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Abstract

Purpose/Objective(s)—As part of the American Association of Physicists in Medicine 

(AAPM) Working Group on Stereotactic Body Radiotherapy, investigating normal tissue 

complication probability (NTCP) after hypofractionated radiotherapy, data from published 

reports (PubMed indexed 1995–2018) were pooled to identify dosimetric and clinical predictors 

of radiation-induced brain toxicity after single-fraction stereotactic radiosurgery (SRS) or 

fractionated stereotactic radiosurgery (fSRS).

Materials/Methods—Eligible studies provided normal tissue complication probabilities 

(NTCPs) for the endpoints of radionecrosis, edema, or symptoms after cranial SRS/fSRS, and 

quantitative dose-volume metrics. Studies of patients with only glioma, meningioma, vestibular 

schwannoma, or brainstem targets were excluded. The data summary and analyses focused on 

arteriovenous malformations (AVM) and brain metastases.

Results—Data from 51 reports are summarized. There was wide variability in reported rates of 

radionecrosis. Available data for SRS/fSRS for brain metastases were more amenable to NTCP 

modeling than AVM data. In the setting of brain metastases, SRS/fSRS-associated RN can be 

difficult to differentiate from tumor progression. For single-fraction SRS to brain metastases, 

volumes receiving 12 Gy (V12), including the target volumes, of 5 cc, 10 cc, or >15 cc 

were associated with risks of symptomatic radionecrosis of approximately 10%, 15%, and 

20%, respectively. SRS for AVM was associated with modestly lower rates of symptomatic 

radionecrosis for equivalent V12. For 3-fraction fSRS for brain metastases, normal brain tissue 

V18 <30 cc and V23 <7 cc were associated with <10% risk of radionecrosis.

Conclusions—The risk of radionecrosis after SRS and fSRS can be modeled as a function of 

dose and volume treated. The use of fSRS appears to reduce risks of radionecrosis for larger 

treatment volumes relative to SRS. More standardized dosimetric and toxicity reporting is needed 

to facilitate future pooled analyses that can refine predictive models of brain toxicity risks.

SUMMARY:

Pooled published data reveal that radiation-induced brain toxicity after single fraction stereotactic 

radiosurgery (SRS) for brain metastases and arteriovenous malformations is low when the 

volume of tissue receiving 12 Gy is less than 5 cc but increases with larger treatment volumes. 

Fractionated SRS can reduce toxicity risk for larger targets. Standardized dosimetric and toxicity 

reporting would facilitate future pooled analyses and predict brain toxicity risks more precisely.
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1. CLINICAL SIGNIFICANCE

Single-fraction radiosurgery (SRS) or hypofractionated (2–5 fraction) cranial radiosurgery 

(fSRS) are commonly used for various primary and metastatic brain tumors. Radiation-

induced necrosis (radionecrosis), edema and other neurologic complications are relatively 

common. Radiation necrosis represents inflammation from tissue death and breakdown, 

and is generally associated with surrounding edema, which can be either symptomatic 

or asymptomatic. Although terminology in the literature varies, and includes necrosis, 

radionecrosis, radiation treatment effect, treatment-related imaging changes and adverse 

radiation effect (ARE, including reactive inflammation, vasculitis, and necrosis) [1], herein 

the terms necrosis, radionecrosis and radiation necrosis are used (unless specifying the 

outcome used in a specific report). In most studies, the onset of necrosis ranges from <6 

months to several years after SRS/fSRS, with median time to onset of roughly a year.

Symptomatic necrosis can result from direct brain injury, or from necrosis within the target 

that elicits an inflammatory cascade [1], that can cause mass effect and/or surrounding 

edema with associated compression (and at the extreme, herniation) of normal brain. 

Necrosis is thought to be mediated via vascular endothelial injury [1–3]. Edema in the 

absence of necrosis can also occur. Symptoms of edema and/or necrosis include headache, 

nausea, vomiting, ataxia, seizure, and focal site-dependent functional deficits.

Asymptomatic necrosis can be managed with clinical and radiographic surveillance. For 

symptomatic necrosis, corticosteroids are considered first-line therapy [4,5], with the dose, 

schedule and duration of corticosteroids dependent upon the response of symptoms and 

possible complications of their treatment (e.g., myopathy with motor weakness, osteopenia, 

hypertension, extremity edema, obesity with accumulation of subcutaneous fat, and glucose 

intolerance) [4]. Emerging data have shown favorable radiographic and clinical responses 

of brain radionecrosis to bevacizumab [6,7]; in addition, bevacizumab may reduce the 

need for corticosteroids. A small (n=14) randomized double-blind, placebo-controlled study, 

allowing for cross over to the treatment arm, provided compelling evidence of the efficacy 

bevacizumab for brain radionecrosis [8], though bevacizumab was associated with relatively 

high risks (in 3 of 11 patients) of severe toxicity (aspiration pneumonia, pulmonary 

embolus and superior sagittal sinus thrombosis), warranting caution before considering 

this therapy. An Alliance study had planned to randomize 130 patients (currently closed 
after accrual of 18) with symptomatic post-SRS brain radionecrosis to corticosteroids with 

or without bevacizumab; the primary endpoint was patient-reported outcome (symptoms) 

of radionecrosis, and the study allowed cross over to the treatment arm (NCT02490878). 

Hyperbaric-oxygen therapy may have some efficacy against brain radionecrosis, though 

this treatment remains investigational [4,5]. Radionecrosis that is resistant to medical 

management can be considered for surgical resection or laser-interstitial thermal therapy 

(LITT) with biopsy, which are often considered when persistent/recurrent tumor is in the 

differential diagnosis.
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2. ENDPOINTS

The common brain toxicity endpoints reported in the literature include necrosis, edema, 

and neurologic compromise. Radionecrosis is often evident as a ring-enhancing lesion, 

commonly with associated edema.

For tumors, SRS/fSRS-associated radionecrosis can be difficult to differentiate from tumor 

progression or pseudo-progression. Necrosis can be symptomatic or asymptomatic, and the 

diagnosis can be made based upon imaging findings or pathologic confirmation (which 

may reveal a mixture of necrosis and viable tumor). Pathologic correlates with imaging 

findings are not commonly reported in studies of radionecrosis incidence. Most often 

the diagnosis is made based solely upon imaging findings. Techniques such as positron 

emission tomography, magnetic resonance (MR) cerebral perfusion, delayed-contrast MR 

imaging and MR spectroscopy, may help strengthen the diagnostic certainty [2,3,5,9]. The 

sensitivity and specificity of various imaging modalities used in differentiating between 

radionecrosis and tumor recurrence were recently summarized [4]. Overall, the sensitivity 

is on the order of 60–80% for most of these modalities in differentiating necrosis from 

tumor progression, and thus no single test can reliably distinguish radionecrosis from 

recurrent tumor, potentially requiring a multi-modal approach for some patients. Radiomic 

strategies, such as changes in MR imaging features, are also being investigated as a means to 

distinguish radionecrosis from tumor progression [10–12]. The lack of a consistent means to 

diagnose necrosis [13] complicates the interpretation of the data. Recognizing this challenge, 

the 2015 Response Assessment in Neuro-Oncology Brain Metastases (RANO-BM) working 

group report suggested that if lesion growth meets criteria for progression (“at least a 

20% increase in the sum longest diameter of CNS target lesions,” relative to smaller 

of baseline or nadir, sustained for ≥4 weeks), but clinical evidence suggests treatment 

effect, additional evidence (not specified in the report) is needed to distinguish progression 

from treatment effect [14]. Thus, it is sometimes challenging to diagnose necrosis with 

confidence. The imaging manifestations in patients on immune therapies appear to be 

particularly challenging with respect to edema and necrosis versus immune response and, 

as a consequence, newer imaging criteria such as immunotherapy response assessment in 

neuro-oncology (iRANO) is being implemented [15].

Necrosis may cause a variety of different symptoms, and toxicity grading traditionally has 

been based on the severity of these symptoms (rather than can the extent/severity of the 

necrosis itself, for which there is no widely accepted grading scale). Several examples [16–

18] are shown in Table 1. A more-detailed toxicity grading system specifically considered 

symptomatic, objective, management and analytic (SOMA) criteria [2,19], and while this 

approach has clear benefits for brain toxicity, it has not been widely adopted.

The most accurate means to diagnose radionecrosis is pathological confirmation. If surgery 

is required because of necrosis, then historically the necrosis was considered at least grade 

3; although it is conceivable that some patients with no symptoms, or grade 1–2 symptoms, 

could undergo a planned resection to establish a diagnosis of recurrence vs. necrosis, and the 

pathologic findings be most consistent with necrosis. Therefore, an endpoint defined simply 

as “pathological confirmation of necrosis” may include lower grade events, potentially 
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overestimating the incidence of clinically significant necrosis. Nevertheless, grade 1–2 

symptoms typically do not warrant a biopsy or surgery; and thus the determination of 

necrosis is less accurate in these patients. The more serious complications, that more often 

lead to biopsy or surgery, are based upon the more reliable pathological (versus clinical) 

assessment of necrosis.

3. CHALLENGES DEFINING VOLUMES

Defining the major structures of central nervous system is straightforward, although there 

is no consensus on how to delineate the sub-regions of the brain [20]. Auto-contouring 

software may erroneously include portions of the cavernous sinus, venous sinuses, or 

surgical deficits in the skull (i.e. post-craniotomy) as normal brain; we recommend 

excluding these regions, as well as cranial nerves and brainstem, from the brain organ at 

risk (OAR).

In published reports on necrosis risks after SRS/fSRS, there is variability in what volumes 

are used to correlate dose-volume exposure with toxicity risks. Specific volumes described 

(Supplemental Tables) include: 1) all tissue (i.e. all of the volume encompassed by isodose 

line, which includes target volume), 2) ‘normal’ or ‘non-target’ tissue, and 3) ‘surrounding 

brain’ or brain. For ‘brain’ or ‘surrounding brain’ tissue, there is some variability in what 

target volume (i.e. gross target, clinical target or planning target volumes) is subtracted from 

brain. Such variability complicates pooling of data. The differences in calculated volume 

exposures between these approaches would depend on the size of the target, location of the 

target, as well as the planning approaches used. As an example, assume a simple scenario 

of 2 spherical target volumes, surrounded by brain parenchyma, in which the 12 Gy isodose 

line is 3 mm from the target surface (not accounting for sharper dose-falloffs with smaller 

targets [21]). For a 0.4 cm target (0.034 cc), the brain V12 (0.49 cc) is similar to tissue V12 

(0.52 cc). For a 2.5 cm target (8.2 cc), brain V12 (7.4 cc) is less than half of tissue V12 (15.6 

cc). With a 2.5 cm spherical target (tissue V12 of 14.1 cc) abutting the brain surface, with 

30% of the 12 Gy volume outside of brain, the brain V12 (5.2 cc) would be ~1/3 of tissue 

V12. From the models in Figures 1–6, it can be seen that in the flat regions a change of 1 

cc in brain volume has less than 1% effect on risk, but in the steepest dose/volume response 

regions, a 5% change in risk could result from about 1 cc of volume uncertainty.

4. REVIEW OF OUTCOMES DATA

Published studies

PubMed searches were performed for reports published from January 1995 through 

December 2016 (including studies in print in 2017 that were published and indexed 

online in 2016); search criteria are detailed in the Supplemental Appendix. One additional 

study from 2018 was also included [22]. All of the searches included the word “volume” 

or “volumes.” Studies included in this review (listed in Supplemental Table 1) reported 

endpoints of symptomatic and/or asymptomatic necrosis and/or edema after SRS/fSRS, and 

correlated toxicity risks with target, tissue and/or brain volume or dose-volume metrics. We 

also included studies that used more generalized endpoints of radiation-induced neurologic 

(non-cranial nerve) complications (which generally comprise necrosis and/or edema). Those 
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studies that analyzed only potential effects of prescribed dose on toxicity risks (i.e. no 

analyses of target volume or normal tissue volume exposure) were not included in the 

Supplemental Tables or analyses (though some are discussed below), as the manner in 

which dose is prescribed is highly variable and does not necessarily reflect normal tissue 

dose-volume exposure. Target volumes also do not sufficiently describe normal tissue 

dose-volume exposure, but studies that analyzed target volume without analyzing normal 

tissue exposure were included here, as target volume is a reproducible measure. Studies 

of central nervous system radiotoxicity after conventionally-fractionated or >5-fraction 

hypofractionated stereotactic radiotherapy were omitted (unless a subset of 1–5 fraction 

SRS/fSRS patients was analyzed separately).

We excluded studies reporting toxicity outcomes in a cohort comprised solely of: 1) 

brainstem targets, as the brainstem appears to have a different dose tolerance than normal 

brain (see Section 7); 2) patients with glioma, as many gliomas have tumor-related necrosis 

prior to SRS/fSRS; 3) patients with vestibular schwannoma/acoustic neuroma, as these 

tumors are not within the brain parenchyma, intra-tumoral necrosis after SRS/fSRS is fairly 

common for vestibular schwannoma/acoustic neuroma, and neurologic radiotoxicity from 

these tumors is mostly related to cranial nerve, cochlear and/or brainstem injury; and 4) 

patients with edema after SRS/fSRS for meningioma, as the etiology of post-radiation 

edema may be unique for meningiomas [23]. Nevertheless, some of the studies included 

in this review did include a subset of patients with glioma, meningioma, vestibular 

schwannoma, or brainstem targets, but generally these represented a small subset of 

patients/tumors in these studies (specified in Supplemental Table 1), and these patients 

were not included in the pooled analyses specific for brain metastases and arteriovenous 

malformations (AVM).

Supplemental Table 1 summarizes 51 published reports, from which 9,828 patients and 

13,913 targets were studied. Some reports [24–32] included a number of patients that 

were analyzed in one or more earlier reports. With estimation (due to partial overlap of 

some patients in multiple studies, as described in Supplemental Table 1) these reports 

considered approximately 7,814 unique patients. Most patients were treated for AVM or 

brain metastases: an estimated 3,848 patients had 3,858 AVMs, and 3,966 patients had 7,903 

brain metastases. Most of these studies/patients were not amenable to modelling analyses 

but are included in the discussion and Supplemental Tables as they offered insight into 

NTCP risks.

Some studies included only patients with arteriovenous malformations (AVM) [24,25,31–

40], others included only patients with benign and/or malignant tumors [26–30,41–70], and 

4 others included patients with tumors or AVMs [71–74] (of which 3 analyzed the different 

disease groups separately). In 10 studies, some [30,50] or all [28,49,51,56,63,67,69,70] of 

the patients underwent SRS/fSRS to the surgical cavity of a resected brain metastasis.

Various endpoints (Supplemental Table 2) and dosimetric measures (Supplemental Tables 

3–5) were used to characterize toxicity risks. For example, where Vx reflects the volume 

receiving greater than or equal to a dose of x Gy, several studies analyzed tissue Vx (i.e., 

volume of x Gy isodose line), others analyzed normal tissue Vx (i.e., excluding target 
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volume) and others analyzed brain Vx (i.e., excluding target volume and non-brain normal 

tissue). Endpoints in different studies included symptomatic brain necrosis (with some 

studies specifying toxicity grade), any necrosis, edema, neurologic complications (without 

specifying from necrosis or edema) and others (Supplemental Table 2). Such variability 

complicates data pooling.

A few studies reported only p values for the correlation of risks with dosimetric parameters, 

but not the risks within subgroups; therefore data from these studies did not allow binning 

subsets into groups for modelling. Supplemental Table 2 also summarizes the reported 

timing of the onset of necrosis, which in most studies ranges from <6 months to several 

years after SRS/fSRS, with median time to onset of roughly a year. Actuarial risks are only 

reported in some studies; therefore, our graphs that summarize published data (Figures 1–4 

below) and NTCP models (section 6 and Figures 5–6) use crude toxicity risks.

For the datasets presented in Figures 1–4 (this section), with the data binned into subgroups 

of Vx (i.e., by quartiles or median splits), the logarithmic form of the logistic model 

(described in section 6) was used (Eq. 1).

NTCP = 1

1 + V x50
V x

4γ50 (1)

Arteriovenous malformations

For AVMs, the concept of high dose volume exposure with SRS correlating with toxicity 

risks was recognized in the 1970s-1980s [75,76]. Flickinger and colleagues published 

several studies in the 1980s-1990s analyzing the relationship between necrosis/toxicity risks 

and dose-volume exposure in the treatment of tumors and AVMs [77–80]. The AVM Study 

Group described the effects of AVM location and tissue volume (including target) receiving 

≥12 Gy (V12) in 1 fraction in predicting permanent sequelae [25]. Studies from several 

institutions have also demonstrated the importance of V10–12 in predicting toxicity risks 

of AVM patients [24,31,34,37–40,71]. Most studies of AVMs analyzed tissue V10–12 (i.e. 

included the target volume, as opposed to a V10–12 which excludes the target), which 

seems logical as the AVM interdigitates with brain tissue. In the AVM Study Group report, 

non-target V12 did not significantly improve the risk-prediction model; both target and 

non-target V8–12 were significant predictors of toxicity in another study [38].

Figures 1 and 2 show the reported risks of any or symptomatic necrosis after single-fraction 

SRS for AVM, relative to tissue V12, in those studies which grouped/binned patients/lesions 

by V10-V12. The combined factors of converting V10 in the Voges et al. study [31] to V12 

(using Eq. 2 in section 6), and estimating the median values of V12 (see figure captions), 

produce uncertainties in the data compilation. Logistic models are shown merely as a 

descriptive way to summarize the data (and not intended to be predictive). For these logistic 

models, the logarithm of Vx (as opposed to Vx) was used for the independent variable (Eq. 

1), to avoid predictions of a non-zero probability of necrosis for Vx=0; for the plots in 

Figures 1–2, the inverse log of that independent variable was used (to recreate ‘Vx’).
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Target volume is also predictive of toxicity risks in AVM patients [31,35,36,38–40,71]. 

With AVMs, the reported rate of radionecrosis ranges from ~0–20% for small lesions and 

~15–40% for lesions >10 cc; similar event rates are seen with low V12 vs. V12>10 cc, with 

variability between reports likely partially attributable to differences in analyzed endpoints 

(Supplemental Tables 3–5). In a multi-institutional study of 2,236 AVM patients with target 

volumes ranging from 0.1–24 (median 3) cc, multivariate analyses demonstrated that doses 

>24 Gy to the target margin, vs. lower doses, significantly (p=0.004) predicted a >1.5-fold 

risk of radiation-induced changes; no dose-volume metrics were analyzed [81].

Tumors

Among 135 patients with AVMs, benign skull base tumors and other benign tumors, Voges 

and colleagues reported risks of radiation-induced radiographic changes of 24% vs. 0% for 

V10>10 cc vs. ≤10 cc (p<0.0001), respectively. This study is a landmark publication, being 

among the first to correlate toxicity risks with SRS dose-volume metrics for tumors [71]. 

Two other early (2001) studies, that grouped together benign intracranial tumors, gliomas, 

brain metastases and AVMs in their analyses, evaluated SRS dose-volume metrics associated 

with necrosis and complication risks [72,73]. Chin et al. compared the dosimetry in 17 

patients who developed symptomatic necrosis vs. 17 controls who did not, and reported 

that total-volume V10 (median 28.4 vs. 7.8 cc, p=0.007), brain V10 (19.8 vs. 7.1 cc, 

p=0.005) and target volume (4.4 vs. 1.5 cc, p=0.04) were significantly greater in the necrosis 

group [73]. Nakamura et al. reported that, among 657 evaluable patients with 1,244 targets, 

prescription volume (p=0.009), target volume (p=0.007) and non-target volume (p=0.03) 

correlated with grade 3 complications risks [72]; prescription volumes of ≤0.66 cc, 0.67–3.0 

cc, 3.1–8.6 cc, and ≥8.7 cc were associated with grade 3 complication rates of 0%, 3%, 7% 

and 9%.

Brain metastases

For metastatic malignant brain tumors, earlier studies on toxicity risks focused on peripheral 

dose and tumor size. The RTOG 90–05 phase I study (which included recurrent, previously 

irradiated brain metastases and gliomas) reported 2-year actuarial neurotoxicity risks of 11% 

[82]. With lesions grouped by maximum diameter, crude rates of grade ≥3 neurotoxicity 

were 10% for ≤2.0 cm lesions treated to peripheral dose of 24 Gy, 20% for 2.1–3.0 cm 

lesions treated to 18 Gy and 14% for lesions 3.1–4.0 cm treated to 15 Gy. In multivariate 

analyses, tumor diameter was associated with significantly increased risk of grade ≥3 

neurotoxicity, with 7.3 and 16-fold increased risks for tumors 2.1–3.0 and 3.1–4.0 cm 

(respectively) versus in tumors ≤2.0 cm. A 2017 study from Cleveland Clinic [83], with 

896 patients with 3,034 brain metastases ≤2 cm, showed that tumor diameter >1 cm (vs. <1 

cm) was associated (on multivariate analysis) with a 2.1-fold increased risk of necrosis, and 

4.8-fold increased risk of symptomatic necrosis; similar risks (on univariate analyses) were 

seen with tumor volume >0.1 cc. Another study reported that maximum dose divided by 

lesion diameter was predictive of grade 3–4 necrosis risks [84].

For smaller lesions that might be safely treated to relatively high doses, clinicians generally 

opt against exceeding a prescribed dose of 24 Gy. A University of Kentucky study of 

patients with brain metastases ≤2.0 cm in size reported non-significantly greater grade 3–
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4 toxicity rates (5.9% vs. 1.9%, p=0.078) with peripheral SRS doses >20 Gy (vs. lower 

doses) following whole brain radiotherapy (WBRT) [85]. This finding may not be applicable 

for patients treated with SRS alone (i.e., no WBRT). A prescribed dose of >17 Gy was 

predictive of any (asymptomatic or symptomatic) necrosis (HR 3.3, p=0.03) in another study 

[68]. In the aforementioned study from Cleveland Clinic (including lesions ≤2 cm) [83], 

dose >24 Gy was not associated with increased necrosis risks.

Target volume correlates with toxicity risks in many studies. The University of Pittsburgh 

described risks of neurologic complications of 3% versus 16% at 5-years for target 

volume ≤2 cc vs >2 cc (p=0.0085) [41]. These findings are comparable to other reports 

[29,52,53,72] (Supplemental Tables 3–5), two of which converted 3–5 fraction fSRS to 

single-fraction equivalent dose [52,53]. In two studies, tumor volume did not predict risk of 

neurologic complications [42,45]. In a BC Cancer Agency study, of brain metastases <3 cm 

in size, the reported necrosis risks were relatively high compared to other studies; for lesions 

greater vs. less than 0.4 cc, necrosis rates were 12% vs. 6% [61].

Beginning in the early 2000s, several studies described dose-volume measures predictive 

of radionecrosis, edema and neurologic complications after SRS/fSRS for brain metastases. 

The University of California San Francisco (UCSF) published one of the largest studies 

of brain metastases patients, in which the 1-year risks of symptomatic ARE were 1%, 6% 

and 13% for tissue V12 of ≤1.84 cc, 1.86–3.30 cc, and >3.3 cc respectively [29]. In a 

University of Cincinnati study [46], necrosis (asymptomatic or symptomatic) risks were 

4.7% and 11.9% for V12 <1.6 cc and 1.6–4.7 respectively, comparable to the UCSF study. 

A much higher toxicity rate was reported in a Case Western Reserve study, with 23% 

of brain metastases with V12<5 cc developing symptomatic necrosis and 15% developing 

asymptomatic necrosis [43]. With V12 in excess of 10 cc, necrosis rates were >50% in the 

University of Cincinnati and Case Western Reserve studies [43,46], and lower in the USCF 

study [29] where a 15% necrosis rate (11% symptomatic) was reported with V12 of 7–35 cc. 

A study by Minniti and colleagues analyzed brain V12 (as opposed to tissue V12), showing 

a similar trend of increased V12 associated with increased toxicity risks, and similarly high 

rate (~50%) of toxicity with V12 >10 ml [47]. In Minniti and colleagues’ 2016 study of 

151 patients with brain metastases >2 cm [65], brain V12 remained significant (p=0.02) for 

radionecrosis risks, with a V12 >18.2 cc associated with a ~50% risk of radionecrosis.

Several studies (n=15, dating back to 2006 in the Supplemental Tables) have reported 

neurotoxicity risks after fSRS. Patients selected for fSRS often have bulkier disease and/or 

tumors in critical locations. Toxicity after fSRS appears to be favorable (Supplemental 

Tables 3–5), with recent meta-analyses suggesting that tumor control is not compromised, 

relative to single-fraction SRS, with the current dose-fractionation schedules commonly 

used [86,87]. Minniti and colleagues examined V15–24 with a 3-fraction schedule for 

patients with intact [54] or resected [49] brain metastases; <25 cc of normal brain receiving 

>18 Gy [54] and <17 cc receiving >24 Gy [49] were associated with <5% necrosis risks 

[49,54]. In Minniti and colleagues’ 2016 study of 138 patients with brain metastases >2 

cm treated to a dose of 9 Gy x 3 [65], a brain V18 of 22.8–30.2 cc, 30.2–41.2 cc and 

>41.2 cc was associated with 6%, 13% and 25% radionecrosis risks respectively. In studies 

from Inoue and colleagues [52,53], non-target V23.1 (3 fractions) <5 cc and <7 cc were 
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associated with 1.4% and 0% risks of symptomatic edema and necrosis requiring surgery, 

respectively; and V28.8 (5 fractions) <3 cc and <7 cc were associated with 0% risks of 

symptomatic edema and necrosis requiring surgery, respectively. A V23.1 in 3 fractions 

and V28.8 in 5 fractions were considered dose-equivalent to 14 Gy in 1 fraction (using 

an alpha-beta ratio of 2 Gy). Escalating prescribed dose from 9 to 10 Gy x 3 for brain 

metastases >3 cm increased the risks of radionecrosis, without apparent improvement in 

tumor control, in a recent dose-escalation study [88]. In a 2017 study of 2-fraction SRS [89], 

published after our 2016 cut-off, brain V20–87.8 values were analyzed as factors potentially 

associated with necrosis risks (albeit with only 4 events in 39 patients), with significant p 

values at V44.5-87.8.

The reported risks of any necrosis (Figure 3) and symptomatic necrosis (Figure 4) after 

SRS or fSRS for brain metastases, relative to tissue or brain V12 in a single-fraction dose 

equivalent, are shown for those studies that reported necrosis risks and median Vx among all 

patients/lesions, or grouped/binned patients/lesions by tissue or brain Vx. As with Figures 

1–2 (see above) the logarithm of Vx was used for risk calculation in the model, to avoid 

predictions of a non-zero probability of necrosis for Vx=0.

A 2020 analysis (published after our literature search) of 5-fraction fSRS for intact brain 

metastases (n=132) reported that a brain (minus CTV) V30 of <10.5 cc vs. ≥10.5 cc was 

associated with a significantly greater risk of symptomatic ARE (13% vs. 61%), with a >7 

fold relative-risk on multivariable analysis [90]. The 61% risk is appreciably higher than 

what is reported in most fSRS series (Figure 4), though few lesions in these other studies 

had many patients with brain (minus CTV) V30 >10.5 cc.

An issue specific to multi-target fSRS/SRS (a common situation with brain metastases) is 

whether Vx is reported per lesion or per patient (i.e., from the composite plan), and whether 

risks of necrosis are reported per lesion or per patient. In a 2020 study of single-fraction SRS 

in 40 patients with ≥10 brain metastases, the V12 of individual targets predicted risks of 

post-treatment changes suggestive of necrosis, as opposed to the net V12 [91]. Of the studies 

shown in Figures 3–4, one [44] analyzed composite Vx and necrosis risks per patient, two 

[54,65] analyzed necrosis risks per patient, grouped by lesion (generally the largest) Vx 

(personal communication, G. Minniti), two [49,70] included patients with 1 or ~1 target 

(resected brain metastasis) per patient, and all of the others analyzed Vx and necrosis risks 

per lesion. All of the studies in Figure 3B reported necrosis risks per patient (including the 

2 studies of SRS/fSRS for resection cavities and 2 studies that analyzed lesion Vx); all of 

the studies in Figure 4 reported necrosis risks and Vx per lesion. The logistic models of 

the data demonstrated significantly greater risks after SRS vs. fSRS, for both any necrosis 

(Figure 3, p<0.0001) and symptomatic necrosis (Figure 4, p<0.0001), with the caveat that 

for symptomatic necrosis (Figure 4) the endpoint in all of the fSRS studies was symptomatic 
necrosis requiring surgical resection versus the less stringent endpoint of any symptomatic 
necrosis that what was used in the SRS studies.

For any given value of Vx, the Vx for tissue exposure should represent less irradiated 

normal brain than the Vx for brain (since the tissue includes both normal brain and other 

tissues), and thus the risk of toxicity should be less for tissue vs brain (at the same Vx). As 
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shown in Figures 3 and 4, this is expected finding is not seen in the reported clinical data 

(perhaps reflecting heterogeneity in study populations and reporting methods/standards, and 

the challenges comparing data across institutions). In Supplemental Figures S1–3, risks of 

necrosis are plotted against tissue V12 (similarly to Figures 3–4), with tissue V12 estimated 

(for those studies that reported brain V12), by adding the brain V12 to the estimated target 

volume (which considered the range and median target volumes that were reported in the 

studies). As anticipated, the risk of necrosis relative to estimated V12 was lower using this 

method.

The combined factors of variable use of brain vs. tissue Vx, variable use of patient vs. 

lesion Vx, variable reporting of toxicity risks per patient vs. per lesion, conversion of 

single-fraction V10 or V14 to V12, conversion of multi-fraction fSRS Vx to single-fraction 

equivalent V12, and estimating median values of V12 (see Eq. 2 in section 6 and figure 

captions), produce uncertainties in the data compilation. Therefore, the logistic models 

should be considered as a descriptive way to summarize the data (and are not intended to be 

predictive).

5. FACTORS AFFECTING OUTCOMES

Radionecrosis, edema and neurotoxicity are multifactorial, with risks attributable to dose 

and volume (and perhaps surface area), and also likely related to target type (i.e. malignant 

tumor, benign tumor, AVM), target location, prior radiotherapy, prior surgery, systemic 

therapy, comorbid conditions, etc. Radiation toxicity likely represents injury to cells within 

the target and/or surrounding normal brain tissue [3,92]. Supplemental Table 6 summarizes 

variables, other than target volume and Vx, that were or were not significantly correlated 

with toxicity risks in each study. For any given variable, there was inconsistency across 

various studies. Nevertheless, there are some broad patterns.

In general, sex was not a significant risk factor; specifically, female sex was implicated 

as a risk factor in only 1 study [28]. Age was not a significant factor in most studies; in 

only 2 studies was older age an adverse risk factor [28,36]. CNS target location appears 

to be associated with toxicity risk, with more eloquent brain areas (such as thalamus, 

basal ganglia, occipital lobes) generally being more susceptible to symptomatic toxicity 

[24,25,30,32–34,36,37,43,45,47,48,60,61,74]; albeit with location being defined somewhat 

inconsistently. Conformity index/conformality was a significant factor in some studies 

[30,47,48,72] and not others [42,43,49,54,55]; counter-intuitively, lower conformity index 

(i.e., greater conformality) was associated with increased risk in one study [72], perhaps a 

spurious finding. Among patients with brain metastases, prior WBRT was generally not a 

significant factor for toxicity risk [29,41,46,48,55,69,73,83], though was implicated in some 

studies [43,60,69].

The potential impact of histology of brain metastases remains unclear. In 3 studies 

[42,59,70], cancer type was not a significant variable. However, several other studies 

reported different findings (though it remains unclear if the associations of some cancer 

types with greater risks of necrosis in these studies are from inherent differences between 

cancers, or differences in systemic therapy used). Kidney cancer (n=47 of 316 lesions) was 
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associated with a 2.4 fold risk of severe neurologic complications in one study [45]. In 

another study of 435 patients (2,200 lesions), kidney cancer (n=26 patients with 86 lesions) 

was associated with increased risk of adverse events among patients with tumors >1 cc [29]. 

In a 2016 study from the University of Maryland [62], renal or melanoma (n=24 patients) vs. 

lung or breast (n=83 patients) histologies were associated with a >2-fold greater risk of acute 

(within 100 days) edema. In a 2016 study from the Cleveland Clinic, among 1,939 patients 

with 5,747 lesions, renal cancer (HR 1.78, p=0.03) was associated with increased risks of 

radionecrosis after SRS; among NSCLC patients (2,276 lesions) adenocarcinoma histology 

(HR 1.89, p=0.04) and ALK rearrangement (HR 6.36, p<0.01) were also associated with 

radionecrosis [93].

In patients having both surgery and SRS/fSRS, symptomatic necrosis has been reported to 

be more common with post- vs. pre-resection SRS/fSRS (2 years: 17% vs 3% at 2 years; 

p=0.01) [30]. In a 2017 analysis, restricted to lesions ≥2 cm diameter (≥ ≈4 cc volume), the 

1-year necrosis rates following post-operative SRS, pre-operative SRS and SRS alone were 

23% vs 5% and 12%, respectively (p<0.001) [94].

6. MATHEMATICAL/BIOLOGICAL MODELS

At the time of the literature search, there were four articles that presented SRS/fSRS dose 

(in 1–5 fractions), target volume and toxicity outcome per treated target; an additional article 

with this level of granularity of data has recently been published. Data from these 5 studies, 

summarized in Table 2, were amenable to NTCP modelling. These studies included mostly 

patients with brain metastases, though 2 studies also included patients with glioma and 

benign tumors. We did not similarly model necrosis risks after SRS/fSRS for AVMs, as the 

published data did not lend itself to NTCP modelling.

The two earliest datasets that were used in our models were from studies of patients who 

underwent single-fraction SRS with Gamma Knife [43,73]. The 3 other studies included 

patients treated with single- and/or multi-fraction SRS; the doses from these datasets were 

converted to single-fraction equivalent doses, using the linear quadratic (LQ) model with 

α/β=2 Gy [22,52,53]. To form a composite model in terms of V12Gy (a commonly used 

dose metric for brain SRS), a simple ratio was used to approximate V12Gy from V10Gy and 

V14Gy [95,96]:

V 12Gy ≈ V 14Gy * (1 + Delta)
V 12Gy ≈ V 10Gy/(1 + Delta) (2)

The average Delta=0.5 was measured from the V10Gy, V12Gy, and V14Gy values in the 

appendix of Peng et al. [22]. The impact of elapsed treatment time is not considered in these 

calculations.

In the articles by Inoue et al. [52,53], GTV was subtracted from the brain contours 

to calculate brain Vx. Prior to modeling, we added the median GTV to brain Vx to 

approximate tissue Vx. Combined data from the studies listed in Table 2 were fit to a logistic 
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model [97] to generate curves describing probability of toxicity as function of V12Gy and 

V14Gy.

For the datasets presented in Figures 5–6 (this section), using studies that provided 

individual patient/lesion data, the exponential form of the logistic model was used (Eq. 

3):

NTCP =
exp 4γ50

V x
V x50

− 1

1 + exp 4γ50
V x

V x50
− 1

3

where Vx is the volume of tissue exceeding x Gy, which is x=12 Gy in Figures 1–5 and 

x=14 Gy in Figure 6, Vx50 is the volume corresponding to 50% risk of necrosis, and γ50 is 

the slope parameter. The best-fitting values were found using maximum likelihood method, 

and the 95% confidence intervals were calculated using the profile-likelihood method [98].

It was observed that the risk level reported by Korytko et al. [43], in which 44% of 

lesions developed symptomatic necrosis, was substantially higher than what was reported 

in the other datasets. Potential causes of the vastly differing reported rates of necrosis are 

unknown. Therefore, the Korytko et al. dataset was kept separate from the HyTEC model 

that included the other 4 studies, as seen in Figure 5.

The studies by Inoue et al. [52,53] and Peng et al. [22] included only patients with brain 

metastases, and comprise the data that are modelled and shown in Figure 6. These 3 studies 

analyzed two separate endpoints: A) any edema or necrosis, which we have designated as 

grade 1–3; and B) necrosis requiring surgical resection, allowing pathological confirmation 

of necrosis, which we have designated as grade 3. The studies from Inoue et al.[52,53] 

used V14, which was chosen as the dosimetric measure for Figure 6. The Peng et al. study 

analyzed Vx by patient, while the studies by Inoue et al. analyzed Vx by lesion. Most 

patients in these studies had a single treated lesion, though specific data on number of 

lesions per data point in the Peng study is not available. From individual patient/lesion 

data from these 3 studies, we show the volume response NTCP models (Figure 6) and 

dose-volume risk data (Table 3) for brain necrosis in patients treated with SRS/fSRS for 

brain metastases.

It is notable that fSRS was used in some (Peng et al.) or all (Inoue et al.) of the patients 

in the 3 studies included in the NTCP model for brain metastases. For 1-, 3- and 5-fraction 

SRS/fSRS, there were 96, 182 and 105 data points, respectively, with a median calculated 

V14 of 3.9 cc, 11.7 cc and 17.5 cc respectively. For V14 of 0–5 cc, 5–10 cc, 10–20 cc 

and >20 cc there were 71, 71, 216 and 25 data points, respectively, with single-fraction 

SRS accounting for 77%, 37%, 6% and 8% of data points, respectively. Thus, the risks for 

calculated V14>10 cc reflect mostly fSRS data.

Notably, for the modelling shown in Figures 1–4 (section 4), the logarithm of volume V12 

was used in the logistic model (Eq. 1) forcing a 0% risk at 0 Gy, whereas no logarithm 

of volume was used for the modelling shown in Figures 5–6. The different approaches 

to modelling, as well as using binned data extracted from published studies (Figures 1–
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4) versus more granular individual patient data (Figures 5–6) account for the different 

appearance between these curves. Supplemental Figure S4 shows how the models in Figures 

3A–B would be different if logarithm of volumes were not used (i.e., similar to what was 

done in Figures 5–6).

In a recent HyTEC review for optic nerve and chiasm [99], limitations of the NTCP 

modelling were discussed in detail. These limitations include statistical uncertainties with 

data compilation, uncertainties in the α/β value and applicability of the LQ model, and 

the absence of data in the low-dose and high-dose extremes. Additionally, the inclusion of 

retrospective studies, with different planning and delivery methods and follow-up protocols 

is another limitation; with retrospective studies, necrosis could be under-reported.

7. SPECIAL SITUATIONS

Brainstem targets:

It is well-recognized that the brainstem is more susceptible to symptomatic radiation 

toxicity; some studies in this analysis [24,25,32,34,36,48], the AAPM Task Group101 

report [100] and QUANTEC paper [101] suggest relatively stringent SRS/fSRS constraints 

for brainstem. While several of the studies in our analyses included brainstem targets, 

they generally represented only a small percent of patients (e.g.,1% [29,35,40,72] to 2–

5% [36,39,45,47,48,61] in most studies). Exceptions are studies from the University of 

Pittsburgh [24,34] and Gunma University [52,53] (~17–25% with brainstem lesions; see 

Supplemental Table 1). The most recent AVM study from the University of Pittsburgh [32] 

included 55 (7%) of 755 brainstem AVMs. Other studies of fSRS described including some 

brain lesions abutting the brainstem [27,50,54,66]. Because we explicitly omitted studies 

that focused of brainstem toxicity, we have not reported specific dose-volume metrics 

predictive of brainstem toxicity.

Notably, in a recent multi-institutional pooled analysis [102] of 547 patients with 596 

brainstem metastases treated with Gamma-Knife SRS, 7.4% of lesions developed grade 3+ 

toxicity. Factors associated with significantly increased risks of grade 3+ toxicity included 

tumor volume >1 ml (odds ratio (OR) >10, p<0.001), doses >16 Gy to target margin (OR 

>3, p=0.05) and prior WBRT (OR=4.7, p=0.002). No grade 3+ toxicity occurred with 

margin doses <12 Gy or with tumors <0.1 ml. Primary cancer type (p>0.2), brainstem 

location (p=0.30) and tissue V12 (p=0.06) were not significant factors.

Resected brain metastases:

In a 2020 study of 442 patients treated with SRS for 501 resection cavities, the 1-year 

rates of ARE and symptomatic ARE were 8.9% and 5.9%, respectively [103]. In a pooled 

analysis of 36 studies of post-resection cavity SRS/fSRS, the risk of radionecrosis was 

6.9% [104]. Among the 51 reports summarized here, in 10 studies some [30,50] or all 

[28,49,51,56,63,67,69,70] of the patients underwent SRS (2 studies) or fSRS (10 studies) to 

the surgical cavity of a resected brain metastasis. For resected brain metastases, the X Gy 

isodose line volume (i.e., ‘tissue Vx’) may not be as clinically meaningful as brain Vx, given 

that the target volume likely includes fluid (i.e., non-tissue) within the cavity.
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In a 2018 analysis (outside of this report’s search) of 90 resection cavities in 80 patients 

treated with SRS, there were 5 necrosis events; greater necrosis risks were associated with 

greater brain/parenchymal V12 (p=0.05) and smaller total (i.e. tissue) V12 (p=0.03) [105]. 

The authors postulated that larger cavities (and therefore greater V12) may have been more 

likely to border the calvarium or ventricles, accounting for the counter-intuitive finding of 

lower necrosis risks with greater tissue V12. While patients with intact or subtotally resected 

brain metastases may develop symptomatic tumor or brain necrosis after SRS/fSRS, in those 

with completely resected brain metastases, necrosis would only develop within ‘normal 

brain’ though this brain may have had tumor- or surgery-related functional impairment prior 

to SRS/fSRS. In a 2019 study of patients treated with post-op, frameless, LINAC-based 5-

fraction fSRS, 10 of 52 (19%) developed radionecrosis, with risks correlated with “hot-spot” 

doses >105% outside the cavity, and not with maximum doses within the CTV; brain V25, 

V30 and V35 were not associated with radionecrosis risks [106]. In a 2020 report, intact 

metastases were associated with a significant >3-fold higher relative-risk of symptomatic 

ARE vs. resection cavities (after accounting for brain V30 and other factors) [90].

None of the 10 studies reviewed in this report, that included patients with resected 

brain metastases, analyzed tissue/total Vx, while 3 studies specifically reported brain Vx 

[49,51,70]. The study by Broemme et al. [51] reported one event in 44 treatments, and the 

‘normal brain’ V10–12 (in 1 fraction) associated with that event (Supplemental Table 4). 

The study by Dore et al. [70] reported a range and median of brain (minus PTV) V12 and 

V21 values (in 3 fractions) among those who did vs. did not develop radiographic evidence 

of necrosis; V10, V12 and V21 were significantly greater in the group that developed 

necrosis (Supplemental Table 3); binned groups of V10, V12 and V21, with associated 

necrosis risks, were not described.

Staged-SRS for AVM:

For bulky AVMs, for which single-fraction SRS (at doses needed for an appreciable 

likelihood of obliteration) would be associated with unacceptable risks of necrosis, staged-

SRS is alternative. One approach is fSRS- termed dose-staged SRS, as the entire target 

is treated with multiple fractions; another approach is volume-staged SRS, in which 

segmented portions of the target are treated sequentially, generally months apart. A recent 

review summarizes the risks of radiation-induced changes as well as death (in part due to 

hemorrhage risks) [107]. Deep AVM location (i.e., basal ganglia, thalamus, and brainstem) 

appears to be associated with a 5-fold increased risk of radiation-induced changes vs. other 

locations [108]. We opted against including staged-SRS in our analyses as nearly all studies 

published to date have included <50 patients, and have not focused on dose-volume effects 

on necrosis risks.

Re-irradiation:

While prior WBRT may not appreciably increase the risks of brain toxicity after SRS/fSRS 

(see section 5), prior SRS/fSRS appears to increase toxicity risks compared to patients 

with no prior radiotherapy [29,73,109]. For example, in a study from UCSF, prior SRS 

increased toxicity risks ~5-fold [29]; in those with vs. without prior SRS, crude rates of 

ARE were 14% vs. 3%, respectively, and 1-year cumulative incidences of ARE were 20% 
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vs. 4%, respectively. A retrospective analysis, from Wake Forest of 32 patients with 46 

lesions receiving 2 courses of SRS, suggested that tissue composite V40 was associated 

(p=0.003) with the development of radionecrosis. The composite V40 values (sum from 2 

single-fraction SRS plans) of 0.28, 0.76 and 1.60 cc were associated with 10%, 20%, and 

50% probabilities of radionecrosis, respectively [110]. Other reports of repeated courses 

of SRS suggest that retreatment is tolerable for AVMs and brain metastases [111–115]. 

We did not analyze or model the effect of repeat SRS due to limited data. As dosimetric 

predictors of toxicity after repeat SRS are limited, caution is warranted when considering 

re-irradiation.

Concurrent systemic therapy:

Data on concurrent systemic therapy and cranial SRS, while limited, suggest that concurrent 

cranial SRS and cytotoxic chemotherapy may not increase risk of neurotoxicity or 

radionecrosis [116,117], and may decrease risks [118]. In a retrospective study of 1,650 

patients with brain metastases treated at the Cleveland Clinic, the 1-year cumulative 

incidence of necrosis was 6.6% in the lesions treated with SRS concurrently with a variety 

of systemic therapies, vs. 5.3% in those treated without concurrent systemic therapies 

(p = 0.14) [116]. Among those who also had received WBRT, radionecrosis rates were 

significantly elevated with concurrent SRS and systemic therapy, while there was no 

significant effect of systemic therapy on necrosis risks among those treated with SRS 

alone. Notably, on subset analyses, significantly increased risks of post-SRS necrosis were 

observed with concurrent VEGFR and EGRF tyrosine kinase inhibitors (necrosis rates 

14–16%) as well as HER2 antibodies. Thus, it is prudent to consider withholding these 

specific agents when delivering SRS. Despite ALK rearrangement being associated with 

radionecrosis risks in the aforementioned study from Cleveland Clinic, the use of ALK 

inhibitors was not [93]. In the absence of more data, systemic therapy immediately before 

and after SRS/fSRS should only be considered with caution.

Concurrent immunotherapy:

Immune checkpoint inhibitors (ICI) have a long duration of potential efficacy and may 

act synergistically with SRS, potentially exacerbating toxicity risks [119]. Concurrent 

SRS and ICI was not associated with increased risks of adverse events in studies from 

Johns Hopkins [120], Yale [118] or University of Virginia [121], though a study from 

Harvard [122] suggested that ICI may increase risks of post-SRS radionecrosis. A 2019 

meta-analysis reported a 0–21% risk of radionecrosis (among 5 studies) in patients with 

brain metastases treated with SRS and ICI, with risks possibly related to the specific agents 

used; data were too limited to elucidate a temporal relationship between SRS and ICI [123]. 

Investigators from Wake Forest showed, among 289 patients with 2004 brain metastases, 

that while receipt of immune checkpoint inhibitors increased risks of adverse radiation 

effects (HR=2.58, p<0.01), the timing of receipt of immune checkpoint inhibitors (within 30 

days or not) was not a significant factor [124]. Many randomized controlled trials evaluating 

the safety and efficacy of ICI and SRS for brain metastases are accruing [125].
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Pediatric patients:

Our analyses did not specifically address brain toxicity after SRS/fSRS in the pediatric 

population due to insufficient data.

8. RECOMMENDED DOSE/VOLUME OBJECTIVES

For brain metastases treated with SRS, our analyses suggest that the risks of grade 3 necrosis 

are approximately 0.4%, 0.8% and 3.4% for the total irradiated volumes (including target 

volume) receiving a single-fraction equivalent dose of 14 Gy (V14) of 5 cc, 10 cc and 20 

cc, respectively. These data can be used in conjunction with much of the published data that 

focused on V10–12 (with V12 shown in Figures 1–4 and Supplemental Figures S1–3), as 

described below.

It is notable that fSRS was used in 3 of the studies included in our NTCP model, and 

accounted for >90% of the V14>10 cc data. Thus, our modelled ~3.4% risk of grade 

3 toxicity for a V14 of 20 cc would be most applicable to multi-fraction regimens, 

approximately corresponding to a V23 in 3 fractions and V29 in 5 fractions (using the 

LQ model with alpha-beta ratio of 2 Gy). A recent meta-analysis of 24 studies demonstrated 

that fSRS for large (>4 cc) brain metastases reduced the risk of radionecrosis (at prescribed 

doses that did not compromise tumor control probability) relative to commonly used single-

fraction SRS doses [87]. We similarly note significantly reduced NTCP with fSRS vs. 

SRS. These findings suggest that the LQ model may overestimate the single-fraction dose 

equivalent for NTCP.

Thus, the QUANTEC recommendation to limit single-fraction V12Gy to ≤5–10 cc [20] 

remains prudent, particularly since the QUANTEC model was based solely on single-

fraction SRS data (without the uncertainties with dose conversions), and in light of the 

high risks reported in the Korytko et al. series [43]. From our compiled data from published 

studies, the risk of symptomatic necrosis with a V12 of 10 cc is on the order of 15% after 

SRS for brain metastases (Figure 4 and Supplemental Figure S3), and ~10% after SRS 

for AVM (Figure 2); though risks appear to be location-dependent [25] which we did not 

account for. Notably, after fSRS for brain metastases, a single-fraction equivalent V12 of 10 

cc is associated with a ~5–10% of symptomatic necrosis (Figure 4 and Supplemental Figure 

S3).

The recent UK Consensus on Normal Tissue Dose Constraints project [126] and UK 

Consortium SABR guidelines (version 6.1) [127] recommended a dose of <12 Gy in 1 

fraction to 10 cc of brain minus GTV (D10<12 Gy; which would result in a brain V12<10 

cc). The AAPM Task Group 101 report did not include specific SRS/fSRS constraints for 

brain parenchyma [100]. The QUANTEC authors [20] noted substantial variation between 

studies and emphasized that “more stringent constraints are needed for eloquent brain 

regions such as brainstem and corpus callosum.” Nevertheless, decisions for individual 

patients should weigh their goals of care as well as NTCP and TCP estimates. Prescribing 

more ‘moderate’ fSRS/SRS doses for brain metastases (relative to commonly prescribed 

dose schedules), in an effort to reduce radionecrosis risks may be considered for select 

patients [128], more study is needed to determine the optimal dose-fractionation schemes 
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with respect to NTCP and TCP. There is a separate HYTEC TCP effort for brain metastases 

that might help guide these often-challenging decisions regarding balancing NTCP and TCP.

9. FUTURE STUDIES

Future retrospective and prospective studies should utilize consistent reporting standards 

(outlined in section 10). More consistent means of establishing the diagnosis of 

radionecrosis versus tumor progression are needed, as different institutions utilize different 

imaging modalities. Also, the endpoints of ARE (which can be temporary) vs. necrosis 

(which reflects tissue injury) are challenging to characterize at the onset, since it is often 

unknown if the symptoms and/or imaging changes will be reversible or not [29]. Large 

patient numbers, and data pooling, are needed to sort out which variables, in addition to dose 

and volume, affect risk of symptomatic necrosis. Of particular interest would be a better 

description of susceptibility to necrosis/edema in different regions of the brain for brain 

metastases patients, similar to the efforts by Flickinger and colleagues for AVMs [25,129]. 

Whether necrosis risks are technology/platform dependent should be studied further [130–

132], though differences in risks are potentially subject to institutional variations in 

planning practices (even with the same technology) as well as new and continually 

evolving technologies. The American Society for Radiation Oncology (ASTRO) and the 

American Association of Neurological Surgeons (AANS) SRS registry may facilitate pooled 

analyses, utilizing clinical and dosimetric parameters. Actuarial analyses are needed to better 

understand the time course of risks as well as the long-term actuarial toxicity risks. Patients 

with brain metastases are living longer than they were in prior decades owing to improved 

imaging (resulting in diagnosis of smaller volume brain metastases earlier in the course of 

disease) and improved therapy. Future studies should seek to better identify which patients 

benefit the most from fSRS vs. SRS with respect to NTCP and TCP, particularly for targets 

that are smaller and not abutting dose-limiting tissue (i.e. brainstem, optic apparatus), for 

which scant comparative data exist.

It is important to continue investigating factors that may cause some studies to have higher 

incidence of necrosis than others, such as grading, histology, and other potential reasons.

10. REPORTING STANDARDS

Necrosis, edema and brain toxicity should be scored using standardized toxicity criteria. 

The CTCAE version 4 scores the extent of toxicity. The RANO-BM report describes the 

need to differentiate progression from post-radiation change, but consensus criteria for 

defining necrosis are lacking. Standardized reporting for SRS is needed, and reportedly 

forthcoming [133]. Ideally the details should be reported per treatment course and per lesion 

for all patients whether they had toxicity or not, so the denominator of all cases would be 

known. With respect to toxicity reporting, we propose recording and reporting the following 

information for patients with and without toxicity (with each bullet point being an item 

potentially captured in a registry or database):

• Patient age

• Patient sex
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• Patient performance status

• Primary tumor type/histology

• Date diagnosed with primary cancer

• Date diagnosed with brain metastases

• Symptoms from brain metastases (Y/N)

• Steroids needed for brain metastases (Y/N)

• Status of extracranial disease (controlled, uncontrolled, new diagnosis)

• Details of prior brain radiotherapy

– WBRT – Y/N

♦ Dates of treatment

♦ Fields/technique

♦ Dose, fractionation

– Prior SRS – Y/N

♦ target(s)

• Dates of treatment

• Prescribed dose

• Dose-fractionation

• Controlled (Y/N)

• Details of prior cranial surgery/ies and procedures

– Prior resection (Y/N)

♦ Lesion(s) resected

• Date of surgery

• Surgical technique

• Details of SRS tumor(s)/target(s)

– Intact vs. resected metastasis

– Tumor/target volumes

– Location(s) of treated targets/lesions

• Treatment planning parameters

– Planning software (with version)

– Planning technique

– Dose calculation algorithm used

– Dose calculation grid size (more relevant for small targets)
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• Methods of treatment set-up and positional verification

• Target and brain dose metrics and/or DVH

– Maximum target dose (for each target if applicable)

– Prescription target dose (for each target if applicable)

– Dose coverage of each target

♦ Percent isodose line covering percent target volume

– Brain/tissue dose-volume exposure per lesion or per plan, or at least per 

stratified groups of patients (e.g. quartiles)

♦ Tissue Vx across broad range of doses

♦ Brain Vx across broad range of doses (with specification of 

definition of brain (i.e., brain minus GTV or PTV)

♦ For multi-lesion treatment: description of lesion Vx and 

patient (i.e., composite) Vx. For patients with lesions in close 

proximity, it may not be feasible to specify a lesion Vx, 

particularly if 2 or more lesions are treated as one target, 

but also if each lesion is planned as separate targets (due to 

overlapping isodose lines).

♦ Physical dose including fractionation for each reported Vx is 

preferable (e.g. V12Gy/1fx or V20Gy/3fx, etc.); even when 

elaborate radiobiological conversions are feasible the basic 

physical dose and fractionation should also be reported to 

enable future data pooling initiatives

• Dates of clinical and radiographic follow-up

• Imaging studies used to determine control and toxicity

• Control of tumor or obliteration of AVM (Y/N)

• Toxicity (including adverse imaging changes in the absence of symptoms)

– Yes/No for each type of event

– If Yes, specify

♦ Date of onset

♦ If >1 lesion/target, specify (if possible) which target is the 

cause of the event

♦ Grade (CTC-AE version 4 preferred)

• no intervention

• medical intervention

• surgical intervention
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– date

♦ Criteria used to define toxicity

• computerized tomography (CT) scan (Y/N)

• MR imaging (Y/N)

• Other imaging (Y/N)

• Symptoms/exam (Y/N)

– Type of symptoms

♦ Intervention (Y/N)

If yes- specify type

♦ If available: Patient-reported outcomes score

♦ If available: Data from validated questionnaires such as FACT-

BR

As recommended by other HYTEC reports [134], these data should be provided in electronic 

supplements to facilitate data pooling and NTCP modelling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Risk of any necrosis (symptomatic or asymptomatic) after SRS for AVM vs. tissue volume 

receiving ≥12 Gy in one fraction (V12). Data were extracted from studies which subgrouped 

(binned) ranges of V10-V12 and reported the risks of necrosis for patients/lesions within 

the individual bins. The figure represents a rough approximation of data, as (1) the median 

value of V12 for a given bin was estimated as the midpoint in the range of values in that 

bin, except for the bin with the greatest V12; for the largest-value bins, it was assumed that 

the highest values within that bin represented a relatively small proportion of patients (i.e., 

the extremely large V12 values were outliers); (2) for data from the Voges et al. study which 

reported V10, the equivalent to V12 was estimated as described in the text (Eq. 2). The 

error bars represent 95% binomial confidence intervals and the solid lines represent a fitted 

logistic model to the data. Studies included Voges, 1996 and Flickinger, 1998; both were 

single-fraction SRS studies.
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Figure 2. 
Risk of symptomatic necrosis after SRS for AVM vs. tissue volume receiving ≥12 Gy 

in one fraction (V12). Data were extracted from studies that reported necrosis risks and 

median V12 among all patients or subgrouped (binned) ranges of V12 and reported the 

risks of necrosis for patients/lesions within the individual bins. The figure represents a 

rough approximation of data, as the median value of V12 for a given bin was estimated as 

described in the caption from Figure 1. The error bars represent 95% binomial confidence 

intervals and the solid lines represent a fitted logistic model to the data. Studies included 

Flickinger, 1998; Flickinger, 2000; Cetin, 2012; Herbert, 2012; and Kano, 2017; all were 

single-fraction SRS studies. The data from Herbert et al. was obtained from the authors. 

Three of the 5 studies included patients from one institution (University of Pittsburgh).
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Figure 3. 
Risk of any necrosis (symptomatic or asymptomatic) after SRS for brain metastases vs. 

tissue (target plus non-target) or brain (excluding the target volume and non-brain normal 

tissue) volume receiving ≥12 Gy equivalent in one fraction (V12). Panel A shows data from 

single-fraction SRS studies; solid data points represent tissue V12 (target plus non-target) 

and hollow data points represent brain V12 (excluding the target volume and non-brain 

normal tissue). Panel B shows data from multi-fraction SRS studies (all reporting brain Vx; 

i.e. again excluding the target volume and non-brain normal tissue). Data were extracted 

from studies that reported necrosis risks and median Vx among all patients/lesions or 

subgrouped (binned) ranges of Vx and reported the risks of necrosis for patients/lesions 

within the individual bins. One study (Minniti, 2016) in Figure 3A calculated Vx per patient 

while the others calculated Vx per lesion (see text); all of the studies in Figure 3B calculated 

Vx per patient. These figures represent a rough approximation of data, as (1) the median 

value of V12 for a given bin was estimated as described in the caption from Figure 1; (2) for 

multi-fraction SRS studies, the linear-quadratic model with alpha-beta ratio of 2 was used 

to convert dose to single-fraction equivalent dose. The error bars represent 95% binomial 

confidence intervals and the solid lines represent a fitted logistic model to the data. When 

analyzed separately, there was no significant difference between the tissue V12 and brain 

V12 logistic models; they are therefore combined together in Panel A, recognizing that 

tissue V12 would have a larger value than brain V12, and that the figure is meant to be 

descriptive. Studies included in Figure 3A were Korytko, 2006; Blonigen, 2010; Minniti, 
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2011; Ohtakara, 2012; Sneed, 2015; Minniti, 2016. Studies included in Figure 3B were 

Ernst-Stecken, 2006; Minniti, 2013 (with 1 resected brain metastasis per patient); Minniti, 

2014; Minniti, 2016; and Dore, 2017 (with ~1 resected brain metastasis per patient).
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Figure 4. 
Risk of symptomatic necrosis after SRS for brain metastases vs. volume of tissue (target 

plus non-target; solid symbols) or brain (excluding the target volume and non-brain normal 

tissue; open symbols) receiving ≥12 Gy equivalent in one fraction (V12). All of the studies 

reported Vx per lesion (see text). Data were extracted from studies that reported necrosis 

risks and median Vx among all patients/lesions or subgrouped (binned) ranges of Vx and 

reported the risks of necrosis for patients/lesions within the individual bins. All of the 

multi-fraction fSRS studies used the endpoint of symptomatic necrosis requiring resection, 

whereas all of the single-fraction SRS studies used the endpoint of any symptomatic 

necrosis. The figure represent a rough approximation of data, as (1) the median value of 

V12 for a given bin was estimated as described in the caption from Figure 1; (2) for 

multi-fraction SRS studies, the linear-quadratic model with alpha-beta ratio of 2 was used 

to convert dose to single-fraction equivalent dose; (3) in those studies which reported V10 

or V14, the equivalent to V12 was estimated as described in the text (Eq. 2). The error 

bars represent 95% binomial confidence intervals, and the solid and dashed lines represent 

fitted logistic models to the single-fraction tissue V12 and multi-fraction brain V12 (in 

single-fraction equivalent) data, respectively. Single-fraction SRS studies included Korytko, 

2006; Blonigen, 2010; Minniti, 2011; Ohtakara, 2012; and Sneed, 2015. Multi-fraction fSRS 

studies included Inoue, 2013 and 2014, and Dore, 2017 (with ~1 resected brain metastasis 

per patient); all 3 used brain Vx.
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Figure 5. 
Aggregate model of edema or necrosis as a function of V12Gy, including GTV, for patients 

treated with cranial SRS/fSRS, using individual patient data from Chin (2001), Korykto 

(2006), Inoue (2013), Inoue (2014) and Peng (2018), including 34, 129, 145, 78 and 57 

patients (34, 198, 159, 85 and 294 lesions), respectively. Eq. (1) (shown in the text) was used 

to approximate V12Gy for the aggregated data points from studies by Chin et al., Inoue et 

al. and Peng et al. The vertical error bars are binomial 68% confidence intervals calculated 

using the score method and the horizontal error bars are the standard deviations for V12 for 

a particular bin. Since there were relatively few targets associated with V12Gy >50 cc, the 

bins in that range tended to quantize towards 0% or 100%. The model parameters for the 

pooled data are: Vx,50=63.2 (95% CI: 49.2–97.0) and γ50=0.87 (95% CI: 0.74–1.03) with p 

<0.001 (calculated using chi-squared, based on likelihood ratio by comparing best fit against 

a horizontal line through incidence averaged over all patients). Because the reported risks 

from Korytko et al. were substantially greater than in other studies, the unmodified logistic 

model from their report (dashed line) is shown separately from the others (solid line), and 

only the other studies are included in the observed data (dots with error bars). The Korytko 

et al. data points were published in terms of V12Gy.
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GTV= gross tumor volume, 1fx= single-fraction equivalent dose using linear quadratic with 

α/β=2 Gy, V12Gy= the volume of total brain exceeding an equivalent dose of 12 Gy in one 

fraction. CI= confidence interval.
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Figure 6. 
Volume response normal tissue complication probability models for brain necrosis in 

patients treated with SRS/fSRS for brain metastases: (A) for grade 1–3 edema or necrosis, 

and (B) for grade 3 surgically removed and pathologically confirmed necrosis. Data are 

pooled from 3 studies: Inoue (2013), Inoue (2014) and Peng (2018), including 145, 78 and 

57 patients (159, 85 and 294 lesions), respectively. The vertical error bars are binomial 

68% confidence intervals calculated using the score method and the horizontal error bars 

are the standard deviations for V14 for a particular bin. The model parameters for the 

pooled data are: for Figure 6A, Vx,50=45.8 (95% CI: 33.0–106.2) and γ50=0.88 (95% CI: 

0.68–1.11) with p=0.003; for Figure 6B, Vx,50=42.6 (95% CI: 33.8–75.5) and γ50=1.58 

(95% CI: 1.17–2.09) with p<0.001. p values were calculated using chi-squared, based on 

likelihood ratio by comparing best fit against a horizontal line through incidence averaged 

over all patients. GTV= gross tumor volume, 1fx= single-fraction equivalent dose using 

linear quadratic with α/β=2 Gy, V14Gy= the volume of total brain exceeding an equivalent 

dose of 14 Gy in one fraction. CI=confidence interval
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