. Nevertheless, in some cases there were still doubts about the differentiation between CRN or local tumor progression. In the present study, these uncertain cases were evaluated separately as described in the following paragraph.



Local Tumor Progression and Incidence of CRN

One of the main challenges is to differentiate CRN and local tumor progression. In some cases, resection was performed. Of all resected lesions, we double-checked the original histological findings of these lesions by an uninvolved neuropathologist who was instructed to differentiate between CRN and vital tumor. Additionally, there were some cases without histological results that were diagnosed by interdisciplinary decision and in which the diagnoses seemed reliable (e.g., when distant intracranial metastases were rapidly growing in the same manner and at the same time as the irradiated lesion). Combining these cases of resected and unresected lesions with reliable clinical diagnosis, we could define the minimal rate of the observed local tumor progression. As definition of the maximum rate, all interdisciplinary diagnosed but uncertain cases of CRN vs. local tumor progression were counted as local tumor progression. Using these minimum and maximum rates, we were able to define a range of the actual local tumor progression rate. In a second step, we assumed the interdisciplinary diagnosis of the uncertain cases to be the most probable diagnosis and calculated freedom from local progression (FFLP) and freedom from CNS radiation necrosis (FFCRN), accordingly (“estimated” results). FFLP and FFCRN were defined from the day of SRS until last clinical evaluation/last MRI scan or date of local tumor progression or CRN. Each lesion was evaluated independently (n = 66).

Additionally, we double-checked pre-resection MRI-based interdisciplinary diagnosis of the histologically confirmed cases blinded and separately by a neuroradiologist and a radiation oncologist to finally get an idea about the accuracy of the interdisciplinary diagnosis made in clinical routine.



Lesion Size Evaluation in the Course of the Disease

Another aim of the present study was to analyze size development of the irradiated BM not only for tumor response evaluation, but also for analyzing potential differences in the character of CRN and local tumor progression. For this purpose, the largest diameter of the irradiated lesions (contrast-enhanced T1-weighted sequence) and the largest diameter of the surrounding edema (T2-weighted sequence, mostly fluid attenuated inversion recovery (FLAIR) sequence) were measured with two perpendicular diameters in the planning MRI scan as well as in each follow-up MRI scan, respectively. Relative and absolute size development was compared.



Distant Intracranial Tumor Progression

Distant intracranial tumor progression was defined as occurrence of new BM in the follow-up MRI scans. It was defined from the day of SRS until last clinical evaluation/last MRI scan or date of first description of distant intracranial tumor progression in MRI imaging. Freedom from distant intracranial progression (FFDIP) was calculated based on each irradiated lesion (n = 66).



Overall Survival

OS after SRS was defined from the day of the first SRS until last clinical evaluation/last MRI scan or date of death. OS after initial diagnosis of BM was defined from the date of initial diagnosis of BM until last clinical evaluation or date of death. Each patient was evaluated (n = 36).



Toxicity

Disruptions of the blood-brain barrier were defined as new contrast-enhancement (24) within the radiation field without typical signs of CRN or local tumor progression. Often, perifocal edema could also be observed (25). CNS toxicity rates after SRS were extracted from the charts and graded according to the Common Terminology Criteria for Adverse Events (CTCAE) in the version 4.03.



Statistics

OS, FFLP, FFCRN, and FFDIP were analyzed using the Kaplan-Meier method. Statistics and figures were performed with GraphPad Prism 8.2.1 (GraphPad Software, La Jolla, CA, USA).



Ethics

The study was approved by the ethics committee of the University of Heidelberg, Germany (S-172/2018).




RESULTS


Baseline Characteristics

After a median follow-up of 25 months (range 2–115 months), 66 brain metastases of 36 patients were analyzed. The patient cohort included 28 men and eight women. The median age at time of initial diagnosis of BM was 63 years (range 36–81 years). The median time from initial diagnosis of the melanoma until development of BM was 2.6 years (range 0–41 years). Karnofsky performance status scale (KPS) and Melanoma-molGPA score are shown in Table 1. The median L-lactate dehydrogenase (LDH) level in the most recent blood sample before SRS was 203 U/L (range 115–815 U/L, reference value up to 215 U/l). The main locations of the supposed underlying primary melanoma were the skin of the back, followed by the head and unknown primary locations. Thirty-nine percent of the patients presented with BRAF-mutations (mostly V600 E), in 58% of the patients there was no BRAF-mutation and in one patient BRAF-mutations were not tested.


Table 1. Baseline characteristics.
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Single-fraction SRS was applied with a total radiation dose of 20 Gy to the 80% isodose line in 53 cases. In 13 cases, a total dose of 18 Gy to the 80% isodose line was prescribed. In 86% of all cases, radiation plans with eight radiation fields were delivered. In 11 and 3% of the cases, seven fields and nine fields were used, respectively. The median PTV volume was 1.3 cm3 (range 0.4–10.7 cm3). All patients received dexamethasone before and after SRS, in 68% of the cases delivered orally as 8 mg tablets 1 h before and 6 h after radiosurgery. Alternatively, patients were treated with 20 mg dexamethasone intravenously 1 h before and 6 h after radiosurgery (8%) or with 8 mg dexamethasone tablets 1 h before, 6 h after, and ~12 h after SRS (24%). Three patients were treated with whole brain radiotherapy (WBRT) before SRS and nine patients received WBRT in the course of their disease, after SRS.

The most commonly used concurrent immunotherapy was ipilimumab in 81% of all cases, followed by pembrolizumab (14%) and nivolumab (5%).

At the time of SRS, the largest diameter of the BM was at a median of 7.5 mm (range 4–23 mm), measured on axial T1-weighed contrast-enhanced MRI sequences. BM were mainly located in one of the frontal lobes (32%) or in one of the temporal lobes (29%) and rarely in the cerebellum (8%). In the course of the disease, 11% of the irradiated lesions were resected after SRS.

Baseline patient and BM characteristics are summarized in Table 1.



Local Tumor Progression

Seven BM were resected in the course of the disease, showing two cases of CRN and five cases of local tumor progression (Figure 1). Additionally, there were six cases of clinically diagnosed reliable local tumor progression. Consequently, the minimum local tumor progression rate at the time of analysis was 17% (n = 11). Seven clinical diagnoses were deemed uncertain. The maximum local tumor progression rate at the time of analysis consequently was 27% (n = 18). The ranges of the 1-, 2-, and 5-years FFLP were 82–85%, 73–80%, and 62–80%, respectively.


[image: Figure 1]
FIGURE 1. From left to right: Pre-treatment T1-weighted axial contrast-enhanced Magnetic resonance imaging (MRI) sequence showing new diagnosed brain metastasis (white arrow), representative slice of the irradiated radiation plan showing isodose lines (red = 100% isodose line) in the planning Computed tomography (CT) and follow up T1-weighted axial contrast-enhanced MRI sequence of (A) an histological confirmed CNS radiation necrosis (CRN) and (B) an histological confirmed local progression (LP) ~8 months (mo.) after combined treatment of checkpoint-inhibition and stereotactic radiotherapy.


Out of the seven uncertain cases, three were clinically diagnosed as rather being local tumor progression and four as rather being CRN by interdisciplinary consent. Considering these assumptions, the estimated FFLP rates at 1-, 2-, and 5 years were 85, 78, and 71% (Figure 2A).


[image: Figure 2]
FIGURE 2. (A) Freedom from local progression (FFLP) and (B) freedom from CNS radiation necrosis (FFCRN) after single-fraction stereotactic radiosurgery (SRS) and concurrent immunotherapy calculated for each brain metastasis (BM, n = 66). The actual rates are expected to be in the range between minimum and maximum rate. Based on interdisciplinary decision, the estimated result is shown. (C) Freedom from distant intracranial progression (FFDIP) after SRS and concurrent immunotherapy calculated for each BM. (D) Overall survival (OS) after SRS and concurrent immunotherapy calculated for each patient (n = 36).


Re-evaluation of the histologically proven lesions showed that clinical diagnosis accuracy of local tumor progression was 80% (retrospectively, in four of the five lesions the clinical diagnosis was correct). Clinical diagnosis accuracy of CRN was 50% (retrospectively, in one of the two lesions the clinical diagnosis was correct). Altogether, in five of the seven cases, the interdisciplinary diagnosis was correct (71%).



Incidence of CNS Radiation Necrosis

In addition to the two histologically proven cases of CRN, two clinically diagnosed cases of CRN could be observed, that were reliable due to their course of disease. As described above, the minimum CRN rate at the time of analysis was consequently 6% (n = 4). Counting the seven uncertain clinical diagnoses as CRN, the maximum CRN rate at the time of analysis was 17% (n = 11). The ranges of the 1-, 2-, and 5-years FFCRN were 91–95%, 85–92%, and 73–92%, respectively. Considering the clinical diagnosis of these uncertain cases, the estimated FFCRN rates at 1-, 2-, and 5 years were 91, 87, and 82% (Figure 2B). The observed CRN occurred mainly in the 1st year after SRS (median: 7.1 months, range: 3.3–44.7 months).



Distant Intracranial Tumor Progression

Distant intracranial tumor progression occurred in 70% of the cases (n = 46 lesions). At the time of analysis, 28% of the patients had not developed distant intracranial tumor progression at all (n = 10). In limited tumor progression, SRS was performed as salvage treatment. In more severe cases, WBRT or best supportive care were initiated. The median FFDIP was 6.1 months (Figure 2C). One- and 2-years FFDIP were 38%, each. Five-years FFDIP was 25%.



Overall Survival

Ten patients (28%) were alive at the time of analysis. The observed median OS after SRS was 22.2 months (Figure 2D). One- and 2-years OS rates were 69 and 44%, respectively. The 5-years OS rate was 18%. The median OS since initial diagnosis of BM was 24.9 months. 1-, 2-, and 5-years OS rates were 78, 50, and 20%, respectively.



Toxicity

Among the observed CRN, there were two cases that were resected in the course of the disease. One of the two patients presented with headache CTCAE °II. The other patient did not present any symptoms and resection was performed to exclude local tumor progression. Another patient with clinically diagnosed CRN suffered from decreased vision CTCAE °II and presented with a seizure CTCAE °II. Furthermore, the patient described fatigue CTCAE °II and a left-sided muscle weakness CTCAE °III. This patient was successfully treated with Bevacizumab 7.5 mg/kg body weight in 4 cycles, each cycle administered intravenously every 2 weeks, after being previously treated with dexamethasone without benefit. All other cases of CRN were self-limited. Three of these cases were temporarily treated with dexamethasone. In addition to the occurrence of CRN, 10 asymptomatic cases (15%) of disruptions of the blood-brain barrier of the irradiated lesions could be observed. All of them were self-limited without any need of intervention.

A total of 10 cases of hemorrhage of the irradiated BM could be observed (15%). Nine of these were limited with no further intervention needed, one hemorrhage came along with a local tumor progression that was resected. The observed hemorrhages occurred mainly in the 1st year after SRS (median: 4.9 months, range: 1.6–44.7 months).

Six percent of all patients presented with cerebral edema CTCAE °III after SRS. Furthermore, 6% of the patients developed one-sided muscle weakness CTCAE °III. No other higher graded toxicity could be observed. Fourteen percent of all patients suffered from fatigue CTCAE °II and 6% suffered from fatigue CTCAE °I in the course of the disease. Eleven percent of the patients presented with headache CTCAE °I and 6% with headache CTCAE °II. Seizures CTCAE °II could be observed in 6% of the patients. One patient presented with a seizure CTCAE °I. One patient presented dysarthria CTCAE °II and one patient presented decreased vision CTCAE °II. The described symptoms mostly came along with distant intracranial tumor progression or additional WBRT.



Lesion Size Evaluation in the Course of the Disease

There was no difference between the size development of irradiated lesions in the two groups of local tumor progression and CRN, neither in the measurements of the contrast-enhanced lesions nor in the measurements of the edema. Representative for all analyses, relative changes in the largest diameter of contrast-enhanced lesions of local tumor progression and CRN are shown in Figure 3.
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FIGURE 3. Lesion size development after single-fraction stereotactic radiosurgery (SRS) and concurrent immunotherapy of all reliable diagnoses of local tumor progression and CNS radiation necrosis. Relative change of the biggest diameter in the contrast-enhanced T1-weighted sequence of follow-up MRI to the corresponding planning MRI is shown.





DISCUSSION

Immunotherapy has drastically improved OS rates in metastasized melanoma patients. Consequently, combined treatment regimens of SRS and checkpoint inhibitors are increasingly performed. Potential risks and benefits of this treatment combination are still being discussed. In the present retrospectively performed analysis of 66 BM, single-fraction SRS and concurrent immunotherapy at our institution seemed safe and effective.

Although this is a retrospective study and the patient cohort is small, the evaluation of Melanoma-molGPA scores revealed a comparable distribution to the patient cohort of Sperduto et al. (22) with slightly worse prognosis of patients in the present study. Thirty-three percent of all patients underwent WBRT either before or after SRS. This high rate of re-irradiation might have influenced outcomes drastically. Still, we decided to include these patients in our analysis because this reflects the genuine patient cohort seen in our institution. Additionally, similar rates of WBRT could be observed in previous studies (26), although the benefit of WBRT is controversial (27, 28). The present analysis represents a homogenous therapy scheme consisting of single-fraction SRS and immunotherapy with checkpoint inhibitors, mainly ipilimumab.

Response evaluation was done through interdisciplinary consent. For response evaluation, there is a recommendation of the Response Assessment in Neuro-Oncology Brain Metastases (RANO-BM) working group (29). According to the RANO-BM recommendation, in the present study, the contrast-enhanced lesions were measured with two perpendicular diameters. Nevertheless, response evaluation could finally not be done as recommended because of two limitations. Firstly, measurable lesions are demanded to have a size of at least 10 mm. In our cohort, just one third of all BM were larger than 10 mm. Twelve percent (n = 8) of all metastases were even smaller than 5 mm. Secondly, the main problem in response evaluation is the differentiation between CRN and local tumor progression that is not included in the response evaluation criteria.

The observed FFLP range in the present study of 82–85% after 12 months seems in line with previous data, showing FFLP rates of SRS in patients with melanoma after 12 months at ~60–83% (14, 20, 26, 30–33). In the above-mentioned meta-analysis of Lehrer et al., a local control rate of 89.2% was found (10). Hence, our data demonstrate the effectiveness of stereotactic RT in limited BM in patients suffering from melanoma. The described FFDIP of 38% after 12 and 24 months is worse than the one observed by Hadi et al. who described rates of 54.4 and 36.6% (32) but in line with the meta-analysis of Lehrer et al. reporting 36.8% regional brain control after 12 months (10). The published median overall survival of 15–22 months seems in line with our data (14, 26, 34). Lehrer et al. described an 1-year OS rate of 65% in the combined treatment group (10) which is comparable to the observed 69% in the our patient cohort. The observed median OS of 24.9 months after initial diagnosis of BM in the present study reflects the high OS rates, seen in patients treated by modern therapy schemes (12).

The strengths of this work are the long follow-up and the high rate of resected BM that could help estimate the accuracy of MRI-based differentiation between CRN and local tumor progression which is critical in evaluating RT outcomes of BM. To avoid incorrect pathological reports by unspecified instructions, all resected lesions were re-evaluated by a neuropathologist with the instruction to differentiate between CRN and local tumor progression. In these histologically proven cases, we could demonstrate that the accuracy rate of interdisciplinary decision based on MRI imaging and clinical information is ~70%, highlighting the difficulty of diagnosis in clinical routine.

Despite promising advances in improvement of diagnostic procedures (16–19), it is regularly necessary to decide mainly on the basis of standard MRI imaging and clinical information, as it was the case in the presented cohort. We tried to address this major problem in the judgement of follow-up MRI scans after cerebral RT and intended to evaluate CRN rates including this uncertainty. The reported FFCRN range of 91–95% after 12 months in the present analysis is in line with previously published data, even though the FFCRN rates differ among several studies. After 12 months, Patel et al. and Minniti et al. described CRN rates of 18 and 17%, respectively (20, 31). Hadi et al. reported a FFCRN rate of 82.1% after 12 months (32). Diao et al. and Lehrer et al. reported CRN rates of only 5% (10, 14). Comparing to results of SRS without concurrent immunotherapy with a 1-year CRN rate of 17.2% (35), the CRN rate of the present study does not seem increased.

The improvement of OS rates by immunotherapy has led to the hypothesis that RT of BM could potentially be omitted. Recently, in two studies, combined immunotherapy of nivolumab and ipilimumab was tested as primary therapy of asymptomatic BM (4, 6). Although response rates are promising, toxicity rates were very high with 55% °III or °IV adverse events reported by Tawbi et al. and 54% observed by Long et al. In our analysis, we demonstrated safety and efficacy of combined treatment schemes of SRS and checkpoint inhibitors, supporting the use of this treatment strategy.

In the present study, the combination of SRS and checkpoint inhibitors was safe. Overall survival and CRN rates seem acceptable and are in line with previous data.
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