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Abstract

Purpose: Stereotactic radiosurgery (SRS) is increasingly used in the management of patients
with resected brain metastases (rBMs). A significant complication of this therapy can be radiation
necrosis (RN). Despite radiation therapy dose de-escalation and the delivery of several rather than
a single dose fraction, rates of RN after SRS for rBMs remain high. We evaluated the dosimetric
parameters associated with radiographic RN for rBMs.

Methods and Materials: From 2008 to 2016, 55 rBMs at a single institution that were treated
postoperatively with 5-fraction linear acceleratorebased SRS (25-35 Gy) with minimum 3 months
follow-up were evaluated. For each lesion, variables recorded included radiation therapy dose to
normal brain, location and magnitude of hotspots, clinical target volume (CTV), and margin size.
Hotspot location was stratified as within the tumor bed alone (CTV) or within the planning target
volume (PTV) expansion margin volume (PTV minus CTV). Cumulative incidence with
competing risks was used to estimate rates of RN and local recurrence. Optimal cut-points
predicting for RN for hotspot magnitude based on location were identified via maximization of the
log-rank test statistic.
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Results: Median age for all patients was 58.5 years. For all targets, the median CTV was 17.53
cm3, the median expansion margin to PTV was 2 mm, and the median max hotspot was 111%. At
1 year, cumulative incidence of radiographic RN was 18.2%. Univariate analysis showed that max
hotspots with a hazard ratio of 3.28 (P = .045), hotspots within the PTV expansion margin with
relative magnitudes of 105%, 110%, and 111%, and an absolute dose of 33.5 Gy predicted for RN
(P=.029, P=.04, P=.038, and P=.0488, respectively), but hotspots within the CTV did not.

Conclusions: To our knowledge, this is the first study that investigated dosimetric factors that
predict for RN after 5-fraction hypofractionated SRS for rBM. Hotspot location and magnitude
appear important for predicting RN risk, thus these parameters should be carefully considered
during treatment planning.

Introduction

Brain metastases (BMs) are the most common intracranial tumors in adults and occur in
20% to 40% of patients with cancer. Several modalities exist for the treatment of BMs with
surgery commonly used for symptomatic, accessible lesions and radiation employed in some
manner for most patients.23 Randomized prospective trials have demonstrated a benefit for
whole-brain radiation therapy (WBRT) after surgical resection of BMs, yet there are
detrimental effects on cognitive function and quality of life associated with this treatment.2:4

Given the toxicity associated with WBRT, stereotactic radiosurgery (SRS) to the resection
cavity has been used as a strategy to decrease local recurrence (LR) rates with less risk of
cognitive toxicity than WBRT for patients after surgical resection.>6 Although SRS can be
highly effective at a tumor ablative dose, single-fraction SRS may not be suitable for all
patients. For patients with larger lesions or cavities, single-fraction SRS may not be tolerable
at the radiation therapy (RT) dose necessary for tumor control.” In Radiation Therapy
Oncology Group 90-05, a 15-Gy maximum tolerated dose was established for previously
irradiated patients with new tumors 3.1-4.0 cm in diameter. The risk of unacceptable central
nervous system toxicity was 16 times higher compared with patients with lesions <2 cm in
this study of salvage single-fraction SRS.8

Because of this high rate of radiation necrosis (RN) associated with single-fraction SRS to
targets larger than 3.0 cm in diameter, several groups have reported using hypofractionated
SRS in this setting and have cited favorable outcomes with a lower rate of RN.%-11 Although
the rate of RN after hypofractionated SRS appears lower than after single-fraction SRS, such
a complication remains an issue. Dosimetric constraints predicting for RN have been
reported for hypofractionated SRS for patients with resected BMs (rBMs) using 3 fractions;
however, this information is not available for patients with rBMs using 5 fractions.19-12 The
goal of this analysis is to evaluate how several key dosimetric parameters influence the RN
risk for patients with rBMs.

Methods and Materials

The medical records of patients with rBMs treated with multifraction linear accelerator
(LINAC)-based SRS between September 2008 and February 2017 at Emory University
Hospital were reviewed. Eligibility criteria for this review included pathologic diagnosis of
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cancer, resection of BMs, completion of a 5-fraction SRS regimen, and at least 3 months of
imaging follow-up. Patients were excluded if they had radiosensitive histologies including
lymphoma, germ cell tumors, or small cell lung cancer. Patients who had received prior
WBRT were eligible. Institutional review board approval was obtained for this study.

The decision for surgical resection was made by the treating neurosurgeon based on tumor
size, location, associated symptoms, and need for tissue analysis. Neurosurgical resection
was then performed using standard technique with the goal of gross total resection.

SRS was performed with multileaf collimatorebased planning using a frameless setup with
earliest treatment in 2008. All SRS treatments were LINAC based. Details regarding SRS
planning and delivery in postop settings have been previously published.13-16 For postop
SRS, the clinical target volume (CTV) was defined as the magnetic resonance imaging
(MRI)edefined cavity. The cavity CTV was then expanded to create a planning target
volume (PTV). The PTV expansions were variable according to treating physician
preference and typically ranged from 1.5 to 2 mm.

Dosimetric parameters

Follow-up

The hotspot was defined as the volume receiving a percentage of the prescription dose or a
specified absolute dose. The hotspot locations were measured within the CTV and the PTV
expansion margin. The PTV expansion margin was defined as the PTV minus the CTV.

Dose to the entire brain was defined as whole-brain volume minus the CTV. Volumetric
parameters were assessed for the entire brain volume for doses ranging from 1 to 40 Gy (V1-
V40) using a 0.5 Gy step size.

Follow-up after treatment at both institutions consisted of clinical examination and MRI of
the brain with and without contrast 4 to 8 weeks after SRS, followed by clinical examination
and MRI brain imaging every 3 to 4 months thereafter, unless clinically indicated at an
earlier time point. Protocols and equipment quality assurance are standardized between the 2
sites, with the same radiology group reading the studies.

Definition of RN

RN was defined primarily on the basis of 2 radiographic features: the development of a
contrast-enhancing mass within previous radiation treatment fields and conventional
imaging features including feathery enhancement and T2 hypterintensity.17-18 If there was a
question of the enhancement representing LR or RN, additional advanced imaging (eg, MR
perfusion, MR spectroscopy, or brain positron emission tomography) was obtained, and
consensus was reached in a multidisciplinary neuro-oncology tumor board. Although certain
types of enhancement, for example, “Swiss cheese,” are associated with lower sensitivities
for the diagnosis of RN, the use of advanced imaging may bring the sensitivity to >90%.1°
Additionally, the lesion was followed over time, and resolution with observation or
glucocorticoids further assisted with the differentiation of RN from LR. Symptomatic RN
was not used owing to small event size.
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Statistical analysis

Results

The primary endpoint of this study was radiographic RN between 2 groups determined by
optimal dosimetric cut-points.1* RN was defined as time from SRS to RN, death without
RN, or last imaging follow-up, where patients who did not have RN or did not die were
censored at last follow-up. Death was considered a competing event. LR was defined as time
from SRS to LR, death without LR, or last imaging follow-up, where patients who did not
have LR or did not die were censored at last follow-up. Cumulative incidence was compared
using Gray’s test, and univariate regression analyses using the semiparametric proportional
hazards model in the presence of competing risks were performed.2%:21 A cut-point analysis
was also performed to identify statistically significant cut-points for variables with RN using
an outcome-oriented approach?? after censoring patients who died without RN. The log-rank
statistic was maximized, and the significance of the cut-points was assessed.22 Overall
survival (OS) was defined as time from SRS to death or last follow-up, where patients who
did not die were censored at last follow-up. OS was estimated using the Kaplan-Meier
method and was compared using log-rank tests. Hazard ratios were estimated using
univariate Cox proportional hazards regression models. All analyses were carried out using
SAS version 9.4.0 statistical software (SAS Institute Inc, Cary, NC). All statistical analyses
were 2-sided, with P values <.05 considered statistically significant.

Patient and tumor characteristics

A total of 52 patients (33 female and 19 male) with 55 lesions were included for analysis.
The median age for all patients was 58.5 years. Most of the lesions (n = 53; 96.4%) were
treated with at least 30 Gy, and the remaining lesions (n = 2; 3.6%) were treated with 25 Gy.
The majority of patients were in recursive partitioning analysis class 2 or 3 (n = 45; 86.5%);
the remaining (n = 7; 13.5%) were in class 1 at time of consult. The median CTV was 17.53
cm3, and 23 of 55 lesions were located in the right hemisphere. Eighteen lesions (34.6%)
were non-small cell lung cancer, with breast making up 14 lesions (26.9%). Baseline patient
and tumor characteristics are seen in Tables 1 and 2, respectively.

Lesion level outcomes

A total of 10 lesions demonstrated RN. In previous retrospective analyses of SRS in the
postoperative setting, RN rates have ranged from 2.4% to 24%, and our current study,
showing a cumulative incidence of 18.2%, falls in the range of the previous studies.10-12.23
Per Minniti et al, V24 > 16.8 cm? in a 3-fraction regimen (biologically equivalent dose =
120 Gy with a/p = 2) correlated to the greatest risk of RN; thus, we performed an analysis
of the isoequivalent dose of 30 Gy in 5 fractions (biologically equivalent dose = 120 Gy with
a/p = 2).11 However, there was no association with RN at \/30 (P=.764), and furthermore
there was no association at V25 or V35 (P=.819 and P=.086, respectively). Univariate
analysis demonstrated an association between the magnitude of the max hotspot and the risk
of RN with a hazard ratio (HR) of 3.28 (P=.045). Figure 1a demonstrates a representative
hotspot significantly overlapping the PTV expansion margin for a lesion that developed RN,
and Figure 1b demonstrates a hotspot confined primarily to the CTV with no RN. When the
magnitudes of different hotspots were calculated in the PTV expansion margin, the 105%,
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110%, and 111% hotspots were found to be associated with RN, with HRs of 3.64, 8.47, and
6.90, respectively (P=.029, P= .04, and P=.038; Fig 2). Optimal volumetric cut-points for
the 3 hotspots within the PTV margin that conferred an increased RN risk were identified
(105%: 0.69 cm3, P=.024; 110%: 0.67 cm3, P=.0101; 111%: 0.04 cm3, P=.0124).
Analysis was also performed using absolute dose, and the volume of 33.5 Gy in the PTV
margin was found to be associated with radiographic RN (£ =.0488) as demonstrated in
Figure 3. The results demonstrate the importance of volumetric fractionation of the hotspot
in the PTV.

Importantly, there were no associations between hotspots of any magnitude or volume
occurring within the CTV and the incidence of RN. In terms of absolute dose, 80% of
patients who developed RN were prescribed 30 Gy to the 99% or 100% isodose line, with
remaining patients prescribed 32.5 and 35 Gy.

Lesion-level outcomes are detailed in Table 3. Margin size, stratified by >2 mm versus <2
mm, isodose line, and conformality index were not associated with RN. The overall local
recurrence rate was 13.1%, and the rate of death without local recurrence was 33.1% at 1
year. Importantly, none of the volumetric data evaluated (V10: P=.4405; V12: P=.9873;
V15: P= .5535) altered the incidence of local recurrence, nor did the magnitude or location
of the hotspot (within the PTV expansion margin, 105%: P=.9941; 110%: £=.1968; and
111%: P= .8826; within the CTV, 105%: P=.1515; 110%: P=.1515; and 111%: P=.
1517).

Cohort survival outcomes

For all patients, median OS was 16.2 months. On univariate analysis, the presence of
extracranial metastases, extent of surgical resection, and age at SRS predicted for shorter OS
with respective HRs of 3.41, 2.20, and 0.96 (P=.016, P=.050, and £=.006, respectively).

Discussion

In this study of hypofractionated, LINAC-based SRS for rBM, we demonstrate that
magnitude and location of hot sports are important for determining the risk of radiographic
RN. Hotspots that occurred in the PTV outside of the CTV of 105%, 110%, and 111% were
significantly associated with radiographic RN in our data set. However, there was no
association between RN and the brain volume receiving at least 25 Gy (V25), 30 Gy (V30),
and 35 Gy (V35). Additionally, there was no association between the size of the PTV
expansion margin and RN.

Previously, the brain volume receiving 12 Gy was established as a predictor for RN in the
setting of single-fraction SRS.24:25 Prior retrospective studies evaluating the occurrence of
RN in 3-fraction regimens for postoperative SRS demonstrated an association with V14 and
infratentorial location.12:26 The occurrence of RN has been previously associated with the
amount of normal brain tissue exposed to different doses of radiation in both single-fraction
and hypofractionated regimens.23-2% Similarly, the volume contained in the PTV that is
outside of the CTV is normal brain tissue and is consistent with the hotspot location
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associated with radiographic RN in our study. Some institutions constrain hotspots to within
the CTV cavity, however, that is not a practice at our institution.

To our knowledge, no previous study has investigated the dosimetric characteristics
associated with RN in 5-fraction regimens for postoperative SRS, and this is the first study
demonstrating the importance of the location of the hotspots. The data for single-fraction
SRS are not standardized or easily translatable to hypofractionated SRS owing to the
preferential sparing of normal tissue with fractionation.2”-28 Increased heterogeneity with
hotspots inside of the gross tumor volume may be desirable when prescribing high doses
with 5-fraction stereotactic body radiation therapy for lung cancer.29 However, postoperative
SRS cases are distinct as the treatment volume is a resection bed. The nearby tissue is
affected by postsurgery remodeling with a common volume reduction in the postoperative
cavity yet typically has a larger PTV margin than the intact BMs.30 The a/p ratio for BMs is
higher than that of the surrounding tissue; thus, fractionating the SRS regimen has less effect
on repair in BMs but allows for more repair of sublethal damage to the surrounding normal
brain tissue.3! Therefore, the dosimetric variables need to be standardized for each
hypofractionated regimen.

The limitations of the present study include its retrospective design, different chemotherapy
schedules, the limited number of events precluding multivariable analysis, and
heterogeneous primary histologies. Additionally, radiographic rather than symptomatic RN
had to be used owing to the small sample size and limited follow-up, which is a less
clinically applicable and potentially less objective and more equivocal metric. The small
cohort size with a limited number of events is also more susceptible to confounding effects,
and it is likely too small to observe statistical trends among the magnitude of the HRs.
Nevertheless, we believe our study may provide useful information for the dosimetric
planning of SRS for postoperative resection cavities.

Conclusions

In conclusion, this is the first study that investigated dosimetric factors that predict for
radiographic RN after 5-fraction LINAC-based SRS to rBMs. We demonstrated that the
magnitude and location of the hotspot are important for predicting radiographic RN risk,
with the volumetric fraction of the hotspot in the PTV margin demonstrating a significant
association. The results represent another possible constraint for the dosimetric evaluation of
postoperative SRS plans.
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Figurel.
Resection cavities with 33.5 Gy isodose lines shown (dark blue) and max hotspot. (A) A

lesion that developed radiation necrosis with the isodose line overlapping the planning target
volume margin. (B) The isodose line has more limited overlap with the planning target
volume margin, and no radiation necrosis developed.
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Actuarial RN incidence for 111% hotspot when it overlaps the PTV expansion margin
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Actuarial radiation necrosis incidence for 111% hotspot when it overlaps the planning target
volume expansion margin. Optimal cut-point for volume (cm3) is shown.
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Actuarial RN incidence for 33.5 Gy hotspot when it overlaps the PTV expansion margin
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target volume expansion margin. Optimal cut-point for volume (cm3) is shown.
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Table 1

Summary of patient characteristics, n = 52

Age,y

Median (range) 58.5 (23-82)
Sex, n (%)

Male 19 (36.5)

Female 33(63.5)
ECOG, n (%)

<1 32 (61.5)

>1 20 (38.5)
RPA at consult, n (%)

1 7 (13.5)

>1 45 (86.5)
Active system disease, n (%)

No 17 (32.7)

Yes 30 (57.7)

Unknown 5 (9.6)
Extracranial metastases, n (%)

No 20 (38.4)

Yes 31 (59.6)

Unknown 1(1.9)
Extent of surgical resection, n (%)

STR 17 (32.7)

GTR 35 (67.3)
Number of brain metastases, n (%)

1 34 (65.4)

>1 18 (34.6)
Age at SRS, y

Median (range) 58.29 (23-82)
Days from surgery to SRS

Median (range) 37.33 (20-63)
Prior whole-brain radiation, n (%) 1(1.9)

Abbreviations. ECOG = Eastern Cooperative Oncology Group; GTR = gross total resection; RPA = recursive partitioning analysis; SRS =
stereotactic radiosurgery; STR = subtotal resection.
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Table 2

Summary of lesion and treatment characteristics, n = 55

CTV,cmd®

Median (range) 17.53 (2.7-54.6)
PTV, cm3

Median (range) 30.2 (9.1-75.7)
Lesion laterality, n (%)

Right 23 (41.8)

Left 31 (56.4)

Missing 1(1.8)
Lesion location, n (%)

Frontal 22 (40)

Parietal 12 (21.8)

Temporal 7(12.7)

Occipital 1(1.8)

Cerebellum 13 (23.6)
Lesion histology, n (%)

NSCLC 18 (32.7)

Breast 14 (25.5)

Other 23 (41.8)
Prescription IDL, %, n (%)

<100 2(3.6)

100 52 (94.5)

Missing 1(1.8)
Prescription dose, Gy, n (%)

30 48 (87)

35 4(9)

25 2(3.6)

325 1(1.8)
Margin, mm, n (%)

< 42 (76.4)

>2 13 (23.6)

Conformality index
Median (range) 1.11 (0.97-1.57)
Heterogeneity index

Median (range) 1.11 (1-1.28)

Abbreviations. CTV = clinical target volume; IDL = isodose line; NSCLC = non-small cell lung cancer; PTV = planning target volume.
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Univariate association with radiation necrosis

Table 3

Hazard ratio (95% CI)

P value

Patient characteristics

CcTV 0.98 (0.94-1.02)

PTV 0.99 (0.95-1.02)

Use of angioblockade 1.73 (0.46-6.57)
Yes
No

Use of immunotherapy 0.45 (0.07-3.06)
Yes
No

Use of systemic therapy 0.69 (0.21-2.26)
Yes
No

Treatment characteristics

Prescription IDL, % 0.38 (0.03-4.81)
100
<100

Margin size, mm 0.84 (0.21-3.33)
<2
>2

Conformality index 0.97 (0.00-307.29)

Brain minus CTV V25 Gy, cm3  1.15 (0.35-3.82)
>21.49
<21.49

Brain minus CTV 30 Gy, cm3 0.83 (0.25-2.75)
>10.47
<10.47

Brain minus CTV 35 Gy, cm?3 0.35(0.11-1.16)
>0.13
<0.13

Mean max hotspot, % 3.28 (1.03-10.49)
>114
<114

105% PTV exp margin, % 3.64 (1.14-11.62)
>3.05
<3.05

110% PTV exp margin, cm?3 8.47 (1.11-64.87)
>0.67
<0.67

111% PTV exp margin, % 6.90 (1.12-42.61)
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Hazard ratio (95% Cl) P value

>0.04
<0.04

Abbreviations. Cl = confidence interval; CTV = clinical target volume; exp = expansion; IDL = isodose line; PTV = planning target volume.
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