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Background: While the role of stereotactic radiotherapy for brain metastases is increasing, evidence on the comparative efficacy and safety of fractionated stereotactic radiotherapy (FSRT) and single-session radiosurgery (SRS) is scarce.

Methods: Longitudinal volumetric analysis was performed in a consecutive cohort of 120 patients and 190 brain metastases (>0.065 cm3 in volume / > ~5 mm in diameter) treated exclusively with FSRT (n = 98) and SRS (n = 92), respectively. A total of 972 tumor segmentations was used, averaging 5.1 time points per metastasis. Progression was defined using a volumetric extension of the RANO-BM criteria. Local control and radionecrosis were compared for lesions treated with FSRT and SRS, respectively.

Results: Metastases treated with FSRT were significantly larger at baseline (mean, 4.66 vs. 0.40 cm3, p < 0.001). Biologically effective dose (BED) for metastases (α/β = 12, linear-quadratic-cubic model) was significantly associated with local control, whereas BED for normal brain (α/β = 2, linear-quadratic model) was significantly associated with radionecrosis. Median time to local progression was 22.9 months in the FSRT group compared to 14.5 months in the SRS group (p = 0.022). Overall radionecrosis rate at 12 months was 3.4% for FSRT and 14.8% for SRS (p = 0.010). Radionecrosis °IV requiring resection with histologic proof of radiation necrosis also was significantly reduced in the FSRT group (FSRT 0.0% vs. SRS 3.9%, p = 0.041). In multivariate analysis, FSRT was associated with reduced risk of progression (HR 0.47, p = 0.015) and reduced risk of radionecrosis (HR 0.18, p = 0.045).

Conclusions: This volumetric study provides initial evidence that the improvements in therapeutic ratio expected for FSRT in larger brain metastases, might equally extend into the domain of smaller metastases, traditionally less considered for fractionated treatment. FSRT might constitute an important tool to further increase local control and reduce radionecrosis risk in stereotactic radiotherapy for brain metastases, that should be assessed in randomized intervention trials.
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INTRODUCTION

Stereotactic radiotherapy (SRT) is one of the most important treatments for brain metastases, an increasingly common disease entity that occurs in up to 40% of patients with cancer (1). Advances in systemic treatments like immunotherapies and targeted agents increasingly enable extracranial long-term control and consequently heighten the significance of effective and safe intracranial radiotherapy (2, 3). At the same time, radiooncologists are increasingly reserved about using Whole-brain radiotherapy (WBRT) in the face of potential neurocognitive side effects (4, 5). Foregoing adjuvant WBRT, however, not only increases the risk of distant brain metastases, but has also profound impact on local control of stereotactically irradiated brain metastases: In three randomized controlled trials that evaluated the role of adjuvant WBRT in patients treated with radiosurgery, local control consistently diminished from around 90% to only 70% at 12 months in patients without WBRT (4, 6, 7). If long-term survival depends on lasting intra-cranial control, local efficacy of SRT in brain metastases needs to improve without increasing toxicity, especially when considering that patients frequently suffer from multiple lesions.

Fractionated stereotactic radiotherapy (FSRT) may constitute an important option to increase the therapeutic ratio in comparison to single-session radiosurgery (SRS) in patients with brain metastases. In addition to being a treatment of equally high spatial precision, FSRT could leverage fundamental radiobiological differences between brain metastases and surrounding normal brain tissue (8). As current radiobiologic understanding suggests that brain metastases have a very high α/β ratio of around 12, whereas surrounding normal brain tissue is characterized by a low α/β of 2-3, dose fractionation should—in theory—be able to optimize local control while avoiding increased risk for radionecrosis (8–10). On the other hand, large single doses in excess of 8 Gy have been shown to cause endothelial cell apoptosis via the acid sphingomyelinase pathway, which has been discussed to enhance the effect of SRS in comparison to fractionated treatment (11, 12). However, while SRS has been the first and foremost modality investigated in prospective studies, evidence on FSRT is still scarce and especially comparative analyses between FSRT and SRS are mostly lacking (13).

In this study, we explore potential differences in local control and radionecrosis between metastases treated with SRS and FSRT using a longitudinal volumetric analysis based on 972 tumor segmentations in 190 metastases to enable an accurate assessment of even small lesions and to account for any baseline volume differences. Volumetric criteria for progression have been defined objectively by deriving them from the current unidimensional RANO-BM criteria (14).



MATERIALS AND METHODS


Patient Population

We identified all patients who received stereotactic radiotherapy (SRT) for intracranial metastases at our institution between January of 2003 and April of 2015. This retrospective analysis was in accordance with the ethical standards of the institutional research committee and with the 1964 Helsinki declaration and its later amendments. Based on local legislation (BayKrG Art. 27), consent for study inclusion was available in all patients. From this group of 566 patients, patients were selected based on the following inclusion criteria: (1) stereotactic radiotherapy for intraparenchymal brain metastases from a solid cancer, (2) no prior SRT and no prior resection of the metastasis to be analyzed, (3) availability of contrast-enhanced T1-Mprage sequences with ≤1 mm slice thickness at baseline and at least once during follow-up. Four hundred and nineteen brain metastases in 189 patients fulfilled these criteria. Analyses were conducted at the level of individual metastases. For the present study, all metastases from this cohort were used that had a minimum baseline volume of >0.065 cm3 (corresponding to a minimum diameter of >5 mm for a spherical lesion consistent with current RANO-BM recommendations to be considered measurable) and had not received concurrent WBRT. Metastases, in which WBRT was delivered ≥8 weeks (56 days) prior to SRT were entered into the analysis with former WBRT being included as variable in multivariate analyses. In total, 190 metastases fulfilled these criteria and were used in the present study.



Radiation Therapy

Patients received single-session radiosurgery (SRS) or fractionated stereotactic radiotherapy (FSRT) with a linear accelerator based Novalis® or Novalis-Tx® system (BrainLAB, Feldkirchen, Germany). Patients were assigned to FSRT instead of SRS according to tumor size and the presence of adjacent Organs at Risk. Instead of a formal diameter or volume threshold for selecting lesions for SRS and FSRT, respectively, metastases were selected for FSRT, if SRS treatment was expected to result in a V10Gy for normal brain of over 10 cm3, which is a well-recognized threshold for increased risk of radiation necrosis as established by Blonigen et al. (15). Patients were immobilized in an individually manufactured thermoplastic head mask attached to a stereotactic base frame (BrainLAB, Feldkirchen, Germany). Treatment planning was performed using Iplan (BrainLAB, Feldkirchen, Germany) (16, 17). Patients received a dedicated planning CT, which was rigidly co-registered with the baseline MRI using the Iplan software. The gross target volume (GTV) was delineated in the contrast-enhanced T1-Mprage sequence of the baseline MRI study. Planning target volume (PTV) was defined as GTV with an additional margin of 1–2 mm. Dose was prescribed to the encompassing 80%-isodose. During treatment, daily stereoscopic X-ray imaging (ExacTrac®) was used for setup verification and repositioning. For SRS stereoscopic X-ray imaging was repeated after every couch rotation. As established by Wiggenraad et al., biologically effective dose (BED) for brain metastases was calculated based on an α/β ratio of 12 according to the LQC model (BED12−LQC) (10, 18):

[image: image]

With n being the number of fractions and d being the dose per fraction, α/β was assumed to be 12 Gy and α/γ 648 Gy2 (10, 18). In addition, to model BED for normal brain tissue, BED2−LQ was calculated based on an α/β of 2 according to the conventional linear-quadratic model. Median SRS dose was 18.0 Gy. FSRT was delivered daily excluding weekends, median FSRT single dose was 4.0 Gy, median fraction number was 10 and median total FSRT dose was 40.0 Gy (Table 1).


Table 1. Characteristics of treated brain metastases (N = 190).

[image: Table 1]



Follow-Up and Imaging

Images were collected on different Siemens 1.5 Tesla MRI scanners (Magnetom Aera or Magnetom Avanto) at our institution. All analyzed images consisted of 160 or 192 contiguous, sagittal, or transverse planes of 3-dimensional T1-weighted magnetization-prepared rapid gradient-echo images with 1 × 1 × 1 mm isotropic resolution (repetition time [TR] = 1,900 ms, echo time [TE] = 3.02 ms, inversion time [TI] = 1,100 ms, matrix = 256 × 265, field of view [FoV] = 250, flip angle = 15 degrees or TR = 2,200 ms, TE = 2.67 ms, TI = 900 ms, matrix = 256 × 246, FoV = 250, flip angle = 8 degrees) after intravenous application of 0.2 mL/kg Dotarem (Guerbet) or 0.1 mL/kg Gadovist (Bayer), respectively.

Patients received MRI at baseline (median of 8 days prior to radiotherapy) and routinely at 6 weeks after stereotactic radiotherapy (SRT) and every 3 months thereafter. However, due to the retrospective nature of the study patients received MRI at slightly different points in time after SRT.



Volumetric Analysis

In 190 brain metastases, 972 time points / MRI studies were available at baseline or following SRT and segmented longitudinally corresponding to a mean of 5.1 segmentations per metastasis (median of 4 [range 2–30]), which means that lesions were measured on an average of 5.1 separate MRI studies conducted at different points in time during follow-up and including one baseline measurement before treatment per lesion. Segmentation was performed using the open-source software 3D Slicer (version 4.5.0) (19). 3D Slicer is supported by the National Institutes of Health (NIH) (20) and offers different modules for segmentation, volume statistics and image coregistration. A custom-developed module was used that utilizes the built-in modules but accelerates the segmentation process by automating steps that do not require user interaction (21). Segmentation was performed semi-automatically using the VTK Fast Growcut method (22) as semiautomatic segmentation methods have been shown to decrease inter- and intra-observer variabilities (23, 24) and are much more time-efficient than manual delineation (25). Following a first semi-automatic segmentation step all segmentations were reviewed and corrected manually on a slice-by-slice basis using the editor module in 3D Slicer. All segmentations were reviewed, corrected and validated by an experienced radiation oncologist who is further specialized in neuro-oncology, segmentation, and imaging.



Volumetric Extension of the RANO-BM Criteria for the Assessment of Progression Following SRT

We adopted the basic concept from the RANO-BM guideline to derive volumetric criteria from the established unidimensional recommendations using spherical geometry. In this regard, the RANO-BM guideline recommends defining volumetric partial response as ≥65% reduction in volume corresponding to a spherical lesion shrinking by ≥30% in diameter, which is the current unidimensional definition of partial response (14). Following this principle, progression was defined as ≥72.8% increase in volume in the present study relative to nadir/baseline, which corresponds to a ≥20% increase in diameter of a perfect sphere (i.e., the unidimensional RANO-BM criteria for progression) (Figure 1). In addition, as the RANO-BM guideline recommends to consider small brain metastases between 5 and 10 mm in diameter as unchanged unless the longest diameter changes by at least 3 mm, an additional absolute increase in volume of at least 0.2 cm3 was required for the definition of progression in the present study. This corresponds to the absolute volume increase of a 5 mm sphere growing by additional 3 mm in diameter. In addition, as SRT is a localized therapy, change in distant lesions, corticosteroid use or clinical status were not considered in the definition of progression in the present study.


[image: Figure 1]
FIGURE 1. Examples of longitudinal volumetry in nine brain metastases classified as controlled (A—left column), experiencing progression (B—middle columns), or radionecrosis (C—right column). Tumor volumes are expressed relative to baseline volume (left y-axis) over time. The right y-axis shows the absolute metastasis volume in cm3. The flash symbol indicates the time of radiotherapy (0 months−100% relative tumor volume). Inlay images show segmented metastases for different measurements. In total, 972 time points in 190 brain metastases were used in this study (average of 5.1 per metastasis).


Lesions that fulfilled these volumetric criteria for progression but showed spontaneous regression during subsequent imaging follow-up were classified as radionecrosis instead of progression. Spontaneous regression was defined as regression to baseline/nadir volume or volumetric partial response as per the RANO-BM recommendation (i.e., ≥65% reduction in volume) without any additional treatment (local or systemic) that could explain tumor shrinkage. According to RTOG 9005, radiation necrosis requiring resection was classified grade IV and metastases were classified as progression, radionecrosis or both based on histology (Figure 1) (26).



Conventional Unidimensional Assessment of Metastases Diameters

In addition to the volumetric assessment described above, we measured metastases diameters in all lesions and assessed progression according to current unidimensional RANO-BM criteria with an increase of ≥20.0% in diameter being required for the definition of local progression. In addition, a minimum absolute increase of 3 mm in diameter was required for lesions smaller than 10 mm as per the current RANO-BM recommendations (14). Similar to serial volumetric measurements, radionecrosis also was assessed using sequential unidimensional measurements. Lesions that fulfilled the unidimensional criteria for progression but showed spontaneous regression during serial imaging follow-up were classified as radionecrosis instead of progression. Spontaneous regression was defined as regression of tumor diameter back to nadir/baseline or partial response according to RANO-BM criteria (i.e., ≥30% reduction in diameter) in the absence of any additional treatment (local or systemic) that could explain tumor shrinkage.



Statistical Analysis

Time-to-event outcomes were calculated from the start of SRT to the date of first MRI demonstrating volumetric progression according to the criteria described above and evaluated using the Kaplan-Meier estimator and the Log-rank test. In case of resection without prior volumetric progression on MRI, time-to-event outcomes were calculated to the day of the intervention. Data were censored at the date of the last imaging assessment. Covariates were included in multivariate Cox's models based on biologic considerations. P < 0.05 were considered statistically significant. All statistical analyses were performed using IBM SPSS 21.




RESULTS

One hundred and ninety brain metastases in 120 unique patients were subjected to longitudinal volumetric analysis (Figure 1). In total, 972 whole-tumor segmentations were available after stereotactic radiotherapy and at baseline with a mean of 5.1 segmentations per metastasis (median of 4 [range 2–30]), which means that lesions were measured on an average of 5.1 separate MRI studies conducted at different points in time during follow-up and including one baseline measurement before treatment per lesion. Median imaging follow-up was 7.4 months (95%CI, 5.0–9.7 months). Median time from radiotherapy to death was 10.4 months (95%CI, 8.7–12.1 months). There was no significant difference in overall survival between the FSRT and SRS groups, respectively (logrank p = 0.158) with overall survival being numerically lower in the SRS arm (median overall survival, 7.5 vs. 11.5 months for SRS vs. FSRT, respectively).

Ninety-two metastases (48.4%) had been treated with stereotactic radiosurgery (SRS), while 98 tumors (51.6%) had received fractionated stereotactic radiotherapy (FSRT). Metastases treated with FSRT were highly significantly larger than those treated with SRS (Mean volume at radiotherapy, 4.66 vs. 0.40 cm3, p < 0.001). In addition, the distribution of primary tumors was different between metastases treated with FSRT and SRS (p = 0.005), including more melanoma brain metastases in the SRS group. When calculating biologically effective doses (BED) for the SRS and FSRT treatment groups, the BED for an α/β ratio of 12 according to the linear-quadratic-cubic model (BED12−LQC) was highly significantly larger in the FSRT arm (mean, 52.2 vs. 39.2 Gy) whereas the mean BED for an α/β ratio of 2 according to the linear-quadratic model (BED2−LQ) was highly significantly smaller in metastases treated with FSRT compared to SRS (125.4 vs. 205.8 Gy) (Table 1, Figure 2).


[image: Figure 2]
FIGURE 2. Violin Plot showing the distribution of BED12−LQC (A) and BED2−LQ (B) for metastases treated with FSRT and SRS, respectively. BED12−LQC = biologically effective dose for an α/β ratio of 12, linear-quadratic-cubic model. BED2−LQ = biologically effective dose for an α/β ratio of 2, linear-quadratic model.


Progression and radiation necrosis following stereotactic radiotherapy were defined according to a volumetric extension of the RANO-BM criteria (see methods section) or according to histology, if metastases were resected after radiotherapy. In addition to the volumetric assessment, all metastases were evaluated conventionally using diameter measurements according to current unidimensional RANO-BM criteria.


Volumetric Control in Metastases Treated With FSRT Compared to SRS

There was a total of 54 progression events following radiotherapy, of which 52 were based on volumetric progression on follow-up MRI and 2 were based on histologic findings after resection alone.

Median time to local progression was 22.9 months in the FSRT group compared to 14.5 months in the SRS group (Log-rank p = 0.022). One-year local control was 70.2% in metastases treated with FSRT and 55.6% for lesions treated with SRS (Figure 3).


[image: Figure 3]
FIGURE 3. Local control in 92 brain metastases treated with SRS (red) and 98 brain metastases treated with FSRT (blue). Log-rank p = 0.022. Progression was defined volumetrically or as tissue diagnosis showing viable tumor after radiotherapy (see Methods section for details). Vertical lines represent censored cases. SRS, Stereotactic radiosurgery; FSRT, Fractionated stereotactic radiotherapy.


In multivariate Cox's regression analysis, metastases treated with FSRT had a significantly smaller risk of progressing than those treated with SRS (HR 0.47, p = 0.015). Primary tumor histology had a significant impact in multivariate analysis with melanoma histology being an adverse factor for local control. In addition, former WBRT was associated with significantly higher risk of local progression (HR 4.24, p = 0.001), whereas pretreatment metastasis volume (HR 1.01 per cm3, p = 0.608) had no significant effect in multivariate analysis (Table 2).


Table 2. Prognostic factors for local control on univariate and multivariate Cox's regression analysis (N = 190).

[image: Table 2]

Higher BED12−LQC was strongly associated with improved local control in univariate analysis for local control (HR 0.94 per Gy, p = 0.002) but was not included in the multivariate model as it was highly correlated to the type of stereotactic radiotherapy (FSRT vs. SRS).

To further address differences in the proportion of melanoma brain metastases between the FSRT and the SRS group, we separately evaluated local control in metastases with and without melanoma histology. Interestingly, when comparing local control between FSRT and SRS exclusively in metastases with melanoma histology (n = 83), local control still was profoundly improved in the FSRT arm (12-months local control, 59.8 vs. 46.6%, p = 0.069) and when limiting the analysis to non-melanoma brain metastases only (n = 107), local control also was improved in the FSRT group (12-months local control, 76.0 vs. 67.8%, p = 0.871) with differences being less pronounced, however. To additionally assess the impact of tumor size on the comparative effectiveness of FSRT and SRS, we separately compared local control for lesions below and above 1 cm in diameter. For lesions <1.0 cm in diameter, local control at 12 months was 68.6% for FSRT-treated lesions (N = 14), while 12-months local control was 65.4% in the SRS group (N = 43, logrank p = 0.855). In lesions ≥1.0 cm in diameter, differences were more pronounced and 12-months local control was 71.0% in FSRT-treated metastases (N = 84), while it was only 47.7% in lesions treated with SRS (N = 49, logrank p = 0.003).



Rate of Radionecrosis for FSRT vs. SRS

In total, two radionecrosis events (grade I-IV) were observed in the FSRT group, whereas 8 events occurred in the SRS group.

At 12 months post-RT, radionecrosis rate (grade I–IV) was 3.4% in metastases treated with FSRT compared to 14.8% in tumors treated with SRS (Figure 4A, Log-rank p = 0.010).


[image: Figure 4]
FIGURE 4. Rate of radionecrosis of any grade (A) and grade IV radionecrosis (B) in 92 brain metastases treated with SRS (red) and 98 brain metastases treated with FSRT (blue). Log-rank p = 0.010 and p = 0.041, respectively. Radionecrosis was defined volumetrically or as tissue diagnosis showing radionecrosis after radiotherapy (see Methods section for details). As radionecrosis grade IV is defined as requiring surgical intervention, all events shown in (B) had histologic proof of radionecrosis. Vertical lines represent censored cases. SRS, Stereotactic radiosurgery; FSRT, Fractionated stereotactic radiotherapy.


In multivariate Cox's regression analysis, FSRT continued to be associated with significantly reduced risk for radiation necrosis (HR 0.18, p = 0.045), when included among pretreatment tumor volume and former WBRT. BED2−LQ was significantly associated with increased risk for radionecrosis in univariate Cox's regression (HR 1.02 per Gy, p = 0.035) but was not included in the multivariate model, as it was highly correlated to the type of stereotactic radiotherapy (FSRT vs. SRS) (Table 3).


Table 3. Predictive factors for radionecrosis on univariate and multivariate Cox's regression analysis (N = 190).
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Only in 13 out of 190 lesions, immunotherapy using PD-1 or CTLA-4 inhibitors was delivered at any time prior to or after radiotherapy. Probably because of the low frequency of checkpoint inhibitor treatment in the present series, immunotherapy was not significantly associated with the risk of developing radionecrosis in univariate or multivariate analysis (multivariate HR = 0.71, p = 0.746) (Table 3). Lastly, analysis was limited to grade IV radionecrosis alone that per definition requires resection and thus had tissue diagnosis of radionecrosis in all cases. At 12 months post-RT, grade IV radionecrosis rate was 0.0% in metastases treated with FSRT compared to 3.9% in tumors treated with SRS (Figure 4B, Log-rank p = 0.041).

To additionally assess the impact of tumor size on the rate of radionecrosis following FSRT and SRS, respectively we separately compared radionecrosis for lesions below and above 1 cm in diameter. For lesions <1.0 cm in diameter, 12-months radionecrosis rate was 0% in FSRT-treated metastases (N = 14), while it was 9.6% for SRS-treated lesions (N = 43, logrank p = 0.257).

For metastases ≥1.0 cm, differences were more pronounced and 12-months radionecrosis rate was 3.9% in the FSRT group (N = 84), while it reached 21.2% in metastases >1.0 cm treated with SRS (N = 49, logrank p = 0.006).



Conventional Assessment of Progression Using Unidimensional RANO-BM Criteria

In addition to the volumetric assessment, all metastases were evaluated conventionally using diameter measurements according to current unidimensional RANO-BM criteria. Sixty-two progression events were observed with unidimensional assessment compared to 54 progression events using volumetric measurements. Median local control for unidimensional assessment was 22.9 months in the FSRT and 8.2 in the SRS group (logrank p = 0.001). For radionecrosis, a total of 13 events were observed using unidimensional assessment as compared to 10 using volumetric measurements. Using serial unidimensional measurements, 12-month radionecrosis rate was 3.7% in the FSRT and 17.3% in the SRS group (logrank p = 0.036).




DISCUSSION

Single-fraction stereotactic radiosurgery (SRS) according to RTOG 9005 continues to be the international gold standard for stereotactic radiotherapy (SRT) of brain metastases. RTOG 9005 was a dose-finding study by the Radiation Therapy Oncology Group (RTOG), which investigated increasing SRS doses for the treatment of brain metastases (26). A crucial finding of the study was that radionecrosis profoundly increased with tumor diameter in the absence of dose reduction. The recommendation derived from this study, therefore, has been to irradiate brain metastases ≤2 cm in diameter with a single dose of 24 Gy and larger metastases with reduced doses of 18 Gy (2–3 cm) and 15 Gy (3–4 cm), respectively (26). As SRS is the first and foremost modality investigated in prospective studies on the treatment of brain metastases to date, it is an integral part of national and international treatment guidelines (13, 27). Fractionated stereotactic radiotherapy (FSRT) on the other hand is much less well-studied and therefore only plays a minor role in official recommendations with the main use of fractionation being seen in larger lesions of >3 cm diameter, where single-session treatment is obviously limited by toxicity or the need for dose reduction (13, 28, 29).

While evidence on the comparative efficacy and safety of FSRT and SRS is scarce and prospective data does not exist, some well-designed retrospective studies have been undertaken. Minniti et al. conducted a retrospective comparison of FSRT and SRS in 289 patients and 343 brain metastases of >2 cm diameter (30). SRS generally was performed following the RTOG 9005 recommendations and FSRT consisted of 3 × 9 Gy fractions. Progression had been defined as increase in tumor diameter in at least two consecutive MRIs, whereas the distinction with radionecrosis was made using MRI perfusion and F-DOPA PET. In this cohort of larger metastases (>2 cm), the authors found a significant increase in local control for FSRT of 91% compared to 77% at 12 months (p = 0.01) for SRS. In addition, radiation necrosis decreased from 18 to 9%, if metastases had been treated with FSRT (p = 0.01) (30).

In a recent study of 105 metastases sized 2.5–3 cm, Chon et al. also found a significantly improved local control for FSRT with a median of 35 Gy in 3–5 fractions compared to SRS with a median of 20 Gy: 1-year local control was 92.4% in the FSRT arm compared to 66.6% in the SRS arm (p = 0.028) (31). In addition, similarly to the work of Minniti et al. radiation necrosis was also markedly reduced in the FSRT arm with a radionecrosis rate of 0% in the FSRT arm compared to 39.8% for the SRS group (31). In the subgroup of large brain metastases, some negative comparative studies have also been published, which were mainly characterized by small patient numbers (32–34). However, we are unaware of any comparative investigations of FSRT and SRS that demonstrated significantly inferior results for the FSRT group. Lehrer et al. recently performed a large meta-analysis on the comparative efficacy and safety of FSRT and SRS in brain metastases >2 cm in diameter including 24 mainly non-comparative series on SRS and FSRT, respectively. While a significant difference in local control between the fractionated and single-session approach was not found, radiation necrosis was significantly increased in SRS studies (18.2% at 1 year) compared to 7.1% (p = 0.02) for FSRT series, that employed 3 × 9 Gy as their most common fractionation scheme (35).

Importantly however, our study was not limited to the more widely recognized FSRT-niche of larger brain metastases of >2–3 cm in diameter. Conversely, in the present investigation 0.065 cm3 (corresponding to a 5 mm diameter in a spherical lesion) was defined as the lower size limit exclusively to allow for accurate assessment of progression with the median tumor volume in the SRS group being 0.23 cm3 (median diameter 1.0 cm) and 1.42 cm3 in the FSRT group (median diameter 1.8 cm), respectively. In this group of smaller brain metastases, we observed significantly increased local control for FSRT compared to SRS (70.2 vs. 55.6% at 12 months), while the risk for radionecrosis was significantly decreased in the FSRT group (3.4 vs. 14.8% at 12 months). The effect on local control could be explained by a greater BED12−LQC in the FSRT group, while the reduced risk for radiation necrosis could be attributed to a smaller BED2−LQ. The observed associations of fractionated treatment with increased local control and reduced risk for radionecrosis remained significant after accounting for known prognosticators in multivariate analysis including baseline tumor volume and histology among others.

We identified two other studies that retrospectively compared FSRT and SRS in smaller brain metastases. Kim et al. compared both treatment modalities in 98 patients and 109 brain metastases, respectively. In this series, the SRS group received a median of 20 Gy, while the FSRT group was treated with a median of 6 × 6 Gy. Median PTV volume was 2.2 cm3 in the SRS group, which would correspond to around 1.5 cm assuming a spherical configuration and 1 mm margin, while median PTV volume in the FSRT group was 5.0 cm3, corresponding to around 2 cm in tumor diameter. While local control was not different at 12 months (p = 0.31), toxicities were decreased from 17 to 5% in patients treated with FSRT (p = 0.05). Fokas et al. conducted a three-arm retrospective comparison of SRS according to RTOG 9005 and FSRT consisting of 7 × 5 Gy and 10 × 4 Gy in 214 patients, respectively. Median tumor volume in the SRS group was 0.87 cm3 (corresponding to a 1.2 cm diameter), 2.04 cm3 in the 7 × 5 Gy group (1.6 cm) and 5.93 cm3 in the 10 × 4 Gy arm (2.3 cm). Local control was not different between arms (p = 0.191), however interestingly radionecrosis occurred in 14% in the SRS group, 6% in the 7 × 5 Gy group and only in 2% in the 10 × 4 Gy arm (p = 0.01) (36).

To the best of our knowledge, the present study therefore is the first to report an advantage in local control for FSRT in smaller brain metastases. Potential explanations as to why the abovementioned series did not find a significant difference include the use of objective criteria based on longitudinal analysis for the definition of progression in the present study, which could have reduced misclassification. Assessment based on strict objective criteria could also have resulted in the overall local control being slightly lower in the present study when compared to other retrospective series. In the three large prospective randomized trials JROSG 99-1, EORTC 22952-26001 and the Alliance trial, local control rates of around 70% have consistently been shown for SRS alone at 12 months (4, 6, 7). The slightly lower local control rate observed for SRS in the present study can be attributed to melanoma brain metastases being the most common histology in the present series (43.7%), while non-small cell lung cancer constituted the most frequent primary in most other series including the three randomized controlled trials (4, 6, 7, 30). In addition, lesions <0.065 cm3 (~5 mm diameter) that might have achieved excellent control with SRS in the other series were excluded from the present analysis. Moreover, the larger study by Fokas et al. applied FSRT every other day, which may have reduced FSRT effectiveness because of repopulation or DNA damage repair and included patients (23%) that had received additional WBRT, which is known to enhance the local effectiveness of SRS (4, 6, 7, 36).

While improved local control for FSRT in smaller brain metastases is an unprecedented finding, it is perfectly consistent with current and past radiobiologic understanding. As early as 1993, Hall et al. argued against the then growing adoption of single-session radiosurgery for the treatment of small brain tumors, as brain metastases were seen as potentially hypoxic, typically early-reacting tissues characterized by a high α/β, whereas the surrounding brain was considered a classical late-reacting tissue with an α/β of around 2 (8). While additional effects of high fraction doses, like endothelial damage have been described and the use of the linear-quadratic model has been criticized for high single doses (37), the general view that brain metastases and surrounding normal brain tissue are characterized by fundamental radiobiologic differences holds true to this day (9). In 2011, Wiggenraad et al. published a systematic review of available SRS and FSRT studies for brain metastases in Radiotherapy and Oncology. When analyzing the relationship between radiotherapy dose and resulting local control in the literature, they found a clear dose-response relationship for an α/β ratio of 12 according to the linear-quadratic-cubic model (i.e., BED12−LQC). Of note, the linear-quadratic-cubic model further decreases the predicted effect of large fraction sizes compared to the linear-quadratic model (10).

Consequentially, as the fractionation effect seen in brain metastases is very low whereas that of the surrounding brain is very high, FSRT would be expected to provide an improved therapeutic ratio compared to SRS and therefore result in an improved ratio between local control and radionecrosis. It is interesting to note that local control indeed was highly significantly correlated with BED12−LQC in the present analysis, while radionecrosis was significantly associated with BED2−LQ. Other effects of fractionated dose delivery could also be beneficial in brain metastases. In an in silico simulation study, Toma-Dasu et al. found that reoxygenation could profoundly improve tumor control in hypoxic brain metastases, if treatment was delivered fractionated rather than as single-session radiosurgery (38).

While the optimal fractionation scheme currently is unknown for FSRT in brain metastases, most studies favor 3–5 fractions (35). However, it is important to note, that if BED12−LQC is predictive of local control and BED2−LQ predicts radionecrosis, as suggested by current radiobiologic evidence, a higher ratio between the two would be achieved by a higher number of fractions. In this regard, it is worth emphasizing the relatively high median number of 10 fractions in the present study which could have contributed to the superior results in the FSRT group.

Only a small minority of patients had been treated with immune checkpoint inhibitors in the present study, which resulted in no detectable effect of checkpoint inhibitor treatment on radionecrosis risk in univariate and multivariate analysis. With the increasing use of checkpoint inhibitors in patients with brain metastases and reports of elevated risk of radionecrosis in patients undergoing PD-1 or CTLA-4 inhibitor treatment (39), a very interesting consideration is the potentially differing effect of concomitant immunotherapy on SRS and FSRT treatment. While large doses of radiation have been associated with a high effectiveness of eliciting local as well as systemic immune responses (40), decreased immunogenicity via DNA exonuclease Trex1 mediated DNA degradation has been described for radiation doses above 12–18 Gy (41). It is therefore an important research question, if—with concomitant immune checkpoint inhibitor treatment—FSRT in 2–3 fractions could be more immunogenic than single-session radiosurgery in terms of abscopal immune effects and systemic efficacy but also in regard to increased risk for radiation necrosis. Well-designed prospective trials with proper translational endpoints are important to further elucidate this interplay between fractionation and checkpoint inhibitor treatment in the future.

The overall prognosis of patients with brain metastases is undergoing profound improvement. While brain metastases used to confer a dismal prognosis, increasingly series of brain metastases with long-term survival are being reported (2, 3). Patients with long-term extracranial control would greatly benefit from improved intracranial control as well as reduced risk of radionecrosis and neurologic side effects to increase survival and maintain quality of life (42). The present study provides initial evidence that the improvements in therapeutic ratio observed for FSRT in larger brain metastases, might equally extend into the domain of smaller metastases, traditionally not considered for fractionated treatment.

In addition, the present study explores the use of volumetric criteria for the definition of progression in clinical trials for brain metastases. Volumetric criteria for progression were defined objectively and were derived from the current unidimensional RANO-BM criteria by following the overarching concept of the RANO-BM guideline to derive volumetric criteria from the established unidimensional ones using spherical geometry (14). The developed criteria were well-suited for the present analysis and resulted in comparable findings to conventional diameter measurements in the present study. Further research into volumetric criteria for brain metastases clinical trials is especially important and the developed criteria therefore have been implemented as secondary endpoint in an upcoming Phase III multicenter trial comparing SRS and FSRT in large brain metastases (NCT03697343).


Limitations

The present analysis was to some extent limited by the number of included patients, which precluded certain subgroup analyses (e.g., for radioresistant brain metastases). Standardization in treatment benefited from the fact that all imaging and treatment was done at a single institution. However, due to the retrospective nature it cannot be excluded that treatment-related factors could have been influenced by hidden confounders.

Radionecrosis was defined volumetrically as transient increase in contrast enhancement followed by an objectively defined significant regression in the absence of treatment (local or systemic) and not based on advanced MRI techniques or PET, which may be regarded as limitation. However, we believe that this approach might not have been inferior, as the abovementioned modalities also fail to provide a definitive diagnosis and the retrospective design contributed to the fact that additional imaging follow-up was available, which has an accepted role in distinguishing radionecrosis from progression (43). Moreover, reduced risk of radionecrosis was also consistently observed in the subgroup with histologic confirmation.




CONCLUSION

Current radiobiologic understanding predicts that fractionation should be able to increase the therapeutic ratio in SRT for brain metastases. In this volumetric study using objective volume-based progression criteria derived from current unidimensional RANO-BM recommendations, we found a significant increase in local control and a significantly reduced risk for radionecrosis in metastases treated with FSRT compared to SRS. Consistent with radiobiologic models, we found a strong association of local control probability with BED12−LQC and of radionecrosis risk with BED2−LQ. The present study provides initial evidence that the improvements in therapeutic ratio expected for FSRT in larger brain metastases, might equally extend into the domain of smaller metastases, traditionally less considered for fractionated treatment. FSRT might constitute an important tool to further increase local control and reduce radionecrosis risk in stereotactic radiotherapy for brain metastases, that should be assessed in randomized intervention trials.
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