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Purpose/Objectives: Clinical trials of anti-Programmed cell death protein 1 (PD-1) and
cytotoxic T-lymphocyte-associated protein (CTLA-4) therapies have demonstrated a clinical
benefit with low rates of neurologic adverse events in patients with melanoma brain
metastases (MBMs). While the combined effect of these immunotherapies (ITs) and
stereotactic radiosurgery (SRS) has yielded impressive results with regard to local control
(LC) and overall survival (OS), it has also been associated with increased rates of radiation
necrosis (RN) compared to historical series of SRS alone. We retrospectively reviewed
patients treated with IT in combination with SRS to report on predictors of clinical outcomes.

Materials and Methods: Patients were included if they had MBMs treated with SRS
within 1 year of receiving anti-PD-1 and/or CTLA-4 therapy. Clinical outcomes including
OS, LC, intracranial death (ID), and RN were correlated with type and timing of IT with
SRS, radiation dose, total volume, and size and number of lesions treated.

Results: Twenty-nine patients with 171 MBMs were treated between May 2012 and May
2018. Patients had a median of 5 lesions treated (median volume of 6.5 cm3) over a
median of 2 courses of SRS. The median dose was 21 Gy. Most patients were treated
with ipilimumab (n = 13) or nivolumab-ipilimumab (n = 10). Most patients underwent SRS
concurrently or within 3 months of receiving immunotherapy (n = 21). Two-year OS and
LC were 54.4% and 85.5%, respectively. In addition, 14% of patients developed RN;
however, only 4.7% of the total treated lesions developed RN. The median time to
development of RN was 9.5 months. Patients with an aggregate tumor volume >6.5 cm3

were found to be at increased risk of ID (p = 0.05) and RN (p = 0.03). There was no
difference in OS, ID, or RN with regard to type of IT, timing of SRS and IT, number of SRS
courses, SRS dose, or number of cumulative lesions treated.
January 2022 | Volume 11 | Article 7946151

https://www.frontiersin.org/articles/10.3389/fonc.2021.794615/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.794615/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.794615/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.794615/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.794615/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:burkeai20@ecu.edu
mailto:SPC9@gunet.georgetown.edu
mailto:michael.a.carrasquilla@gunet.georgetown.edu
mailto:michael.a.carrasquilla@gunet.georgetown.edu
https://doi.org/10.3389/fonc.2021.794615
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.794615
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.794615&domain=pdf&date_stamp=2022-01-12


Burke et al. Melanoma Brain Metastases Treated With SRS/IT

Frontiers in Oncology | www.frontiersin.org
Conclusions: In our series, patients treated with SRS and IT for MBMs had excellent
rates of OS and LC; however, patients with an aggregate tumor volume >6.5 cm3 were
found to be at increased risk of ID and RN. Given the efficacy of combined anti-PD-1/
CTLA-4 therapy for MBM management, further study of optimal selection criteria for the
addition of SRS is warranted.
Keywords: SRS, brain metastases, immunotherapy, melanoma, radiation necrosis (RN)
INTRODUCTION

Melanoma is the fifth most common cancer in the USA with an
estimated 106,110 new cases in 2021 (1). Approximately 13% of
patients with melanoma present with brain metastases at
diagnosis, and up to 40% of all patients with melanoma will
develop brain metastases during the course of their illness (2).
Progression of intracranial disease is a common cause of death
once brain metastases are diagnosed, and historically, patients
had a median survival of 6 months (3). Control of intracranial
disease prolongs life and prevents neurologic morbidity. Surgery,
radiotherapy, and radiosurgery have been investigated in the
management of melanoma brain metastases (MBMs) either as
single-modality treatments or in combination.

Whole-brain radiation therapy (WBRT) when added to
stereotactic radiosurgery (SRS) has been shown to decrease
distant brain recurrences in the setting of controlled systemic
disease; however, it offers little, if any, survival advantage (4).
Furthermore, WBRT has been shown in numerous studies of
brain metastases to cause significant neurocognitive morbidity
and decreased quality of life. More recently, SRS alone has
become the standard of care for patients with brain metastases
given the improved clinical and neurocognitive outcomes
compared to WBRT (5, 6). SRS was initially reserved for
patients with 1–3 brain metastases; however, a multi-
institutional prospective observational study by Yamamoto
et al. (7) demonstrated no difference in median survival or
neurologic death-free survival between patients with 4 or fewer
brain metastases and patients with 5–10 brain metastases.
Furthermore, there was no difference in SRS-related complications.
Given the propensity of melanoma to metastasize to the brain,
this provides a rationale for aggressive treatment with SRS for
multiple brain metastases.

One potential side effect of SRS is the development of
radiation necrosis (RN). RN entails the temporary appearance
of tumor enlargement with or without peritumoral edema. RN is
often symptomatic with headaches or other focal neurologic
deficits. Treatment for RN ranges from supportive to steroids,
surgery, or bevacizumab. Approximately 50% of patients with
RN improve at 6 months and 75% improve at 2 years (8).
Previous analyses have investigated the association between
lesion size and dose with regard to the incidence of RN. In the
RTOG dose-escalation trial of single-fraction SRS following
WBRT, the maximum dose with acceptable toxicity was found
for lesion sizes <2 cm, 2–3 cm, and 3–4 cm. Notably, the rate of
RN was found to increase over time without plateau, with a
2-year rate of 11% (9).
2

Prior to the advent of immune checkpoint inhibitors (ICIs),
systemic therapy for metastatic melanoma was limited. In recent
years, however, multiple ICIs such as CTLA-4 inhibitor
ipilimumab and the PD-1 inhibitors nivolumab and
pembrolizumab have been shown to be effective in the
management of metastatic melanoma (10–14). In addition to
their use for extracranial metastases, some of these agents have
also been shown to have efficacy for the treatment of MBMs as
monotherapy, combined therapy, or in combination with SRS
(15–26). Improved outcomes have also been observed in patients
receiving ICI and SRS for management of brain metastases with
regard to local control (LC) and overall survival (OS). However,
it has also been associated with increased rates of RN, with
reported rates ranging from 21% to 37.5%, which is higher than
those of historical studies of SRS alone (9, 27–31).

Given the high rates of LC and longer-term survival of
patients with MBMs, it is important to better understand the
risk factors for development of symptomatic RN following
treatment with immune checkpoint therapy and SRS. Potential
risk factors include type and timing of IT with SRS, size of lesions
treated, number of lesions treated, total volume treated, and
radiation dose. Herein we report our experience of SRS with ICI
in patients with MBMs. We have analyzed the correlation
between selected clinical variables and outcomes in our cohort
with the objective of determining the rate of and factors
predictive of RN in MBM patients treated with SRS and ICI.
METHODS

Patients
With institutional review board approval, we reviewed all
patients treated at Medstar Georgetown University Hospital
with MBMs treated from 2013 to 2018 with SRS within 1 year
of receiving systemic therapy with PD-1 and/or CTLA-4
inhibitors. Patients were included if they were treated for intact
parenchymal brain metastases (n = 168, 98%) or postsurgical
resection cavities (n = 3, 2%).
Radiosurgery
All radiosurgical treatments were delivered with the CyberKnife
(Accuray, Sunnyvale, CA, USA) stereotactic treatment system.
The gross tumor volume (GTV) was delineated as the intact
metastasis or the edge of the resection cavity, including all areas
of contrast enhancement. There was no expansion for the
planning target volume (PTV). Prescription dose, isodose line,
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and number of fractions were selected at the discretion of the
radiation oncologist based on the size and number of lesions
being treated. The volume of intracranial disease was calculated
from treatment planning scans and is the same as the volume
treated as reported by the Accuray treatment planning system.

Immune Checkpoint Therapy
Nivolumab or pembrolizumab comprised the anti-PD-1 therapy
regimen. Ipilimumab was used for anti-CTLA-4 treatment.
Patients were treated with monotherapy or combined anti-PD-
1/CTLA-4 therapy. The assigned regimen was the last course of
systemic therapy prior to SRS in order to avoid the effects of
multiple systemic agents influencing clinical end points. The date
of immune checkpoint therapy given in closest proximity to each
SRS treatment was used.

Imaging
Multiplanar, multisequence MRI of the brain with and without
gadolinium contrast was obtained prior to and at regular
intervals following SRS. All patients underwent surveillance
imaging every 2–3 months unless otherwise clinically
indicated. Given the similarity of appearance of posttreatment
effects such as pseudoprogression, tumor recurrence, and RN,
careful attention was given to defining LC and RN. LC was
defined as freedom from progression in a previously treated
lesion requiring repeat radiosurgery, neurosurgical intervention,
permanent neurologic symptoms, or death. RN was defined as
having both radiographic and symptomatic evidence of RN.
Radiographic evidence of RN was defined as new enhancement
or changes in treated lesion read as concerning for RN by
neuroradiology that remained stable or resolved on subsequent
imaging without further surgery or radiation.

Statistical Analysis
The Kaplan–Meier method was used to calculate OS, LC, and
freedom from RN from start date of radiation until death,
progression, or RN, respectively. Log-rank analysis was used to
compare groups. Cox regression analysis was used to identify
factors associated with increased risk of RN or worse OS. SPSS
Statistical Software (IBM Corporation, Armonk, NY, USA) was
used for all statistical analyses.
RESULTS

Patient and Treatment Characteristics
A total of 29 patients with 171 MBMs were treated with ICI and
SRS between 2013 and 2018. Median age was 62, and all patients
had an Eastern Cooperative Oncology Group (ECOG)
performance status of 0 or 1. Patients were treated with
ipilimumab (n = 13), ipilimumab and nivolumab (n = 10),
pembrolizumab (n = 5), and pembrolizumab and ipilimumab
(n = 2). The majority of patients (n = 21) received SRS
concurrently or within 30 days of ICI, while a few (n = 8) were
treated with SRS more than 30 days prior to or following ICI.
Specific patient characteristics are shown in Table 1.
Frontiers in Oncology | www.frontiersin.org 3
Radiotherapy Treatment Characteristics
A total of 171 MBMs were treated with a median volume of
intact metastases of 0.44 cm3 (range 0.04–13.61 cm3). Patients
were treated in one course (n = 12), two courses (n = 11), or more
than two courses (n = 6, range 3–7). The majority of lesions were
treated with a single fraction (n = 160/171 lesions, 93.5%) to a
median dose of 2,100 cGy (range 800–2,100 cGy). Patients were
cumulatively treated to a single lesion (n = 7), two to five lesions
(n = 6), or greater than five lesions (n = 16, range 6–23). The
median cumulative volume treated was 6.5 cm3 (range 0.2–22
cm3). Treatment characteristics are shown in Table 2.

Clinical Outcomes
With a median duration of follow-up of 20.4 months, the 2-year
OS was 55% and median OS was 29.4 months, with only 25% of
deaths occurring from intracranial disease. The intracranial LC
at 2 years was 76% (Figure 1). Overall, 14% of patients developed
RN; however, only 4.7% of the total number of treated lesions
developed RN. More than half of the patients (59%) required
more than one course of SRS secondary to development of new
brain metastases following initial SRS. The median volume of
treated intracranial disease was 6.5 cm3, and the median number
of lesions treated was 5. Patients who were treated to >6.5 cm3

aggregate volume were at an increased risk of intracranial death
(log-rank, p = 0.046) and RN (log-rank, p = 0.027) compared to
those treated to smaller volumes (Figures 2, 3, respectively).
Other variables, including number of lesions treated, number of
courses, initial drug treatment, monotherapy vs. combination
ICI therapy, and SRS within 30 days of ICI, were not significantly
associated with clinical outcomes.
DISCUSSION

As ICI and SRS have become the mainstay of treatment for
MBMs, it is important to better understand their combined
effects on both tumor and normal tissue. In our institutional
analysis of patients with MBMs treated with SRS and immune
TABLE 1 | Patient characteristics.

Patients n (%)

Total patients 29 (100)
Age <60 13 (45)
Age >60 16 (55)
ECOG Performance Status
0 13 (45)
1 16 (55)
Immunotherapy
lpilimumab 13 (45)
lpilimumab + Nivolumab 10 (35)
lpilimumab + Pembrolizumab 5 (17)
Pembrolizumab 2 (3)
Timing SRS + IT
Concurrently 21 (72)
Sequentially 8 (18)
January 2022 | Volume 11 | Article
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checkpoint therapy, we noted high rates of LC for treated lesions,
with approximately 60% of patients requiring additional SRS for
new brain metastases following their initial treatment. Overall,
14% of patients developed symptomatic RN following SRS.
Patients with increased volume of treated brain metastases had
significantly worse outcomes with regard to development of RN
and death from intracranial progression compared to patients
Frontiers in Oncology | www.frontiersin.org 4
with a smaller burden of disease. Other variables, including total
number of brain metastases, were not significantly associated
with rate of RN or death from intracranial progression.

Numerous studies have investigated combined SRS with
immune checkpoint therapy with reported rates of RN
between 2% and 37.5% (28). Colaco et al. (27) found that the
RN rate was increased significantly in patients who received ICI
compared to chemotherapy (25.5% vs. 16.9%, respectively).
Similarly, Fang et al. (28) found that 27% of patients developed
RN when treated with gamma knife SRS and ICI. There was no
clear association of ICI type or temporal proximity to SRS with
increased risk of RN; however, treating an increased number of
lesions or larger lesions in a single session was associated with
increased risk of RN (28). In their series of 57 patients, Patel et al.
(16) did not, however, find a significant difference in the rates of
RN in patients treated with ipilimumab and SRS compared with
SRS alone (30% vs. 21%, respectively, p = 0.08). A recent report
of ICI and Non-small cell lung cancer (NSCLC), renal cell, and
MBMs treated with SRS showed an association between ICI and
development of symptomatic RN, especially in melanoma (30).
In their report on long-term neurotoxicity of SRS + ICI in
patients with MBM, Da Silva et al. (32) found that 18% of
patients (21 of 118) developed RN. They concluded that RN is a
significant toxicity in melanoma patients with brain metastases
treated with ICI and SRS, particularly in long-term survivors.

In our study, we found a similar overall rate of RN of 16%;
however, when accounting for number of lesions treated, only 4.7% of
all metastases treated developed RN. We did not find any association
between type of ICI or timing of ICI and SRS with regard to
development of RN. Patients with a median volume of treated
brain metastases greater than the median value of 6.5 cm3 volume
were at increased risk of intracranial death (log-rank, p = 0.046) and
RN (log-rank, p = 0.027) compared to those treated to smaller
volumes. With a median duration of follow-up less than 2 years,
TABLE 2 | Treatment characteristics.

Lesions n (%)

Total lesions 171
Volume of intact lesions (em3)
Median (range) 0.44 (0.04–13.61)
<0.1 13 (8)
0.10 - < 0.3 40 (23)
0.30 - < 1.0 43 (25)
1.00 - < 2.0 20 (12)
2.00 - < 5.0 17 (10)
>5.0 11 (6)
n/a 27 (16)
Total volume treated (cm3)
Median volume 6.5
<6.5 14 (48)
>6.5 15 (52)
No. of fractions (median dose, range)
1 (2,100, 800–2,100) 160 (93)
3 (2,700, 2,400–2,700) 6 (3)
4 (2,700, 2,700–3,200) 3 (2)
5 (3,000, 3,000–3,000) 2 (2)
SRS prescription isodose line,
median (range)

88 (75–95)

Cumulative number of courses
1 12 (41)
2 11 (38)
>3 6 (21)
Number of lesions treated
1 7 (24)
2–5 6 (60)
>5 16 (56)
FIGURE 1 | Local control of all treated lesions.
FIGURE 2 | Intracranial death in patients treated to cumulative volume > 6.5
cm3 vs < 6.5 cm3.
January 2022 | Volume 11 | Article 794615
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these numbers may continue to increase over time, although
most reports demonstrate a median time to RN of 9–12 months
(17, 27, 32). Given the overall 2-year rate of LC with only one
patient in our series experiencing a local failure, it is possible that
lower doses of radiation could be used to achieve acceptable rates
of LC while decreasing the risk of RN.

In the recently reported phase II trial Checkmates 204,
patients with MBMs <3 cm and without neurologic symptoms
or requiring local intervention were treated with ipilimumab and
nivolumab with the primary end point of rate of intracranial
clinical benefit. In their study of 94 patients, 26% had a complete
response and 30% had a partial response in the brain, yielding a
new response rate of 55%, with only 2% of patients receiving
stereotactic radiotherapy during the study. Grade 3 or 4 toxicity
was observed in 55% of patients, the most common being
hepatotoxicity, and overall, 20% of patients had to discontinue
treatment because of an adverse grade 3 or 4 event. Intracranial
progression-free survival was observed in 60% of patients at 12
months from start of treatment (26). These results are further
substantiated by another recently reported phase II study of a
similar patient population treated with nivolumab monotherapy
vs. ipilimumab combined with nivolumab (25). The study
showed an intracranial response rate of 56% and 6-month
progression-free survival rate of 53% in treatment-naive MBM
patients treated with nivolumab plus ipilimumab.
Frontiers in Oncology | www.frontiersin.org 5
Given the intracranial clinical activity of nivolumab plus
ipilimumab and the potential for RN with SRS and ICIs,
asymptomatic patients with MBMs <3 cm are now generally
offered up front nivolumab plus ipilimumab and monitored
closely with serial brain imaging. However, in symptomatic
patients, particularly those with corticosteroid requirements or
those with intracranial disease progression on nivolumab plus
ipilimumab, SRS remains a standard of care. Our current dose of
21 Gy was based partially on the relative radioresistance of
melanoma as well as the results reported in RTOG 95-05 that
looked at single-fraction doses of recurrent, previously irradiated
primary brain tumors and metastases (9). Using doses >20 Gy for
small lesions is generally considered safe; however, in the setting
of treatment with ICI, lower doses may prove to be as effective
and carry less risk for developing RN. Limitations of this study
include its relative small sample size, low event rate, which may
limit our ability to identify correlations, as well as the limitations
inherent to any retrospective analysis. As clinical outcomes
continue to improve in this patient setting, continued research
is needed to determine the ideal sequencing and dosing of
systemic agents and SRS.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Georgetown University Hospital IRB2017-1149.
Written informed consent for participation was not required
for this study in accordance with the national legislation and the
institutional requirements.
AUTHOR CONTRIBUTIONS

This study was not supported by outside funding. AB, BC, MC,
and SC all contributed to study concept, design, and/or
acquisition of data. AB and MC completed the data collection.
MC, AB, and SC contributed to the data analysis. MC, AB, SC,
BC, MA, GG, AA, and WJ were responsible for drafting the
article. All authors contributed to revising and giving final
approval to the article. All authors agree to be accountable for
all aspects of the work including its accuracy and integrity.
REFERENCES

1. Melanoma of the Skin - Cancer Stat Facts. Available at: https://seer.cancer.
gov/statfacts/html/melan.html (Accessed 22nd August 2021).

2. Sloot S, Chen YA, Zhao X, Weber JL, Benedict JJ, Mule JJ, et al. Improved
Survival of Patients With Melanoma Brain Metastases in the Era of Targeted
BRAF and Immune Checkpoint Therapies. Cancer (2018) 124(2):297–305.
doi: 10.1002/cncr.30946

3. Feng R, Oermann EK, Shrivastava R, Gold A, Collins BT, Kondziolka D, et al.
Stereotactic Radiosurgery for Melanoma Brain Metastases: A Comprehensive
Clinical Case Series. World Neurosurg (2017) 100:297–304. doi: 10.1016/
j.wneu.2017.01.014
FIGURE 3 | Radiation necrosis in patients treated to cumulative volume >6.5
cm3 vs < 6.5 cm3.
January 2022 | Volume 11 | Article 794615

https://seer.cancer.gov/statfacts/html/melan.html
https://seer.cancer.gov/statfacts/html/melan.html
https://doi.org/10.1002/cncr.30946
https://doi.org/10.1016/j.wneu.2017.01.014
https://doi.org/10.1016/j.wneu.2017.01.014
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Burke et al. Melanoma Brain Metastases Treated With SRS/IT
4. Aoyama H, Shirato H, Tago M, Nakagawa K, Tatsuya T, Hatano K, et al.
Stereotactic Radiosurgery Plus Whole-Brain Radiation Therapy vs
Stereotactic Radiosurgery Alone for Treatment of Brain Metastases: A
Randomized Controlled Trial. JAMA (2006) 295:2483. doi: 10.1001/
jama.295.21.2483

5. Brown PD, Jaeckle K, Ballman KV, Farace E, Cerhan JH, Anderson SK, et al.
Effect of Radiosurgery Alone vs Radiosurgery With Whole Brain Radiation
Therapy on Cognitive Function in Patients With 1 to 3 Brain Metastases: A
Randomized Clinical Trial. JAMA (2016) 316:401. doi: 10.1001/jama.
2016.9839

6. Chang EL, Wefel JS, Hess KR, Allen PK, Lang FF, Kornguth DG, et al.
Neurocognition in Patients With Brain Metastases Treated With
Radiosurgery or Radiosurgery Plus Whole-Brain Irradiation: A Randomised
Controlled Trial. Lancet Oncol (2009) 10:1037–44. doi: 10.1016/S1470-2045
(09)70263-3

7. Yamamoto M, Serizawa T, Shuto T, Akabane A, Higuchi Y, Kawagishi J, et al.
Stereotactic Radiosurgery for Patients With Multiple Brain Metastases
(JLGK0901): A Multi-Institutional Prospective Observational Study. Lancet
Oncol (2014) 15:387–95. doi: 10.1016/S1470-2045(14)70061-0

8. Sneed PK, Mendez J, Vemer-van den Hoek JGM, Seymour ZA, Ma L,
Molinaro AM, et al. Adverse Radiation Effect After Stereotactic
Radiosurgery for Brain Metastases: Incidence, Time Course, and Risk
Factors. J Neurosurg (2015) 123:373–86. doi: 10.3171/2014.10.JNS141610

9. Shaw E, Scott C, Souhami L, Dinapoli R, Kline R, Loeffler J, et al. Single Dose
Radiosurgical Treatment of Recurrent Previously Irradiated Primary Brain
Tumors and Brain Metastases: Final Report of RTOG Protocol 90-05. Int J
Radiat Oncol Biol Phys (2000) 47:291–8. doi: 10.1016/S0360-3016(99)00507-6

10. Weber JS, D’Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al.
Nivolumab Versus Chemotherapy in Patients With Advanced Melanoma
Who Progressed After Anti-CTLA-4 Treatment (CheckMate 037): A
Randomised, Controlled, Open-Label, Phase 3 Trial. Lancet Oncol (2015)
16:375–84. doi: 10.1016/S1470-2045(15)70076-8

11. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey CL,
et al. Overall Survival With Combined Nivolumab and Ipilimumab in
Advanced Melanoma. N Engl J Med (2017) 377:1345–56. doi: 10.1056/
NEJMoa1709684

12. Topalian SL, Sznol M, McDermott DF, Kluger HM, Carvajal RD, Sharfman
WH, et al. Survival, Durable Tumor Remission, and Long-Term Safety in
Patients With Advanced Melanoma Receiving Nivolumab. J Clin Oncol (2014)
32:1020–30. doi: 10.1200/JCO.2013.53.0105

13. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, et al. Nivolumab
in Previously Untreated Melanoma Without BRAF Mutation. N Engl J Med
(2015) 372:320–30. doi: 10.1056/NEJMoa1412082

14. Larkin J, Shiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined Nivolumab and Ipilimumab or Monotherapy in Untreated
Melanoma. N Engl J Med (2015) 373:23–34. doi: 10.1056/NEJMoa1504030

15. Kiess AP, Wolchok JD, Barker CA, Postow MA, Tabar V, Huse JT, et al.
Stereotactic Radiosurgery for Melanoma Brain Metastases in Patients Receiving
Ipilimumab: Safety Profile and Efficacy of Combined Treatment. Int J Radiat
Oncol Biol Phys (2015) 92:368–75. doi: 10.1016/j.ijrobp.2015.01.004

16. Patel KR, Shoukat S, Oliver DE, Chowdhary M, Rizzo M, Lawson DH, et al.
Ipilimumab and Stereotactic Radiosurgery Versus Stereotactic Radiosurgery
Alone for Newly Diagnosed Melanoma Brain Metastases. Am J Clin Oncol
(2017) 40:444–50. doi: 10.1097/COC.0000000000000199

17. Ahmed KA, Abuodeh YA, Echevarria MI, Arrington JA, Stallworth DG,
Hogue C, et al. Clinical Outcomes of Melanoma Brain Metastases Treated
With Stereotactic Radiosurgery and Anti-PD-1 Therapy, Anti-CTLA-4
Therapy, BRAF/MEK Inhibitors, BRAF Inhibitor, or Conventional
Chemotherapy. Ann Oncol (2016) 27:2288–94. doi: 10.1093/annonc/mdw417

18. Ahmed KA, Stallworth DG, Kim Y, Johnstone PAS, Harrison LB, Caudell JJ,
et al. Clinical Outcomes of Melanoma Brain Metastases Treated With
Stereotactic Radiation and Anti-PD-1 Therapy. Ann Oncol (2016) 27:8. doi:
10.1093/annonc/mdv622

19. Goldberg SB, Gettinger SN, Mahajan A, Chiang AC, Herbst RS, Sznol M, et al.
Pembrolizumab for Patients With Melanoma or Non-Small-Cell Lung Cancer
and Untreated Brain Metastases: Early Analysis of a non-Randomised, Open-
Label, Phase 2 Trial. Lancet Oncol (2016) 17:976–83. doi: 10.1016/S1470-2045
(16)30053-5
Frontiers in Oncology | www.frontiersin.org 6
20. Mathew M, Tam M, Ott PA, Pavlick AC, Rush SC, Donahue BR, et al.
Ipilimumab in Melanoma With Limited Brain Metastases Treated With
Stereotactic Radiosurgery. Melanoma Res (2013) 23:191–5. doi: 10.1097/
CMR.0b013e32835f3d90

21. Queirolo P, Spagnolo F, Ascierto PA, Simeone E, Marchetti P, Scoppola A,
et al. Efficacy and Safety of Ipilimumab in Patients With Advanced Melanoma
and Brain Metastases. J Neurooncol (2014) 118(1):109–16. doi: 10.1007/
s11060-014-1400-y

22. Silk AW, Bassetti MF, West BT, Tsien CI, Lao CD. Ipilimumab and Radiation
Therapy for Melanoma Brain Metastases. Cancer Med (2013) 2:899–906. doi:
10.1002/cam4.140

23. Margolin K, Ernstoff MS, Hamid O, Lawrence D, McDermott D, Puzanov I,
et al. Ipilimumab in Patients With Melanoma and Brain Metastases: An
Open-Label, Phase 2 Trial. Lancet Oncol (2012) 13:459–65. doi: 10.1016/
S1470-2045(12)70090-6

24. An Y, Jiang W, Kim BYS, Qian JM, Tang C, Fang P, et al. Stereotactic
Radiosurgery of Early Melanoma Brain Metastases After Initiation of Anti-
CTLA-4 Treatment Is Associated With Improved Intracranial Control.
Radiother Oncol (2017) 125:80–8. doi: 10.1016/j.radonc.2017.08.009

25. Long GV, Atkinson V, Lo S, Sandhu S, Guminski AD, Brown MP, et al.
Combination Nivolumab and Ipilimumab or Nivolumab Alone in Melanoma
Brain Metastases: A Multicentre Randomised Phase 2 Study. Lancet Oncol
(2018) 19:672–81. doi: 10.1016/S1470-2045(18)30139-6

26. Tawbi HA, Forsyth PA, Algazi A, Hamid O, Hodi FS, Moschos SJ, et al.
Combined Nivolumab and Ipilimumab in Melanoma Metastatic to the Brain.
N Engl J Med (2018) 379:722–30. doi: 10.1056/NEJMoa1805453

27. Colaco RJ, Martin P, Kluger HM, Yu JB, Chiang VL. Does Immunotherapy
Increase the Rate of Radiation Necrosis After Radiosurgical Treatment of
Brain Metastases? J Neurosurg (2016) 125:17–23. doi: 10.3171/2015.6.
JNS142763

28. Fang P, Jiang W, Allen P, Glitza I, Guha N, Hwu P, et al. Radiation Necrosis
With Stereotactic Radiosurgery Combined With CTLA-4 Blockade and PD-1
Inhibition for Treatment of Intracranial Disease in Metastatic Melanoma.
J Neurooncol (2017) 133:595–602. doi: 10.1007/s11060-017-2470-4

29. Kohutek ZA, Yamada Y, Cha TA, Brennan CW, Tabar V, Gutin PH, et al.
Long-Term Risk of Radionecrosis and Imaging Changes After Stereotactic
Radiosurgery for Brain Metastases. J Neurooncol (2015) 125:149–56. doi:
10.1007/s11060-015-1881-3

30. Martin AM, Cagney DN, Catalan PJ, Alexander BM, Redig AJ, Schoenfeld JD,
et al. Immunotherapy and Symptomatic Radiation Necrosis in Patients With
Brain Metastases Treated With Stereotactic Radiation. JAMA Oncol (2018) 4
(8):1123–4. doi: 10.1001/jamaoncol.2017.3993

31. Knisely JPS, Yu JB, Flanigan J, Sznol M, Kluger HM, Chiang VLS.
Radiosurgery for Melanoma Brain Metastases in the Ipilimumab Era and
the Possibility of Longer Survival: Clinical Article. J Neurosurg (2012)
117:227–33. doi: 10.3171/2012.5.JNS111929

32. Pires da Silva I., Glitza IC, Haydu LE, Johnpulle R, Banks PD, Grass GD, et al.
Incidence, Features and Management of Radionecrosis (RN) in Melanoma
Patients (Pts) Treated With Cerebral Radiotherapy (RT) and Anti-PD-1
Antibodies (PD1). J Clin Oncol (2017) 32(4):553–63. doi: 10.1111/pcmr.12775

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Burke, Carrasquilla, Jean, Collins, Anaizi, Atkins, Gibney and
Collins. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
January 2022 | Volume 11 | Article 794615

https://doi.org/10.1001/jama.295.21.2483
https://doi.org/10.1001/jama.295.21.2483
https://doi.org/10.1001/jama.2016.9839
https://doi.org/10.1001/jama.2016.9839
https://doi.org/10.1016/S1470-2045(09)70263-3
https://doi.org/10.1016/S1470-2045(09)70263-3
https://doi.org/10.1016/S1470-2045(14)70061-0
https://doi.org/10.3171/2014.10.JNS141610
https://doi.org/10.1016/S0360-3016(99)00507-6
https://doi.org/10.1016/S1470-2045(15)70076-8
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1200/JCO.2013.53.0105
https://doi.org/10.1056/NEJMoa1412082
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1016/j.ijrobp.2015.01.004
https://doi.org/10.1097/COC.0000000000000199
https://doi.org/10.1093/annonc/mdw417
https://doi.org/10.1093/annonc/mdv622
https://doi.org/10.1016/S1470-2045(16)30053-5
https://doi.org/10.1016/S1470-2045(16)30053-5
https://doi.org/10.1097/CMR.0b013e32835f3d90
https://doi.org/10.1097/CMR.0b013e32835f3d90
https://doi.org/10.1007/s11060-014-1400-y
https://doi.org/10.1007/s11060-014-1400-y
https://doi.org/10.1002/cam4.140
https://doi.org/10.1016/S1470-2045(12)70090-6
https://doi.org/10.1016/S1470-2045(12)70090-6
https://doi.org/10.1016/j.radonc.2017.08.009
https://doi.org/10.1016/S1470-2045(18)30139-6
https://doi.org/10.1056/NEJMoa1805453
https://doi.org/10.3171/2015.6.JNS142763
https://doi.org/10.3171/2015.6.JNS142763
https://doi.org/10.1007/s11060-017-2470-4
https://doi.org/10.1007/s11060-015-1881-3
https://doi.org/10.1001/jamaoncol.2017.3993
https://doi.org/10.3171/2012.5.JNS111929
https://doi.org/10.1111/pcmr.12775
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Volume of Disease as a Predictor for Clinical Outcomes in Patients With Melanoma Brain Metastases Treated With Stereotactic Radiosurgery and Immune Checkpoint Therapy
	Introduction
	Methods
	Patients
	Radiosurgery
	Immune Checkpoint Therapy
	Imaging
	Statistical Analysis

	Results
	Patient and Treatment Characteristics
	Radiotherapy Treatment Characteristics
	Clinical Outcomes

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


