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IS hot associated with
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Introduction: Brain metastases are the most common intracranial tumor
diagnosed in adults. In patients treated with stereotactic radiosurgery, the
incidence of post-treatment radionecrosis appears to be rising, which has
been attributed to improved patient survival as well as novel systemic
treatments. The impacts of concomitant immunotherapy and the interval
between diagnosis and treatment on patient outcomes are unclear.

Methods: This single institution, retrospective study consisted of patients who
received single or multi-fraction stereotactic radiosurgery for intact brain
metastases. Exclusion criteria included neurosurgical resection prior to
treatment and treatment of non-malignant histologies or primary central
nervous system malignancies. A univariate screen was implemented to
determine which factors were associated with radionecrosis. The chi-square
test or Fisher's exact test was used to compare the two groups for categorical
variables, and the two-sample t-test or Mann-Whitney test was used for
continuous data. Those factors that appeared to be associated with
radionecrosis on univariate analyses were included in a multivariable model.
Univariable and multivariable Cox proportional hazards models were used to
assess potential predictors of time to local failure and time to regional failure.

Results: A total of 107 evaluable patients with a total of 256 individual brain
metastases were identified. The majority of metastases were non-small cell lung
cancer (58.98%), followed by breast cancer (16.02%). Multivariable analyses
demonstrated increased risk of radionecrosis with increasing MRl maximum axial
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dimension (OR 1.10, p=0.0123) and a history of previous whole brain radiation
therapy (OR 3.48, p=0.0243). Receipt of stereotactic radiosurgery with concurrent
immunotherapy was associated with a decreased risk of local failure (HR 0.31,
p=0.0159). Time interval between diagnostic MRI and first treatment, time interval
between CT simulation and first treatment, and concurrent immunotherapy had
no impact on incidence of radionecrosis or regional failure.

Discussion: An optimal time interval between diagnosis and treatment for intact
brain metastases that minimizes radionecrosis and maximizes local and regional
control could not be identified. Concurrent immunotherapy does not appear to
increase the risk of radionecrosis and may improve local control. These data
further support the safety and synergistic efficacy of stereotactic radiosurgery

with concurrent immunotherapy.

KEYWORDS

stereotactic radiosurgery, brain metastases, immunotherapy, radionecrosis, treatment
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Introduction

Brain metastases are the most common intracranial tumor
diagnosed in adults with an incidence that far outpaces that of
primary malignant brain tumors (1). The incidence rate of brain
metastases is approximately 9%-17%, and rates appear to be
increasing particularly for patients with breast cancer, colorectal
cancer, lung cancer, and melanoma due to improvements in
systemic therapies, cancer surveillance, and overall patient
survival (2, 3). Historical management of brain metastases with
radiotherapy consisted of whole brain radiation therapy (WBRT),
which delivers a uniform, low dose of radiation to the entire brain
but is also associated with cognitive decline, fatigue, and alopecia
among other symptoms (4). The development of stereotactic
radiosurgery (SRS) in 1961 allowed a combination of precise
localization with a steep dose gradient to treat brain metastases
with a much higher biologically effective dose (BED) while sparing
the uninvolved brain from a substantial radiation dose, altering the
paradigm of brain radiotherapy (5, 6).

Today, SRS is utilized as a monotherapy as well as in
conjunction with both WBRT and surgical resection (7, 8).
Despite the higher rates of distant intracranial failure associated

Abbreviations: WBRT, Whole brain radiotherapy; SRS, Stereotactic
radiosurgery; BED, Biologically effective dose; AVMs, Arteriovenous
malformations; NCI-CTCAE 5.0, National Cancer Institute Common
Terminology Criteria for Adverse Events, Version 5.0; GTV, Gross tumor
volume; PTV, Planning target volume; RANO, Response Assessment in Neuro-
Oncology; ITX, Immunotherapy; DBF, Distant brain failure; VIF, Variance
inflation factor; GEE, Generalized Estimating Equations; NSCLC, Non-small
cell lung cancer; SCLC, Small cell lung cancer; RCC, Renal cell carcinoma; Rx
IDL, Prescription isodose line; APCs, Antigen-presenting cells; CTLA-4,
Cytotoxic T lymphocyte-associated antigen 4; PD-1, Programmed cell death 1;
PD-L1, Programmed death-ligand 1.
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with SRS, local control is similar or better than with
WBRT and salvage SRS can be offered if new intracranial
metastases develop after treatment (9, 10). Unfortunately, SRS
carries an increased risk of radionecrosis, with an incidence of
approximately 20-30%, compared to the negligible incidence in
patients treated with WBRT (11-13). Radionecrosis is a delayed
toxicity of radiotherapy which can occur months to years following
administration of SRS (14). While the precise pathophysiology of
radionecrosis remains imperfectly characterized, the process is
likely mediated through a combination of vascular insult, glial
cell damage, and aggressive inflammatory response (15, 16).
Furthermore, definitive diagnosis can be elusive due to similarities
in appearance between radionecrosis and recurrent tumor (17, 18).
To date, several patient-related risk factors for radionecrosis
have been identified. Evidence suggests that different areas of the
brain may be more radiosensitive and therefore more prone to
radionecrosis than others. Extrapolating from treatment of
arteriovenous malformations (AVMs), the brainstem appears to
be more resistant to the development of radionecrosis, while the
frontal cortex may be more radiosensitive (19). Furthermore,
radiosurgical treatment of peripheral metastases has also been
associated with lower rates of radionecrosis, likely secondary to
radiation “dose-dumping” into the non-neuronal tissues such as the
calvarium (20). Limited data may suggest that certain tumor
histologies are more susceptible to radionecrosis than others (21).
In addition, increasing tumor size was identified early as a negative
prognostic factor for development of radionecrosis, and
consequently has been included as a stratification factor in every
landmark randomized trial on the topic (22-25).
Treatment-related risk factors have also been identified
including radiosurgical dose as a well-established predictor of
radionecrosis (26-28). Rather than delivering radiation in a single
dose, fractionated SRS may lower rates of radionecrosis when
treating lesions over 2 cm, according to retrospective data,
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especially when the volume of normal brain receiving less than 18
Gy can be limited to 30 cc or less (29-31). Given the use of SRS in
combination with WBRT and as a salvage treatment in the setting of
recurrent disease, a history of prior radiation treatment and the
time interval between treatments can also influence the incidence of
radionecrosis (32, 33). Regarding concurrent immunotherapies,
particularly with the increases in indications for immunotherapies
and the long half-lives of many new therapeutic agents, multiple
observational studies have shown that concurrent immunotherapies
may improve local and regional disease control but also exacerbate
the risk of radionecrosis (34-44).

However, it is not known whether increasing the time interval
between diagnosis of brain metastases and radiosurgery is
associated with changes in the incidence of radionecrosis or
regional disease control and there are limited data available on
changes in the incidence of local disease control (45). As
asymptomatic brain metastases are not considered an oncologic
emergency, there is no standardized time frame between diagnosis
and radiation treatment. Furthermore, this time frame may vary by
patient preference, insurance authorization time, receipt of recent
chemotherapy, and availability of the radiation oncologist,
neurosurgeon, dosimetrist, and radiation physicist. Brain
metastases may significantly increase in size within days to weeks
with average growth rates ranging from approximately 0.012 to
0.040 cm”® per day depending on histology (46-48). In this report,
we seek to identify an optimal time interval between diagnosis of
brain metastases and treatment that maximizes local and regional
control while minimizing the incidence of radionecrosis.

Materials and methods
Patient eligibility

This single institution, retrospective study was approved by the
Institutional Review Board (S20-01539). The patient population
consisted of all patients who received stereotactic radiosurgery
(single fraction) or fractionated stereotactic radiosurgery (between
two and five fractions) for intact brain metastases at NYU Langone
Long Island Hospital from 8/22/2011 to 8/16/2021 using a frameless,
robotic radiosurgery technique with the CyberKnife® (Accuray Inc.,
Sunnyvale, CA, USA) platform. Exclusion criteria included lack of
follow-up imaging, neurosurgical resection prior to treatment with
subsequent post-operative radiosurgery, treatment of non-malignant
intracranial targets (e.g. AVM, trigeminal neuralgia, meningioma,
vestibular schwannoma, pituitary adenoma), or treatment of primary
central nervous system malignancy. A history of previous WBRT was
allowed. A total of 220 patients were screened, 45 patients were
excluded due to lack of follow-up imagining, and 68 patients were
excluded due to other exclusion criteria.

Methods and procedures

In general, patients underwent clinical evaluation and
surveillance MRI of the brain at least every 3-6 months following
treatment until local failure, regional intracranial progression, or
death. Clinical and therapeutic data were abstracted from multiple
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medical records: ARIA (Varian Medical Systems, Palo Alto, CA,
USA), Precision (Accuray Inc., Sunnyvale, CA, USA), and EPIC
(Epic Systems Corporation, Verona, WI, USA). Late toxicity was
scored according to the National Cancer Institute Common
Terminology Criteria for Adverse Events, Version 5.0 (NCI-
CTCAE 5.0). In order to determine whether delays in treatment
were associated with clinical outcomes, time interval between
diagnostic MRI and treatment, as well as time interval between
CT simulation and treatment were recorded for all patients. Gross
tumor volume (GTV) and planning target volume (PTV) were
reported as volumetric measures. Local progression was scored
according to the Response Assessment in Neuro-Oncology
(RANO) criteria for brain metastases. Immunotherapy (ITX) was
defined as concurrent if it was delivered within 14 days of
radiosurgery (34). Regional failure, or distant brain failure (DBF),
was defined as the development of one or more new brain
metastases at a distant untreated site. Radionecrosis was
determined by review of the relevant imaging and radiology
report, as well as clinical documentation by the radiation
oncologist, neurosurgeon, and neuro-oncologist, unless

histopathologic confirmation was available.

Statistical analysis

A univariate screen was implemented to determine which
factors were associated with radionecrosis. Continuous data are
reported as mean + standard deviation or median (25th, 75th
percentiles), while categorical data are reported as frequency and
percent. The chi-square test or Fisher’s exact test, as deemed
appropriate, was used to compare the two groups for categorical
variables, and the two-sample t-test or Mann-Whitney test was used
for continuous data. Those factors that appeared to be associated
with radionecrosis on univariate analyses (using a pre-specified p-
value of <0.10) were included in a multivariable model.
Multicollinearity was checked using the variance inflation factor
(VIF), which assesses how much the variance of an estimated
regression coefficient increases if the predictors are correlated. A
cutoff of VIF > 10 was used to remove variables that were correlated
with one another. Generalized Estimating Equations (GEE) (49, 50)
were used as a method of parameter estimation for the correlated
binary data of radionecrosis (clustered within a subject), with an
exchangeable correlation matrix (PROC GENMOD). Analyses were
performed on a per-lesion basis.

Time to local failure and time to regional failure were analyzed
using standard methods of survival analysis. In cases where the
endpoint event, “local failure” or “regional failure,” had not yet
occurred, the number of months until last follow-up was used and
considered ‘censored.” Kaplan-Meier product limit curves were
constructed, where the data were stratified by immunotherapy.
The groups were compared using the log-rank test. Univariable
and multivariable Cox proportional hazards models were used to
assess potential predictors of time to local failure and time to
regional failure. Results are reported as hazard ratios with
corresponding 95% confidence intervals (PROC PHREG).
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Unless otherwise specified, a result was considered statistically
significant at the p=0.05 level of significance. All analyses were
performed using SAS version 9.4 (SAS Institute Inc., Cary,
NG, USA).

Results
Patient cohort characteristics

A total of 107 evaluable patients were identified with a total of
256 individual brain metastases (Table 1). The median number of
metastases per patient was 2 (1, 3). The median follow-up time was
444 (282, 771) days, with a median follow-up in living patients of
502 (307.5, 816) days. The mean age of this patient cohort was 65.43
years with a standard deviation of 9.70. There were 42 males
(39.25%) and 65 females (60.75%). The majority of metastases
were non-small cell lung cancer (NSCLC) histology (n=151,

TABLE 1 Univariate analyses comparing radionecrosis (Yes vs. No).

Total brain metastases
(n=256)

Parameter

10.3389/fonc.2023.1132777

58.98%), followed by breast cancer (n=41, 16.02%), small cell
lung cancer (SCLC) (n=14, 5.47%), renal cell carcinoma (RCC)
(n=13, 5.08%), melanoma (n=11, 4.3%), prostate (n=1, 0.39%), and
other cancers (n=25, 9.77%). The median maximum axial
dimension of the brain metastases in millimeters was 7 (4, 12).
The median time period between initial diagnostic MRI and first
treatment was 34 (28, 48.5) days, and the median time period
between CT simulation and first treatment was 14 (11, 18.5) days.

Treatment information

The majority of metastases (n=217, 84.77%) were treated with
single fraction SRS while the remainder (n=39, 15.23%) were treated
with fractionated SRS (Table 1). For patients treated with single
fraction SRS, the median total dose was 2000 cGy (1800 cGy, 2000
cGy), the median prescription isodose line (Rx IDL) was 80.80%
(78.70%, 84%), the median GTV was 0.35 mL (0.16 mL, 1.04 mL),

Radionecrosis

Age at Diagnosis 65.43 + 9.70 66.04 + 9.68 63.33 + 9.58 0.0637
Gender (Male)* 42 (39.25%) 31 (38.75%) 11 (40.74%) 0.8547
Histology 0.8790

Breast 41 (16.02%) 33 (16.58%) 8 (14.04%)

NSCLC 151 (58.98%) 116 (58.29%) 35 (61.4%)

Other 64 (25.00%) 50 (25.13%) 14 (24.56%)
MRI Max Axial Dimension (mm) 7 (4, 12) 7 (4, 11) 10 (6, 16) 0.0021
Dx MRI - First Tx Interval 34 (28, 48.5) 34 (29, 49) 34 (26, 48) 0.5997
Sim First Tx Interval 14 (11, 18.5) 14 (11, 19) 14 (10, 17) 0.9214
Fractions 0.5821

1 217 (84.77%) 170 (85.43%) 47 (82.46%)

>1 39 (15.23%) 29 (14.57%) 10 (17.54%)
Total Dose (cGy) 2000 (2000, 2000) 2000 (2000, 2000) 2000 (1800, 2000) 0.7736
Rx IDL (%) 80.8 (79, 84) 80.8 (78.5, 83) 82 (79.2, 84.8) 0.0491
GTV (cc) 0.42 (0.17, 1.33) 0.32 (0.14, 1.23) 0.68 (0.36, 2.08) 0.0025
PTV (cc) 0.98 (0.45, 2.55) 0.85 (0.38, 2.31) 1.55 (0.73, 3.47) 0.0077
Max GTV Dose (cGy) 2427 (2273, 2561) 2427 (2278, 2547) 2410 (2194, 2564) 0.7102
Normal Brain Constraint 80 (31.25%) 60 (30.15%) 20 (35.09%) 0.4783
Concurrent ITX 106 (41.41%) 86 (43.22%) 20 (35.09%) 0.3443
Previous SRS other lesion 75 (29.30%) 59 (29.65%) 16 (28.07%) 0.8175
Previous SRS same lesion 0 (0%) 0 (0%) 0 (0%) N/A
Previous WBRT 26 (10.16%) 13 (6.53%) 13 (22.81%) 0.0003

Age was reported as mean * standard deviation, remaining continuous data was reported as median (25th, 75th percentiles), and categorical data was presented as frequency (percent).

* Based on the 107 total subjects.
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the median PTV was 0.85 mL (0.42 mL, 1.83 mL), and the median
maximum GTV dose was 2404 cGy (2238 cGy, 2500 cGy). For
patients treated with fractionated SRS, the median total dose was
2500 cGy (2250 cGy, 2700 cGy), the median Rx IDL was 80.80%
(79%, 82.50%), the median GTV was 2.45 mL (0.31 mL, 12.32 mL),
the median PTV was 3.78 mL (0.98 mL, 15.12 mL), and the median
maximum GTV dose was 3165 cGy (2768 cGy, 3333 cGy). A
minority of metastases (n=80, 31.25%) were treated with a
normal brain constraint. Seventy-six (35.02%) metastases treated
with single fraction SRS utilized a normal brain constraint, while 4
(10.26%) metastases treated with fractionated SRS utilized a normal
brain constraint. Nearly half of metastases were also treated with
concurrent ITX (n=106, 41.41%). Seventy-five (29.30%) metastases
had a history of previous SRS treatment for different metastases in
the same patient, while there were no metastases identified that
were previously treated with SRS. A small percentage (n=26,
10.16%) of metastases had a history of prior WBRT.

Association between radionecrosis and
other variables

The overall incidence of radionecrosis in this patient cohort was
22.27% (n=57). Of the metastases with radionecrosis, 24 (42.11%)
were asymptomatic, 25 (43.86%) presented with moderate symptoms
and were treated with corticosteroids or bevacizumab, and 8 (14.04%)
metastases presented with severe symptoms requiring medical
intervention such as surgery. Nine (15.79%) instances of
radionecrosis were diagnosed using histopathology, and 48 (84.21%)
instances of radionecrosis were diagnosed after review of radiographic
imaging in consultation with the treating physicians. The median time
to development of radionecrosis was 221 (103, 378) days. After
univariate analyses, gender, tumor histology, time interval between
diagnostic MRI and first treatment, time interval between CT
simulation and first treatment, fractionated versus single fraction
SRS, total dose, max GTV dose, the presence of a normal brain
constraint, concurrent I'TX, and previous SRS to another lesion were
not associated with radionecrosis (Table 1). Conversely, the maximum
axial dimension on MRI (p=0.0021), Rx IDL (p=0.0491), GTV
(p=0.0025), PTV (p=0.0077), and a history of previous WBRT

10.3389/fonc.2023.1132777

(p=0.0003) were all associated with radionecrosis. A trend was
observed for the association between age at diagnosis (p=0.0637)
and radionecrosis, so age at diagnosis was consequently included in
the multivariable analyses for radionecrosis (Table 2). Unsurprisingly,
multicollinearity analysis demonstrated high correlation between
GTV and PTV; PTV was excluded from multivariable analyses.
After multivariable analyses, only MRI maximum axial dimension
(OR 1.10, 95% CI 1.02 - 1.19, p=0.0123) and a history of previous
WBRT (OR 3.48,95% CI 1.18 - 10.28, p=0.0243) were associated with
an increased risk of radionecrosis.

Association between local failure and other
variables

After survival analysis and construction of Kaplan-Meier
product limit curves, metastases treated with concurrent ITX
demonstrated significantly better local failure-free survival (log-
rank p=0.0175) compared to metastases treated without concurrent
ITX (Figure 1). On univariate analyses, age at diagnosis, time
interval between diagnostic MRI and first treatment, time interval
between CT simulation and first treatment, fractionated versus
single fraction SRS, total dose, max GTV dose, presence of
normal brain constraint, previous SRS for a different lesion, and a
history of WBRT were not associated with local failure (Table 3).
NSCLC histology compared to other histologies (HR 0.31, 95% CI
0.14 - 0.69, p=0.0040), Rx IDL (HR 0.90, 95% CI 0.82 - 0.99,
p=0.0256), and concurrent ITX (HR 0.35, 0.14 - 0.87, p=0.0232)
were associated with a decreased risk of local failure. Conversely,
increasing MRI maximum axial dimension (HR 1.05, 95% CI 1.01 -
1.10, p=0.0078), GTV (HR 1.07, 95% CI 1.04 - 1.10, p=0.0001), and
PTV (HR 1.06, 95% CI 1.04 - 1.08, p=0.0001) were associated with
an increased risk of local failure. Furthermore, a trend was observed
for an association between male gender (HR 1.99, 95% CI 0.99 -
3.99, p=0.0532) and increased risk of local failure. Again, secondary
to substantial collinearity, PTV was excluded from the multivariable
analyses. After multivariable analyses, NSCLC histology (HR 0.23,
95% CI 0.09 - 0.58, p=0.0018) and concurrent ITX (HR 0.31, 95%
CI 0.12 - 0.81, p=0.0159) were associated with a lower risk of local
failure, while male gender (HR 3.73, 95% CI 1.46 - 9.52, p=0.0059)

TABLE 2 Multivariate Generalized Estimating Equations (GEE) for radionecrosis.

Parameter Beta Standard Error
Estimate
Intercept -6.70 4.98
Age at Diagnosis -0.04 0.02
MRI Max Axial Dimension (mm) 0.10 0.04
Rx IDL 0.09 0.06
GTV (cc) -0.08 0.05
Previous WBRT Yes 1.25 0.55
No ref

Frontiers in Oncology

Odds  95% Confidence Intervals for the Odds Ratio = p-value
Ratio
0.1785
0.96 0.93 1.00 0.0658
1.10 1.02 119 0.0123
1.09 0.97 1.22 0.1406
0.92 0.83 1.02 0.0987
348 118 10.28 0.0243
05 frontiersin.org
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FIGURE 1
Kaplan-Meier curves for time to local failure stratified by
immunotherapy.

and increasing GTV (HR 1.09, 95% CI 1.06 - 1.13, p=0.0001) were
associated with an increased risk of local failure.

Association between regional failure
(distant brain failure) and other variables

After survival analysis and construction of Kaplan-Meier
product limit curves, metastases treated with concurrent ITX

TABLE 3 Univariable and multivariable analyses for time to local failure.

10.3389/fonc.2023.1132777

demonstrated significantly better regional failure-free survival
(log-rank p=0.0233) compared to metastases treated without
concurrent ITX (Figure 2). After univariate analyses, age at
diagnosis, histology, MRI maximum axial dimension, time
interval between diagnostic MRI and first treatment, time interval
between CT simulation and first treatment, fractionated versus
single fraction SRS, total dose, GTV, PTV, max GTV dose,
presence of normal brain constraint, and a history of prior
WBRT were not associated with regional failure (Table 4).
Conversely, male gender (HR 0.56, 95% CI 0.38 - 0.81,
p=0.0022), Rx IDL (HR 0.94, 95% CI 0.90 - 0.99, p=0.0216),
concurrent ITX (HR 0.68, 95% CI 0.48 - 0.96, p=0.0259), and a
history of prior SRS for a different lesion (HR 0.65, 95% CI 0.44 -
0.96, p=0.0295) were all associated with a lower risk of regional
failure. No variables were associated with an increased risk of
regional failure. Following the univariate screen, gender, Rx IDL,
concurrent ITX, and a history of prior SRS to another lesion were
selected to be included in the multivariate model. Tumor histology
was also included in the multivariate model due to the relatively low
p-value for breast metastases (HR 1.48, 95% CI 0.92 - 2.39,
p=0.1050) that approached p=0.1. After multivariate analyses,
only male gender (HR 0.53, 95% CI 0.35 - 0.81, p=0.0034), Rx
IDL (HR 0.91, 95% CI 0.86 - 0.96, p=0.0002), and previous SRS to
another lesion (HR 0.54, 95% CI 0.35 - 0.81, p=0.0031) remained
associated with lower risk of regional failure. In addition, NSCLC
histology (HR 0.58, 95% CI 0.38 - 0.88, p=0.0096) was also
associated with lower risk of regional failure compared to
other histologies.

Parameter UNIVARIABLE MULTIVARIABLE
Hazard 95% Confidence p-value Hazard 95% Confidence
ratio  Limits for the Hazard ratio  Limits for the Hazard
Ratio Ratio

Age at Diagnosis 0.98 0.95 1.02 0.4174
Histology Breast 0.64 0.25 1.62 0.3481 1.63 0.52 5.10 0.4016

NSCLC 0.31 0.14 0.69 0.0040 0.23 0.09 0.58 0.0018

Other ref ref
Gender Male vs. Female 1.99 0.99 3.99 0.0532 3.73 1.46 9.52 0.0059
MRI Max Axial Dimension (mm) 1.05 1.01 1.10 0.0078
Dx MRI - First Tx Interval 1.00 0.99 1.01 0.6804
Sim First Tx Interval 1.03 0.98 1.08 0.2251
Fractions >1vs. 1 1.36 0.47 393 0.5751
Total Dose (cGy) 1.00 1.00 1.00 0.7641
Rx IDL (%) 0.90 0.82 0.99 0.0256
GTV (cc) 1.07 1.04 1.10 <0.0001 1.09 1.06 1.13 <0.0001
PTV (cc) 1.06 1.04 1.08 <0.0001
Max GTV Dose (cGy) 1.00 1.00 1.00 0.0657

(Continued)
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TABLE 3 Continued
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Parameter UNIVARIABLE MULTIVARIABLE
Hazard 95% Confidence p-value Hazard 95% Confidence p-value
ratio Limits for the Hazard ratio Limits for the Hazard
Ratio Ratio

Normal Brain Constraint Yes vs. No 1.32 0.64 2.75 0.4546

Concurrent ITX Yes vs. No 0.35 0.14 0.87 0.0232 0.31 0.12 0.81 0.0159
Previous SRS other lesion Yes vs. No 1.44 0.68 3.06 0.3421

Previous WBRT Yes vs. No 0.48 0.11 2.01 0.3137

Discussion

In this patient cohort, a relationship between an increased
treatment delay after diagnostic MRI or CT simulation and
incidence of radionecrosis could not be demonstrated (Table 1).
Furthermore, a relationship between increased treatment delay after
diagnostic MRI or CT simulation and local failure could also not be
reliably demonstrated (Table 3). Increased treatment delay after
diagnostic MRI and after CT simulation were also not associated
with regional failure (Table 4). While previous research on treatment
delays prior to WBRT after diagnostic CT or MRI also demonstrated
a non-significant relationship with overall survival (51), limited
research has been conducted to date on the relationship between
treatment delays prior to SRS and local control (45), and there is no
published research on the relationship between treatment delays and
regional control or the incidence of radionecrosis.

Seymour et al. found that a time interval longer than or equal to
14 days in between treatment planning MRI and SRS was associated
with a shorter time period before local failure compared to a time
interval less than 14 days in between treatment planning MRI and
SRS (45). However, given the median time in between MRI and SRS
in Seymour et al. was 11 days with an interquartile range of 6 to 23
days compared to the median time in between MRI and SRS in this
patient cohort of 34 days with an interquartile range of 28 to 48.5
days (Table 1), it is possible that the association between local failure
and increase in treatment delay is less significant when treatment
delay increases beyond a certain point. It is also possible that the
inclusion of margins during the treatment planning of this cohort
compared to the relative lack of margins in 94.04% of metastases in
Seymour et al. may have accounted for most tumor growth during the
time interval between MRI and SRS in this cohort, resulting in the
lack of association between treatment delay and local failure. In fact,
another study found a 2mm margin was sufficient to cover 100% of
tumor growth for 78% of metastases after a mean of 23 days in
between consecutive MRI scans (48). In this cohort, an advantage to a
shorter interval between diagnosis of brain metastases and treatment
that minimizes radionecrosis and maximizes local and regional
control was not identified. Regardless, delays in starting
radiotherapy should be minimized whenever possible.

In this study, MRI maximum axial dimension and a history of
prior WBRT (Table 2) predicted radionecrosis, both of which are
well-established risk factors (11, 22-25, 32). An increase in GTV
was also associated with local failure on multivariate analyses
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(Table 3), also concordant with the published literature (52, 53).
While differences in histology were not associated with
radionecrosis in this patient population (Table 1), NSCLC was
associated with a lower risk of local failure compared to other
histologies after multivariate analyses (Table 3). While this is also
reflected in other studies (54, 55), contradictory reports suggest that
breast cancer may be more radiosensitive (56). Unfortunately,
details of histology subtype (e.g. triple negative breast cancer,
squamous cell carcinoma of the lung) were not readily available
that may shed additional light on these findings. Additionally,
NSCLC was also associated with a lower risk of regional failure
(Table 4) compared to other histologies after multivariate analyses,
with one study suggesting a lower risk of regional failure for NSCLC
compared to SCLC (55), and another study suggesting a
relationship between melanoma histology and regional failure
with NSCLC demonstrating a nonsignificant relationship with
regional failure (57).

Male gender was associated with greater risk of local failure on
multivariate analyses (Table 3), a finding also supported by
numerous other studies (36, 58, 59), although the biological
mechanism for this finding is not understood. A lower risk of
regional failure was also identified with increasing Rx IDL and
previous SRS to another lesion, findings that are neither intuitive
nor observed in other studies to the best of the authors’ knowledge
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FIGURE 2
Kaplan-Meier curves for time to regional failure stratified by
immunotherapy.
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TABLE 4 Univariate and multivariable analyses for time to regional failure (distant brain failure).

Parameter UNIVARIABLE MULTIVARIABLE
Hazard 95% Confidence p-value Hazard 95% Confidence p-value
ratio  Limits for the Hazard ratio  Limits for the Hazard
Ratio Ratio

Age at Diagnosis 1.00 0.98 1.01 0.6353
Histology Breast 1.48 0.92 2.39 0.1050 1.26 0.76 2.09 0.3639

NSCLC 0.79 0.53 1.17 0.2354 0.58 0.38 0.88 0.0096

Other ref ref
Gender Male vs. Female 0.56 0.38 0.81 0.0022 0.53 0.35 0.81 0.0034
MRI Max Axial Dimension (mm) 0.99 0.96 1.01 0.3711
Dx MRI - First Tx Interval 0.99 0.99 1.00 0.0556
Sim First Tx Interval 0.99 0.97 1.02 0.6358
Fractions >1wvs. 1 1.50 0.94 2.39 0.0891
Total Dose (cGy) 1.00 1.00 1.00 0.8972
Rx IDL (%) 0.94 0.90 0.99 0.0216 091 0.86 0.96 0.0002
GTV (cc) 0.98 0.94 1.03 0.4497
PTV (cc) 0.99 0.96 1.02 0.4520
Max GTV Dose (cGy) 1.00 1.00 1.00 0.4826
Normal Brain Constraint Yes vs. No 1.10 0.78 1.56 0.5815
Concurrent ITX Yes vs. No 0.68 0.48 0.96 0.0259 0.82 0.58 1.17 0.2763
Previous SRS other lesion Yes vs. No 0.65 0.44 0.96 0.0295 0.54 0.35 0.81 0.0031
Previous WBRT Yes vs. No 0.68 0.38 1.20 0.1821

(Table 4). While one might suspect that prior off-target failure
would predict additional sites of intracranial failure following SRS,
it is possible that such patients have more advanced disease and
died before regional failure was established. Contrarily, those
patients undergoing initial radiosurgery are likely earlier in their
disease course and have a higher risk of regional failure due to a
longer life expectancy.

Interestingly, while concurrent ITX was not associated with
radionecrosis (Table 1), it was associated with better local control
(Table 3). Metastases treated with concurrent ITX also demonstrated
significantly better local failure-free survival compared to metastases
treated without concurrent ITX (Figure 1). These findings add to the
growing body of literature suggesting that the use of concurrent
immunotherapies with SRS is not only safe, but enhances the efficacy
of radiosurgery (34-37), though much of the existing literature is in the
context of melanoma brain metastases (38-43). A potential mechanism
for the synergistic effect of combining concurrent immunotherapy and
SRS is the abscopal effect, in which tumor neoantigens are generated by
radiation and are subsequently absorbed by antigen-presenting cells
(APCs) that then activate CD8" T cells (60-63). While the immune
response can typically be modulated by proteins such as cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), programmed cell death 1
(PD-1), and programmed death-ligand 1 (PD-LI), immunotherapies
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inhibit these proteins and act as immune checkpoint inhibitors, thereby
increasing immune system activation (60, 61).

Limitations of this study include the retrospective nature and
exclusion of some patients due to lack of follow-up imaging.
Histopathologic confirmation of radionecrosis was also not available
for all metastases. Furthermore, concurrent immunotherapies were not
separated based upon the targets of the inhibitors and analysis was not
separated based upon tumor histology. Other systemic therapies may
have also been utilized during treatment that were not recorded or
analyzed. Nonetheless, this study is the first to the authors’ knowledge
assessing the impact of treatment delays on radionecrosis and regional
failure, and this study adds to the limited published data on the
relationship between treatment delays and local failure.

Conclusion

In this patient cohort, there was no relationship between treatment
interval from either diagnostic MRI or CT simulation to treatment and
incidence of radionecrosis, local failure, and regional failure;
consequently, an optimal interval between diagnosis of intact brain
metastases and radiosurgery could not be identified. Concurrent ITX
was not associated with radionecrosis, but was associated with a lower
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risk of local failure, suggesting a synergistic oncologic effect without an
attendant increase in toxicity.
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