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Simple Summary: To examine predictors of brain necrosis (BN) in fractionated SRT for BMs, 

comprehensive analyses of dosimetric parameters were conducted. The normal brain volume 

receiving a xx Gy biological dose in 2 Gy fractions (VxxGyE) was calculated, and collinearities were 

carefully excluded. Three-fraction SRT was delivered to 34 patients with 74 BMs, 5-fraction SRT to 

58 with 106 BMs, and 10-fraction SRT to 20 with 35 BMs depending on the target volume. In the 5- 

and 10-fraction groups, the incidence of symptomatic BN was significantly higher in patients with 

a larger V50GyE, V55GyE, or V60GyE. The incidence of BN was also significantly higher in cases 

with V55GyE >30 cc or V60GyE >20 cc. In 5- or 10-fraction SRT, at least V55GyE ≤30 cc or V60GyE 

≤20 cc should be maintained to lower the risk of BN. 

Abstract: Background: Dosimetric predictors of brain necrosis (BN) have not yet been established 

for fractionated stereotactic radiotherapy (SRT). Methods: Multivariate logistic models were 

developed for comprehensive analyses of dosimetric predictors in patients who received first-line 

fractionated SRT for brain metastases (BMs). The normal brain volume receiving a xx Gy biological 

dose in 2 Gy fractions (VxxGyE) was calculated from the retrieved dose-volume parameters. Results: 

Three-fraction SRT was delivered to 34 patients with 74 BMs (mean target volume, 4.3 cc), 5-fraction 

SRT to 58 with 106 BMs (15.4 cc), and 10-fraction SRT to 20 with 35 BMs (25.9 cc) according to 

protocols depending on the target volume (p <0.001). In the 5- and 10-fraction groups, the incidence 

of symptomatic BN was significantly higher in patients with a larger V50GyE (odds ratio: 1.07, p 

<0.02), V55GyE (1.08, p <0.01), or V60GyE (1.09, p <0.01). The incidence of BN was also significantly 

higher in cases with V55GyE >30 cc or V60GyE >20 cc (p <0.05). Conclusion: In 5- or 10-fraction SRT, 

at least V55GyE ≤30 cc or V60GyE ≤20 cc should be maintained to lower the risk of BN. 

Keywords: Brain necrosis predictor; Fractionated stereotactic radiotherapy; Brain metastasis; 

Comprehensive analysis 
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1. Introduction 

The management of newly diagnosed brain metastases (BMs) encompasses a spectrum of 

therapeutic modalities, including surgical interventions, radiotherapies, and other adjunctive 

treatments [1–3]. Among radiotherapies, stereotactic radiotherapy (SRT) is commonly delivered in a 

single fraction (radiosurgery), which achieves excellent local control (LC) with low toxicity. However, 

this approach is not suitable for patients with tumors larger than 2-3 cm at the maximum diameter 

because radiosurgery is associated with a higher incidence of radiation-induced brain necrosis (BN) 

than fractionated SRT [4–6]. Fractionated SRT for large BMs aims to deliver highly conformal 

treatments while improving LC and decreasing neurotoxicity through potential dose escalations and 

the inter-fraction repair of normal tissues [7,8]. 

BN is a well-characterized adverse effect of SRT and is occasionally associated with serious 

neurological sequelae. BN encompasses a broad clinical spectrum; patients may present with an 

incidental imaging finding in the absence of symptoms or with symptoms including neurological 

deficits, headaches, and seizures [9]. While many risk factors have been implicated in the 

development of BN, including the prescribed radiation dose, treated volume, histology, and the use 

of concurrent systemic therapies, they have almost exclusively been validated in patients treated with 

radiosurgery for small lesions [6]. Few studies have investigated the effects of the fractionated SRT 

dose, fractionation, and target volume on the risk of BN [6]. Dose-volume predictors of the normal 

brain have not yet been established in fractionated SRT [6,10]. Therefore, the purpose of the present 

study was to evaluate potentially modifiable dose-volume metrics that predict BN after fractionated 

SRT. 

2. Materials and Methods 

2.1. Study Design and Patients 

Patients treated with SRT for BMs at a single institution between 2012 and 2021 were reviewed. 

SRT for BMs was performed according to prospective protocols [11]. Patients who fulfilled the 

following inclusion criteria were treated with SRT: (1) World Health Organization performance status 

of 0–2, (2) patient conditions allowing the same body position in an immobilizing device for more 

than 20 min, and (3) BM number ≤10. Exclusion criteria were as follows: (1) previous surgery or 

history of radiotherapy for BM, (2) meningitis carcinomatosa, (3) pregnancy or potential pregnancy, 

(4) psychiatric disorders, and (5) contraindication to iodine or gadolinium. Informed consent was 

obtained from all patients or their guardians. 

2.2. Radiotherapy Details 

Patients were placed in a supine position and a thermoplastic mask was molded to the head and 

attached to the head support. The planning target volume (PTV) denoted a visible tumor on 

computed tomography (CT) and contrast-enhanced magnetic resonance imaging (MRI) plus 0-2 mm 

depending on nearby critical organs.  

In the first protocol employed between 2012 and 2016, the basic prescribed dose was 35 Gy/5 

fractions (fr). A dose of 30 Gy/3 fr was permitted for small lesions (maximum diameter <1.5 cm), while 

37.5 Gy/5 fr was used for large lesions (≥3 cm). Since SRT for large BMs (≥15 cc) was associated with 

a risk of neurotoxicity, we employed different fractionation protocols for these tumors [11]. Between 

2017 and 2021, the protocol for large BMs was revised to reduce the incidence of BN. Treatment for 

large lesions (≥15 cc) with 35 Gy or 37.5 Gy/5 fr was superseded by 40 Gy/10 fr. In the new protocol, 

30 Gy/3 fr for small lesions and 35 Gy/ 5 fr for other lesions remained.  

Dose constraints were applied to adjacent structures; the maximum doses to the brain stem, optic 

nerve, and optic chiasm were limited to <36 Gy/10 fr, 25 Gy/5 fr, or 18 Gy/3 fr [7]. To satisfy these 

limitations, the intensity-modulated irradiation technique was applied. SRT was delivered with 

tomotherapy. Treatment was performed three times a week to efficiently utilize reoxygenation 

phenomena [12,13]. Any systematic agent was not allowed around the time of these treatments [3]. 
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2.3. Patient Follow-Ups, Endpoints, and Dose-Volume Parameters 

Patients were regularly followed up with physical examinations and contrast-enhanced MRI 

after SRT. Local recurrence was defined as a ≥20% increase in the maximum diameter of the contrast-

enhanced tumor on MRI or CT. BN was pathologically verified or diagnosed by perfusion and 

functional MRI (fMRI) or C-11 methionine positron emission tomography (MetPET) [14,15]. 

Toxicities were recorded according to the Common Terminology Criteria for AEs v.4.0, the Japanese 

Clinical Oncology Group version.  

To examine dose-volume predictors of BN, the physical dose to the targets and the normal brain 

(VxGy) were extracted for every 1 Gy. The conformity index (CI) and uniformity index (UI) were 

calculated according to the following formulae [16].  

Uniformity index (UI) = D5%/D95% 

Conformity index (CI) = (VPTV / TVPV) / (TVPV / VTV) 

Abbreviations in these formulae are as follows: VPTV = PTV (cc), TVPV = lesion volume (cc) covered by 

the prescribed isodose, VTV = prescribed isodose volume (cc), D5% = minimum dose delivered to 5% 

of PTV. Lower CI indicates higher conformity, while lower UI indicates better homogeneity. Ideal CI 

and UI are both 1.  

Biological equivalent doses (BED) to the brain with an α/β ratio of 2 Gy were calculated using 

the linear-quadratic model to assess different fractionation schedules [12,13]. A conversion table after 

rounding figures in each schedule is shown in Table 1. In this analysis, the normal brain (the brain 

minus visible tumors) volume receiving xx Gy BED in 2 Gy fractions was described as VxxGyE.  

Table 1. Conversion table in each fraction schedule. 

  Biological equivalent dose in 2 Gy/fr 

 

fr No. 
10 15 20 25 30 35 40 45 50 55 60 

D
os

e 

(G
y)

 3 8 10 12 14 16 17 19 20 21 23 24 

5 10 14 15 17 20 21 23 25 27 28 30 

10 12 16 20 23 26 28 31 33 35 37 40 

fr; fraction, No.; number. 

2.4. Statistical Analysis 

Fisher’s exact test or a one-way analysis of variance was applied to compare categorical or 

continuous variables. Overall survival (OS), LC, and symptomatic BN (grade 2) probabilities were 

evaluated using the Kaplan–Meier method from the start of SRT. The cumulative incidence of local 

recurrence was calculated, accounting for death as a competing risk. Death and local recurrence were 

assumed as risks of BN.  

A logistic regression analysis (LRA) was conducted to identify BN dosimetric predictors. 

Multicollinearity in dose-volume parameters introduces errors in a multivariate regression analysis. 

Collinearity was tested using Pearson’s correlation coefficient (PCC) between each dose-volume 

parameter, assuming collinearity as >0.5 absolute PCC in this study [17,18]. The sample size was 

calculated with Smeden’s formula [19,20]. Given 2-4 candidate predictors and an outcome proportion 

of 0.08, a sample size of at least 56-105 participants was required to target a mean absolute error of 

0.05 between observed and true outcome probabilities. 

With deviations from the linear-quadratic model in a high dose per fraction schedule [12,13], 

VxxGyE in the 3-fraction group may not correspond biologically to that in the 5- or 10-fraction group. 

Therefore, LRA was also conducted after excluding the 3-fraction group.  

All analyses were performed in EZR, which is a graphical user interface for R (The R Foundation 

for Statistical Computing, Vienna, Austria) [21]. 

3. Results 
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3.1. Patient Characteristics, Treatment Details, and Outcomes 

Patient and treatment details are summarized in Table 2. In total, 112 patients with 215 BMs were 

treated with these protocols. Among them, 76 patients (68%) had lung cancers and 106 had 

extracranial lesions. Three-fraction SRT was delivered to 34 patients with 74 BMs, 5-fraction SRT to 

58 with 106 BMs, and 10-fraction SRT to 20 with 35 BMs. Mean target volumes in the 3-, 5-, and 10-

fraction groups were 4.3±4.7, 15.4±14.9, and 25.9±13 cc, respectively (p <0.00001). Of 215 BMs, 32 were 

≥15 cc. Five BMs are located in the brainstem, 4 in the thalamus, and 2 in the basal ganglia. Seventy 

BMs (33%) were in the frontal cortex or subcortex, 38 (18%) in the parietal lobe, 36 (17%) in the 

occipital lobe, 35 (16%) in the temporal lobe, and 25 (12%) in the cerebrum. Age, sex, extracranial 

disease, primary cancer, CI and UI did not significantly differ between these 3 groups (p >0.08) (Table 

2).  

Table 2. Patient characteristics and treatment details. 

   3 -fraction 5-fraction 10-fraction 

Patient number 34 58 20 

Age (mean ± SD) 67.1 ± 10.0 65.9 ± 9.9 65.2 ± 16.2 

Sex (female, male) 8, 26 27, 31 8, 12 

Extracranial disease (+, -) 31, 2 56, 2 19, 1 

Performance status (0, 1, 2) 6, 25, 3 9, 41, 8 6, 7, 7 

Primary cancer (patient No)    
 Lung cancer  29 37 10 
 GI cancer 2 5 3 
 Breast cancer 1 4 2 
 Renal cancer 0 4 0 
 Sarcoma 0 2 1 
 Urothelial cancer 1 2 1 
 Others 1 4 3 

Total BM No. 75 105 35 

median (range)/patient 1.5 (1-9) 1 (1-8) 1 (1-6) 
 single, multiple 17, 17 38, 20 13, 7 

Total PTV (cc) (mean ± SD) 4.3 ± 4.7 15.4 ± 14.9 25.9 ± 13.0 

Prescribed dose (Gy) * 30 (18-30) 35 (30-37.5) 40 (36-40) 

D95%(Gy) (mean ± SD)  29.2 ± 1.9 34.2 ± 2.7 37.7 ± 1.7 

D98%(Gy) (mean ± SD) 28.7 ±1.9 33.6 ± 2.8 37.0 ± 1.9 

D2%(Gy) (mean ± SD) 32.1 ± 2.1 37.8 ± 3.1 41.5 ± 2.2 

CI (mean ± SD) 3.05 ± 7.13 1.85 ± 3.18 1.16 ± 0.63 

UI (mean ± SD) 1.09 ± 0.05 1.10 ± 0.08 1.09 ± 0.06 

Total PTV(cc) showed a significant difference in the 3 groups (p <0.00001). *(median) (range), BM; brain 

metastases, CI; conformity index, Dx%; minimum dose delivered to ×% of PTV, GI; gastrointestinal, No.; 

number, UI; uniformity index, PTV; planning target volume, SD; standard deviation. 

OS and LC curves are shown in Figures 1a and 1b. The 1-year OS rate was 54% (median, 13 

months). During the follow-up period, new BMs developed in 36 patients. One-year LC rates were 

92% in the 3-fraction group, 94% in the 5-fraction group, and 82% in the 10-fraction group (Gray’s 

test, p = 0.11).  

3.2. Toxicities 

Grade 2 seizure was observed in 8 patients and grade 2 headache in 1. Grade 5 and 1 intratumor 

bleeding occurred in 1 patient each. BN (≥grade 2) developed in 4 patients in the 3-fraction group, 7 

in the 5-fraction group, and 0 in the 10-fraction group. Among them, 5 cases were pathologically 

confirmed following craniotomy. Two cases were diagnosed using MetPET, and the other 4 by fMRI 
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and were verified after the follow-up. Grade 1 BN was observed in 3 patients in the 3-fraction group, 

2 in the 5-fraction group, and 1 in the 10-fraction group. Grade 1 BN was asymptomatic and 

diagnosed with fMRI and local recurrence was not suspected in any case after careful follow-ups. The 

incidence of BN (≥grade 2) at 1 year in the Kaplan-Meir method was 9% in the 3-fraction group, 8% 

in the 5-fraction group, and 0% in the 10-fraction group (p = 0.29) (Figure 1c). 

 

Figure 1. (a) Overall survival Kaplan-Maier curves in 3-, 5-, and 10-fraction groups, (b) local control 

curves of BMs treated with 3-, 5-, and 10-fraction SRT, and (c) the incidence of grade 2 or higher brain 

necrosis. -fr; –fraction groups. 

3.3. Multivariate Analyses of BN 

Figure 2 shows how each dosimetric variable is correlated to one another. Strong 

multicollinearity (absolute PCC ≥0.65) appeared between each dose. Therefore, PTV (cc), CI, UI, and 

each VxxGyE (cc) were included as continuous variables in LRA to examine the models [22,23]. In 

analyses of 112 patients, no significant parameter was identified (Figures 3a, 3b). 

 

Figure 2. Correlation heatmap of each dosimetric parameter. Absolute PCCs between CI, Vol, UI and 

each VxxGyE are shown. Colors depicted in the vertical bar on the right side reflect positive (absolute 

PCC >0.5) and negative (≤0.5) correlations. CI; conformity index, PCC; Pearson’s correlation 

coefficient, UI; uniformity index, Vol; planning target volume (cc), VxxGyE; the normal brain volume 

(cc) receiving a xx Gy biological equivalent dose in 2 Gy fractions. 
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Figure 3. Odds ratios in logistic regression analyses. In model development, variables included 

VxxGy (cc), CI, UI, and PTV (cc). Dots indicate the odds ratio of VxxGy and bars are 95% confidence 

intervals. (a, b) The risk of grade 1 or 2 brain necrosis in all 112 patients. (c, d) After excluding the 3-

fraction group. 

After excluding the 3-fraction group, the incidence of BN was higher in patients with larger 

V50GyE, V55GyE, and V60GyE (Figure 3c, 3d). Odds ratios for ≥grade 1 and ≥grade 2 BN were 1.06 

(95% confidence interval: 1.01-1.12, p <0.03) and 1.06 (1.01-1.12, p <0.02) for V55GyE (cc), respectively 

(Table S1). Similar results were observed in cases with larger V50GyE and V60GyE. In consideration 

of previously reported sample sizes and risks [4], PTV (cc) and each VxxGyE (cc) were included in 

the final LRA (Table 3). V50-60GyE appeared to be a significant predictor of grades 1 and 2 BN. 

Table 3. Logistic regression analyses of grade 1 or 2 brain necrosis in 5- and 10-fraction groups. 

Grade 1 brain necrosis 
 Odds ratio (95% confidence interval) p-value 

PTV (cc) 0.98 (0.93-1.04) 0.52 

V60GyE (cc) 1.07 (1.02-1.12) 0.01 
 Odds ratio (95% confidence interval) p-value 

PTV (cc) 0.98 (0.93-1.04) 0.48 

V55GyE (cc) 1.05 (1.01-1.1) 0.02 
 Odds ratio (95% confidence interval) p-value 

PTV (cc) 0.98 (0.93-1.04) 0.49 

V50GyE (cc) 1.04 (1-1.08) 0.04 

Grade 2 brain necrosis 
 Odds ratio (95% confidence interval) p-value 

PTV (cc) 0.99 (0.93-1.05) 0.68 

V60GyE (cc) 1.09 (1.03-1.15) 0.005 
 Odds ratio (95% confidence interval) p-value 

PTV(cc). 0.99 (0.93-1.05) 0.63 

V55GyE(cc) 1.07 (1.00-1.12) 0.01 
 Odds ratio (95% confidence interval) p-value 

PTV(cc). 0.99 (0.93-1.05) 0.63 
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V50GyE(cc) 1.06 (1.01-1.11) 0.01 

CI; conformity index, PTV; planning target volume, UI; uniformity index, VxGyE; normal brain volume 

irradiated × Gy equivalent dose in 2 Gy/fraction,. 

The incidences of BN (≥grade 2) were 3% (1/35) (V60GyE ≤10 cc; mean ± standard deviation, 4.4 

± 2.8cc), 5% (1/21) (>10 cc, ≤20 cc; 13.5 ± 2.2 cc), and 21% (5/29) (>20 cc; 35.4 ± 15.3 cc) (Figure 4, V60GyE 

(cc)). BN (≥grade 2) occurred in 3% (1/35) (V55GyE ≤15 cc; 7.6 ± 4.1 cc), 8% (2/28) (>15 cc, ≤30 cc; 21.3 

± 4.9 cc), and 22% (5/23) (> 30 cc; 48.1 ± 17.7 cc) and also in 4% (V50GyE ≤15 cc; 8.1 ± 4.0 cc), 4% (>15 

cc, ≤30 cc; 20.4 ± 3.8 cc), and 18% (>30 cc; 48.4 ± 21.6 cc) (Figure 4, V55GyE (cc) and V50GyE (cc)). 

 

Figure 4. Incidence of brain necrosis (%) in V50GyE, V55GyE, and V60GyE. The incidences of brain 

necrosis (≥grade 2) were 3% (V60GyE ≤10 cc), 5% (>10 cc, ≤20 cc), and 21% (>20 cc)(V60GyE). Brain 

necrosis (≥grade 2) occurred in 3% (V55GyE ≤10 cc), 8% (>15 cc, ≤30 cc), and 22% (>30 cc) and also in 

4% (V50GyE ≤15 cc), 4% (>15 cc, ≤30 cc), and 18% (>0 cc). 

These 2 variables were categorized into 3 groups on an ad hoc basis. The odds ratios of BN 

(≥grade 2) were significantly higher with V60GyE >20 cc (p = 0.04) or V55GyE >30 cc (p = 0.04) (Table 

4 and Table S2). 

Table 4. Logistic regression analyses of grade 2 brain necrosis in 5- and 10-fraction groups after 

categorizing variables. 

  Odds ratio (95% confidence interval) p-value 

PTV (cc) (<8) 1.00   

 (≥8, <15) 0.15 (0.01-3.18) 0.22 
 (≥15) 0.26 (0.02-3.52) 0.31 

V60GyE (cc) (<10) 1.00   

 (≥10, <20) 1.81 (0.10-32.1) 0.69 
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 (≥20) 18.1 (1.14-290) 0.04 

  Odds ratio (95% confidence interval) p-value 

PTV (cc) (<8) 1.00   

 (≥8, <15) 0.17 (0.01-3.33) 0.24 
 (≥15) 0.19 (0.01-2.94) 0.23 

V55GyE (cc) (<15) 1.00   

 (≥15, <30) 4.45 (0.33-59.8) 0.26 
 (≥30) 28.7 (1.19-691) 0.04 

  Odds ratio (95% confidence interval) p-value 

PTV (cc) (<8) 1.00   

 (≥8, <15) 0.26 (0.02-4.09) 0.34 
 (≥15) 0.39 (0.04-3.61) 0.40 

V50GyE (cc) (<15) 1.00   

 (≥15, <30) 1.43 (0.08-25.3) 0.81 
 (≥30) 9.28 (0.69-126) 0.09 

4. Discussion 

With improvements in the prognosis of patients with advanced-stage cancer, the incidence of 

BN is recognized as the dose-limiting toxicity of SRT for BMs. In single-fraction SRT, V12Gy of the 

normal brain is canonically regarded as a dose-limiting indicator based on clinical data for small BMs 

[24]. While large lesions are often treated with fractionated SRT in actual clinical settings [4,8,25,26], 

dose-volume predictors of the normal brain have not yet been established. The present study 

conducted comprehensive dose-volume analyses of BM patients receiving fractionated SRT. In the 5- 

and 10-fraction groups, normal brain volume receiving high BED was correlated with higher BN 

incidence. The incidence of BN was less than 8% for V60GyE ≤20 cc or V55GyE ≤30 cc. These doses 

correspond to 28 or 30 Gy/5 fr and 37 or 40 Gy/10 fr, respectively. Therefore, these results suggest 

that the following dose constraints should be at least maintained: V28Gy <30 cc or V30 <20 cc in 5-

fraction SRT and V37Gy <30 cc or V40 <20 cc in 10-fraction SRT. In addition, this result implies that 

PTV margin should be cut off as much as possible to reduce high BED volume.  

The latest guidelines [1,5,6,10] suggest provisional dose constraints of the normal brain in 

fractionated SRT for BMs. In the consensus statement, V25Gy, V28.8Gy, and V30 of the normal brain 

in 5-fraction SRT cannot exceed 16, 7, or 10.5-30 cc, respectively. This recommendation is based on 2 

clinical studies. Inoue et al. [27] examined 85 BMs in 78 patients. There were 16 lesions with V28.8Gy 

≥7.0 cc, and two developed extensive brain edema due to BN. None of the patients with V28.8Gy <7.0 

cc developed edema that required surgical intervention. Andreaska et al. [28] conducted a multi-

institutional retrospective review of 117 BMs in 83 patients treated with 5-fraction SRT. In lesions 

without prior SRT, V25Gy >16 cc and V30Gy >10 cc were associated with a significantly higher risk 

of BN. Although these findings provide insights into dose-volume predictors, these reports do not 

mention collinearity between parameters and the reason why these parameters are included. 

Multicollinearity is a statistical phenomenon characterized by strong correlations or dependencies 

among predictor variables in a regression model [18]. It occurs when 2 or more variables strongly 

correlate with each other, making it difficult for the model to differentiate the individual effects of 

each variable on the dependent variable. Errors stemming from violations of the multicollinearity 

assumption are relevant to radiation dose-volume research. Due to strong correlations among 

variables derived from points along individual organ dose-volume histogram curves, dose-volume 

analyses are susceptible to multicollinearity errors. The present study analyzed dose-volume 

parameters comprehensively in consideration of the multicollinearity of each parameter, suggesting 

that higher BED rather than lower affected the incidence of BN in 5- or 10-fraction SRT. The result 

partially supports the guidelines’ recommendations [1,5,6,10].  

In the context of pathophysiology of BN, there are 2 main theories: i) glial cell damage and ii) 

vascular injury [9]. In the first scenario, radiation may also damage glial cells. Radiation-induced cell 

damage leads to the accumulation of double-strand deoxyribonucleic acid (dsDNA) in the cytosol of 
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tumor, stromal, endothelial, and immune cells, activating the cGAS-STING pathway [29,30]. In this 

pathway, cGAS, an enzyme that recognizes cytosolic dsDNA, induces the up-regulation of type 1 

interferons and dendritic cell activation, ultimately triggering various inflammatory effector 

responses. A higher radiation dose, to a certain degree, induced the greater accumulation of dsDNA 

in the cytosol. Therefore, it is reasonable that higher BED has potential as a dose-volume predictor. 

In contrast to 5- and 10-fraction SRT outcomes, BN predictors were not clarified in 3-fraction 

SRT in the present study. These results are partially explained by linear-quadratic model limitations. 

The model fits well if a single-fraction dose was less than 2-fold of the organ α/β ratio. With a higher 

dose per fraction, the quadratic cell-killing component dominates in the model, and the deviation 

becomes evident [12,13]. Therefore, VxxGyE in the 3-fraction group may not correspond biologically 

to that in the 5- or 10-fraction group. In addition, radiation disrupts the blood-brain barrier, resulting 

in increased capillary leakiness and vascular permeability in the second scenario of the BN 

pathophysiology [9,29]. Radiation, particularly in large fraction sizes >8 Gy, activates acid 

sphingomyelinase and induces the up-regulation of ceramide, which causes anarchic vessel 

sprouting resulting in ischemia and cell death. These pathologies of BN in the 3-fraction group may 

be different from those in the 5- and 10-fraction groups. 

There are several limitations in the present study. Since the study cohort was mainly treated for 

large BMs, the incidence of BN may have been higher than with small lesions. Furthermore, SRT was 

delivered with tomotherapy co-planer irradiation. In addition, potential biases cannot be excluded 

from the case-control design. Therefore, a larger prospective registry cohort is needed to address 

these limitations. 

5. Conclusions 

This comprehensive analysis suggests that at least V55GyE ≤30 cc or V60GyE ≤20 cc should be 

maintained to lower the risk of BN in 5- or 10-fraction SRT. The dose constraints are; V28Gy <15 cc 

or V30Gy <10 cc in 5-fraction SRT and V37Gy <15 cc or V40Gy <10 cc in 10-fraction SRT. In addition, 

PTV margin should be cut off as much as possible. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Table S1: Logistic regression analyses of grade 1 or 2 brain necrosis in 5- and 10-

fraction groups, and Table S2: Logistic regression analyses of grade 1 brain necrosis in 5- and 10-fraction groups 

after categorizing variables. 
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