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Abstract

Purpose/Objective(s) To determine, for intact melanoma brain metastases (MBM) treated with single-fraction stereotactic
radiosurgery (SRS), whether planning parameter peripheral dose per lesion diameter (PDLDm, Gy/mm) and lesion control
(LC) differs with versus without immunotherapy (10).

Materials/Methods We performed a retrospective analysis of patients with intact MBM treated with SRS from 2008 to
2019. Cox-frailty models were constructed to include confounders selected by penalized Cox regression models with a
LASSO selector. Interaction effect testing was used to determine whether a significant effect between 10 and PDLDm could
be demonstrated with respect to LC.

Results The study cohort comprised 67 patients with 244 MBMs treated with SRS (30 patients with 122 lesions treated
with both SRS and 10) were included. The logarithm of PDLDm was selected as a predictor of LC (HR 0.307, 95% CI
0.098-0.441), adjusting for IO receipt (HR 0.363, 95% CI 0.108—1.224). Interaction effect testing demonstrated a differen-
tial effect of PDLDm by IO receipt, with respect to LC (p=0.048). Twelve-month LC rates for a 7.5 mm lesion receiving
SRS (18 Gy) with 10 versus without IO were 87.8% (95% CI 69.0-98.3%) versus 79.8% (95% CI 55.1-93.8%) respectively.
Conclusion PDLDm predicted LC in patients with small MBMs treated with single-fraction SRS. We found a differential
effect of dose per lesion size and LC by immunotherapy receipt. Future studies are needed to determine whether lower doses
of single-fraction SRS afford similarly effective LC for patients with small MBMs receiving immunotherapy.
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Abbreviations HR Hazard Ratio
BM Brain Metastasis 10 Immunotherapy
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Introduction

Melanoma patients have a high incidence of both syn-
chronous and metachronous de novo brain metastases [1].
Stereotactic radiosurgery (SRS) has been demonstrated to
achieve high rates of lesion control in multiple published
series for appropriately selected melanoma brain metastases
(MBM) [2—4]. Achieving intracranial disease control has
become increasingly important, given the paradigm-shifting
improvement in clinical outcomes for selected patients with
locally advanced or metastatic melanoma with the advent
of novel immune-modulating therapies. Although multiple
published series have suggested improved lesion control
with combined modality therapy (SRS and immunotherapy),
some studies have reported higher rates of radiation necrosis
(RN) [5, 6]. Given that the SRS dose levels specified by
the Radiation Therapy Oncology Group (RTOG) trial 90-05
[7] were defined by maximal tolerated dose, there has been
interest in determining SRS doses associated instead with
optimal lesion control while simultaneously limiting normal
brain toxicity. Subsequent retrospective studies have sug-
gested there is a dose-volume (size) response relationship for
intact brain metastases receiving single-fraction SRS associ-
ated with lesion control and that peripheral dose per lesion
diameter (PDLDm, Gy/mm) may be a useful SRS planning
parameter [8, 9].

We performed a retrospective analysis of a prospectively
maintained cohort of consecutive intact MBM patients
treated with single-fraction SRS to determine whether the
relationship between the SRS planning parameter PDLDm
and lesion control differed with versus without immu-
notherapy (I0). If small MBMs treated with SRS and 10
do not demonstrate the same benefit from higher PDLDm
with regards to lesion control as MBMs treated with SRS
alone, one may question whether prescribed doses > 18 Gy
are necessary to obtain high rates of lesion control for
small MBMs treated with SRS and IO. This finding would
carry clinical significance, providing further rationale for
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studies investigating SRS dose de-escalation in the setting
of concomitant IO administration [10]. The overall aim is
to maintain excellent rates of lesion control with potentially
decreased risk of radiation necrosis.

Materials and methods
Patient cohort

We performed a retrospective analysis at a single institu-
tion from 2008 (following institution transition to ARIA®
treatment planning system) to 2019 (prior to the COVID-
19 pandemic) of MBM patients treated with SRS who
either received or did not receive 10. This study aimed to
assess whether the exposure of immunotherapy in MBM
patients receiving SRS impacted the SRS planning param-
eter PDLDm and whether lesion control differed between
cohorts. Institutionally, we avoid whole brain radiation
(WBRT) for patients with melanoma brain metastases in
favor of single or fractionated stereotactic radiation therapy
if feasible. The very small number of patients who receive
WBRT with melanoma brain metastases at our institution
are typically patients with innumerable brain metastases,
poor Karnofsky Performance Scale score, and concordantly
poor prognosis limiting ability to meaningfully character-
ize treatment effects or clinical outcomes. Institutional prac-
tice was to fractionate brain metastasis > 20 mm; therefore,
small brain metastasis (BM) was defined as <20 mm. 10
was administered either concurrently or within 12 weeks of
receiving SRS, and it included anti-PD-1, anti-CTLA-4, and
combination anti-PD-1/anti-CTLA-4 therapy. Standard dos-
ing was 3 mg/kg every third week (Q3 weekly) for up to 4
cycles for anti-CTLA-4 therapy, 2 mg/kg or 200 mg IV Q3
weekly until disease progression or unacceptable toxicity
for anti-PD1 therapy with pembrolizumab, and 240 mg IV
every second week (Q2 weekly) until disease progression or
unacceptable toxicity for anti-PD1 therapy with nivolumab.
Patients receiving combination received ipilumumab (3 mg/
kg) and nivolumab (1 mg/kg) IV Q3 weekly for up to 4
cycles with maintenance nivolumab (240 mg IV Q2 weekly)
until disease progression or unacceptable toxicity.

SRS treatment technique

Patients were included if they were treated using one of two
relevant machines available at our institution: the Varian
Trilogy Linear Accelerator (Varian, Palo Alto, California,
USA) or the CyberKnife linear accelerator (Accuray, Sunny-
vale, California, USA). All patients were immobilized with
the use of a thermoplastic face mask in the supine position in
accordance with standard practice. MRI of the whole brain
with 0.75 mm thin slices was fused to the treatment planning
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simulation CT for optimal target delineation. The planning
target volume was defined as the contrast enhancing lesion
delineated on T1 weighted imaging sequences with gado-
linium, incorporating both targeting and setup error. An
additional planning target volume (PTV) margin was not
routinely added at our center to minimize potential toxicity
from increased dose to adjacent normal brain parenchyma
[11].

Failure criteria

Local failure was defined using a modified evaluation crite-
ria in solid tumors (RECISTv1.1). All patients in this cohort
received one SRS treatment. Therefore, MBM requiring sur-
gical intervention with pathologic confirmation of viable
malignancy, requiring additional SRS, or progressive growth
(defined as >20% increase in diameter with a minimum
increase of 5 mm) on MR imaging were considered local
failures. Further, an additional criterion of serial growth on
2 consecutive MR imaging sequences was used.

Distant brain failure was defined by the development of
additional (new) brain metastases after radiosurgery deter-
mined by imaging, additional intracranial radiation (SRS or
whole brain radiotherapy (WBRT)), or surgical resection of
a non-previously known brain metastasis. Overall survival
(OS) was defined as time from SRS to death from any cause.
Radiation necrosis was defined/determined by consensus
opinion from our institutional multidisciplinary neuro-
oncology tumor board comprised of radiation oncologists,
neuro-oncologists, neurosurgeons, and neuroradiologists as
recommended by guidelines from the RANO group [12].
Advanced imaging sequences including MR spectroscopy,
MR perfusion, T2 weighted sequences to assess edema, and
diffusion-weighted imaging were used and assessed by the
multidisciplinary tumor board to help differentiate RN from
recurrent or residual disease. Symptomatic radiation necro-
sis was defined as RN meeting the aforementioned criteria
requiring intervention such as steroids, bevacizumab, or
craniotomy. Our institutional practice, which informed our
protocol has been to obtain an MRI one month after treat-
ment completion, every 3 months within the first year in
absence of new neurologic symptoms, every 4 months in
the second year with consideration of further spacing pend-
ing neurologic symptoms and development of intracranial/
extracranial disease progression.

Statistical analyses

All analyses were performed using the R statistical software
(R Foundation for Statistical Computing, Vienna, Austria).
Baseline patient demographic, lesion and treatment factors
were collected and adjusted for in the performed analyses.
Descriptive statistics were used to describe both the overall

patient and lesion cohort subgroups stratified by 10 receipt.
Clinical outcomes of interest included freedom from local
failure (LF), freedom from distant brain failure (DBF), over-
all survival and symptomatic radiation necrosis.
Kaplan—Meier methods were used to estimate survival
outcomes including freedom from LF with a frailty term
[13] to account for multiple lesions within the same patient.
Cox models were fit to assess the impact of 1O on each of the
clinical outcomes with a frailty term included for outcomes
measured on the lesion-level. Multivariable Cox frailty
models were constructed to include confounders selected
by penalized Cox regression models with a least absolute
shrinkage and selection operator (LASSO) selector with IO
always included as the main predictor of interest. Interaction
effect testing was used to determine whether IO modulated
the relationship between LF and PDLDm in the Cox frailty
model. To reduce skewness, a log-transformation of PDLDm
is used in all Cox models, but results are reported back on
the corresponding (non-logarithmic) scale. The probability
of freedom from LF at 12 months was estimated from the
Cox frailty model with interaction, and curves depicting the
relationship between these predicted probabilities with and
without IO across the range of PDLDm values are reported.
The choice of parametric vs non-parametric test was
based on sample distribution. When data were approxi-
mately bell-shaped, parametric test (two-sample t-test) was
used. When certain characteristics displayed substantially
non-normality—such as small counts (e.g. number of brain
metastases), skewed variables (e.g. tumor size character-
istics), and variables with substantial ties/repeated values
(e.g. peripheral dose)—for such variables and the moderate
cohort size, the non-parametric test (Mann—Whitney U test)
was used and summarized as median and inter quartile range
(IQR). To denote which variables are summarized using
non-parametric methods, we displayed the IQR in brackets
to distinguish from the sample standard deviation for the
approximately normal variables (shown as a single number).

Results
Patient characteristics

A summary of patient and tumor characteristics, as well
as treatment factors are outlined in Table 1. The study
cohort was comprised of 67 consecutive patients with an
average of 61 years of age and a total of 244 MBMs. The
median follow-up time for patients receiving SRS alone was
6.9 months and 8.4 months for patients receiving SRS with
IO (p=0.284). A significant difference was appreciated in
the year of diagnosis, wherein the SRS alone cohort were
diagnosed in 2010 and the SRS with immunotherapy were
diagnosed in 2015 (p <0.001). Of the 67 included patients,
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Table 1 Baseline Patient Level

Demographic, Tumor and SRS Alone SRS with Immuno-  P-value
Treatment Factors therapy
N=37 55% N=30 45%
Female Biologic Sex 12 32% 9 30% 1.000
Age 61.8 14.4 61.1 13.0 0.825
KPS 0.070
60 2 5% 0 0%
70 6 16% 1 3%
80 8 22% 8 27%
90 18 49% 15 50%
100 3 8% 6 20%
Brain Metastasis at DX [1-3] 2 [2-4] 0.251
At least one Body Metastasis at DX 29 78% 23 77% 1.000
RPA 0.295
5 14% 3 10%
29 78% 27 90%
3 3 8% 0 0%
BRAF gene mutation 0.289
Negative 6 38% 10 63%
Positive 10 63% 6 38%
Unknown 21 14
Prior Chemotherapy 24 65% 8 26% 0.003
Prior Immunotherapy 3 8% 4 13% 0.692
Post Immunotherapy 11% 5 17% 0.500
Concurrent SRS 27 90%
Extracranial Control at SRS 8 22% 7 23% 1.000
Length of Follow-up (mo) 6.9 [3.0-11.6] 84 [3.7-22.3] 0.284
Diagnosis Year 2010 ['10-'13] 2015 ['13-17] <.001

Continuous variables reported with mean, standard deviation, and t-test p-value; unordered categorical
variables reported as n, sample proportion, and Fisher test p-value; ordered categorical variables (KPS and
RPA) reported as n, sample proportion, and Mann—Whitney test p-value; non-parametric variables reported
as median, [IQR in brackets], and Mann—Whitney test p-value

DX diagnosis, IQR interquartile range, KPS Karnofsky Performance Scale, mo month(s), RPA recursive
partitioning analysis, SRS stereotactic radiosurgery

55% (n=37) received SRS alone. Approximately half of
patients had a Karnofsky Performance Scale score of 90%.
Nearly 78% of patients also had at least 1 body metastasis
at time of diagnosis. In patients receiving SRS alone (and
known BRAF status), 63% were BRAF positive (compared
to 38% who also received 10), and 63% were BRAF negative
in those receiving SRS and IO (compared to 38% in SRS
alone). No significant difference was present with regards
to BRAF mutational status (p=0.289). In the SRS alone
cohort, 65% of patients had received prior chemotherapy
compared to 26% in the SRS and IO group (p=0.003).
Seventy-five lesions were treated using the Varian Tril-
ogy Linear Accelerator and 169 lesions were treated using
the CyberKnife linear accelerator. Lesion characteristics and
treatment factors are summarized in Table 2. A total of 244
lesions were captured across 67 patients in this study. Thirty
patients or 45% (all receiving SRS and 10) represented a
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total of 122 lesions. Forty-one lesions were treated with anti-
PD-1 (36 and 5 lesions were treated with pembrolizumab
and nivolumab respectively), 52 lesions were treated with
anti-CTLA-4, and 29 lesions were treated with combination
ipilumumab and nivolumab with maintenance nivolumab
until disease progression or unacceptable toxicity. Of the
122 lesions treated with SRS and 10, 61% (n=75) received
SRS concurrently with IO (SRS administration within
28 days of 10 administration), 14 lesions (11%) were treated
with SRS more than 28 days before 10 administration, and
33 lesions (27%) were treated with SRS more than 28 days
after IO administration. Lesions treated with SRS alone had
significantly higher rates of prior chemotherapy compared
to those treated with SRS and 10 (68% vs 34%, p<0.001).
The median lesion diameter was similar for the SRS with 10
(7.9 mm, IQR: 5.0-12.8 mm) versus without IO (7.4 mm,
IQR: 5.9-9.5 mm) subgroups (p=0.811). The median
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Table 2 Baseline Lesion (Brain SRS Alone SRS with Immuno- P-value
Metastasis) Level Tumor and therapy
Treatment Factors
n (lesions) 122 50% 122 50%
number of patients* 40 60% 30 45%
Immune Type
Pembro or Nivo 41 34%
Ipi 52 43%
Ipi/Nivo 29 24%
Diameter (mm) 7.4 [5.0-9.5] 7.9 [5.0-12.8] 0.811
Volume (mm?>) 147 [64—460] 160 [52-659] 0.840
Concurrent SRS 108 89%
Prior Chemotherapy 82 68% 41 34% <.001
Prior Immunotherapy 12 10% 9 7% 0.649
BRAF Gene Mutation <.001
Negative 16 28% 32 70%
Positive 41 2% 14 30%
Unknown 65 76
Peripheral Dose (Gy) 18 [18-18] 18 [18-18] 0.486
Maximum Dose (cGy) 2250  [2117-2352] 2212 [2152-2450]  0.825
Mean Dose (cGy)** 2029 [1955-2117] 2008 [1969-2119] 0.974
Peripheral Dose (Gy) / Diameter (mm) 2.53 [1.5-3.60] 2.3 [1.46-3.58] 0.807
Treatment Schedule
Concurrent 75 61%
SRS before 10 14 11%
10 before SRS 33 27%

Continuous variables reported with mean, standard deviation, and t-test p-value; unordered categorical
variables reported as n, sample proportion, and Fisher test p-value; ordered categorical variables (KPS and
RPA) reported as n, sample proportion, and Mann—Whitney test p-value; non-parametric variables reported
as median, [IQR in brackets], and Mann—Whitney test p-value

10 immunotherapy, Ipi ipilimumab, /QR interquartile range, Nivo nivolumab, Pembro pembrolizumab, SRS

stereotactic radiosurgery

*Three patients had lesions that we treated using SRS alone as well as other lesions treated with SRS +10

**77 lesion have unrecorded mean dose. For these lesions, values are imputed using the recorded maxi-

mum dose

peripheral SRS dose was 18 Gy for both lesions treated with
and without IO (p=0.486).

Survival, failure, and side effect profile

The 12-month OS rate was significantly higher for patients
with at least one lesion treated with SRS and 10 (48.5%,
CI 32-73.6%) compared to patients treated with SRS alone
(24.3%, CI 13.8-42.9, p=0.015, Fig. 1a). The 12-month
freedom from DBF rate was similar for patients treated with
SRS and 10 (30.4%, CI 15.2-60.7%) compared to patients
receiving SRS alone (20.0%, CI 8.6-46.7%, p =0.445,
Fig. 1b). With regards to lesion control, the 12-month free-
dom from local failure rate was also significantly higher for
lesions treated with SRS and 10 (83.9%, CI 64.4-97.1%)
with respect to lesions treated with SRS alone (75.3%, CI
59.1%-87.8%, p=0.040, Fig. 1c). The 12-month rate for

freedom from symptomatic radiation necrosis was higher for
patients receiving SRS with 10 (100%, CI 100-100%) com-
pared to patients receiving SRS alone (89%, CI 76.4-97.4%,
p=0.049, Fig. 1d). No significant difference in rates of
12-month freedom from asymptomatic radiation necrosis
was present for lesions treated with SRS and 10 (97.5%, CI
93.5-100%) versus lesions treated with SRS alone (94.7%,
CI 87.8-99.1%) in the study cohort (p=0.26). No signifi-
cant difference with regards to freedom from LF was present
in a univariable subgroup analysis of lesions treated with
SRS and IO stratified by treatment sequence (concurrent,
10 before SRS, SRS before 10, p=0.86).

Cox frailty modeling with the endpoint of OS found IO
receipt (Hazard Ratio (HR) 0.482, CI 0.265- 0.879) to be
a significant predictor of OS in the study cohort, and the
potential confounders of biologic sex, Karnofsky Perfor-
mance Scale, age, number of brain metastases at diagnosis,

@ Springer
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Fig.1 a Kaplan—-Meier curve comparing OS for subgroups strati-
fied by IO receipt. b Kaplan—-Meier curve comparing freedom from
DBF for subgroups stratified by IO receipt. ¢ Kaplan—-Meier curve

extracranial disease control time at diagnosis, extracranial
disease control at time of SRS surgical resection, recursive
partitioning analysis (RPA) class at diagnosis, BRAF muta-
tional status, prior chemotherapy, and prior immunotherapy
were all excluded by the LASSO selector (Table 3). Multi-
variable Cox frailty with the endpoint of DBF excluded all
available factors (IO receipt HR 0.776, CI 0.405-1.489).
With regards to lesion control, the SRS planning parameter
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comparing freedom from LF for subgroups stratified by IO receipt.
d Kaplan—Meier curve comparing freedom from symptomatic RN for
subgroups stratified by 1O receipt

PDLDm (HR 0.307, CI 0.098-0.441) was the only signifi-
cant predictor identified by the LASSO selector, with 10
receipt not meeting statistical significance after inclusion
of PDLDm (I0 HR 0.363, CI 0.108-1.224, Table 3). Inter-
action effect testing demonstrated a significant interaction
between IO receipt with SRS, peripheral dose per lesion
size and freedom from local failure in our study cohort
(p=0.048). The hazard ratio for PDLDm with regards to
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Tablle 3 Multivariable Cox Predictor Hazard Rate LCI UcCI p-value
Frailty Models
Outcome: Overall Survival (by Patient)*
10 0.482 0.265 0.879 0.017
Outcome: Distant Brain Failure (by Patient)*
10 0.776 0.405 1.489 0.446
Outcome: Local Failure (by Lesion)**
10 0.363 0.108 1.224 0.100
PDLDm 0.307 0.098 0.441 <.001
Outcome: Symptomatic Radiation Necrosis (by Lesion)***
10 0.101 0.010 0.988 0.049

I0immunotherapy, LCIlower confidence interval endpoint, UClupper confidence interval endpoint,
PDLDm peripheral dose per lesion diameter (Gy/mm on log-scale)

*LASSO model considered and excluded sex, age, Karnofsky Performance Scale, number of brain metasta-
sis at diagnosis, at least one body metastasis at diagnosis, resection, recursive partitioning analysis, BRAF
gene mutation, prior chemotherapy, prior immunotherapy, post immunotherapy, extracranial control

**LASSO model considered and excluded prior immunotherapy, tumor diameter (log-scale), mean dose,

BRAF gene mutation

*#*LASSO model considered and excluded PDLDm, prior immunotherapy, tumor diameter (log-scale),

mean dose, BRAF gene mutation

freedom from LF significantly differed in this model for
lesion treated with SRS alone (HR 0.117, CI 0.044-0.316)
compared to lesions treated with SRS and 10 (HR 0.634, CI
0.168-2.399). Regarding symptomatic RN, IO receipt (HR
0.101, CI 0.010-0.988) was associated with significantly
decreased risk of symptomatic RN with the log of tumor
diameter, mean dose, PDLDm, prior chemotherapy, prior
immunotherapy and BRAF mutational status excluded from
the Cox frailty model.

Lesion control

The estimated 12-month LC rates for a 7.5 mm lesion receiv-
ing a peripheral SRS dose of 18 Gy (PDLDm =2.4 Gy/mm)
with versus without IO were 87.8% (95% CI 79.0-98.3%)
versus 79.8% (95% CI 55.1-93.8%), respectively (Table 4).

As seen in Fig. 2, the greatest difference in 12-month
LC occurs for the largest lesions (i.e. smallest values of
PDLDm). For instance, the predicted 12-month lesion con-
trol for larger diameter lesions (18 mm) treated with SRS
to a dose of 18 Gy with IO is predicted to be substantially
higher (82.6%, CI 57.4-97%) relative to those treated with
SRS alone (25.0%, CI 1.6-56.8%, p <0.01, Table 4).

Discussion

In this retrospective investigation of a prospectively main-
tained cohort of consecutively treated MBM patients receiv-
ing SRS with or without 10, SRS with IO was associated
with improved OS. SRS with IO was also associated with
improved freedom from LF at 12 months by univariable

Table 4 Actuarial Estimates of 12-month lesion control stratified by immunotherapy receipt and peripheral dose per lesion diameter (18 Gy sin-

gle fraction dose)

SRS Alone SRS with Immunotherapy
Peripheral Dose /Lesion Corresponding diameter (mm) 12mo LC% (%) Confidence Interval 12mo LC% (%) Confidence
Diameter (PDLDm) for 18 Gy Dose (mm) (%) Interval (%)
0.5 Gy/mm 36 0.3 0.0 15.4 77.1 32.1 97.6
1 Gy/mm 18 25.0 1.6 56.8 82.6 574 97.0
2 Gy/mm 9 71.9 42.7 90.1 86.9 68.2 97.9
2.4 Gy/mm 7.5 79.8 55.1 93.8 87.8 69.0 98.3
5 Gy/mm 3.6 95.2 84.5 99.3 91.1 65.9 99.4
10 Gy/mm 1.8 98.8 94.5 99.9 93.3 57.9 99.8

12mo 12 month, LC Local control, PDLDm parameter peripheral dose per lesion diameter
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12mo Local Control Probability by Dose/Diam
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Fig.2 Dose-Size Response (Local Control) for MBMs in cohort
stratified by 10 receipt

modeling with a trend towards improved freedom from LF
when accounting for PDLDm. The SRS planning param-
eter PDLDm was selected as a significant predictor of LF.
With regards to the primary study endpoint of determin-
ing whether a differential peripheral dose per lesion size
relationship was present between MBM receiving SRS with
versus without IO, interaction effect testing demonstrated a
significant interaction between peripheral dose per lesion
size, 10 receipt, and freedom from LF. SRS without IO was
associated with poor lesion control for larger lesions (i.e. the
smallest PDLDm values), whereas SRS with IO was associ-
ated with effective 12-month freedom from LF across all
lesion sizes. In aggregate, our results suggest a potential dif-
ference in the effect of dose per lesion size by 10 receipt for
small MBMs treated with single-fraction SRS. Small MBMs
treated with SRS and IO did not show the same LC benefit
with escalated PDLDm as those treated with SRS alone,
raising the question of whether peripheral doses of > 18 Gy
are necessary to obtain high LC rates small MBMs treated
with SRS and IO. This finding may be clinically significant,
given the association between higher prescribed SRS doses
and higher tissue V12 associated with risk of RN [14, 15].
Multiple prior investigations have associated excellent
clinical outcomes including high rates of lesion control for
MBM patients treated with SRS and 10 compared to SRS
alone [2, 3, 16, 17]. However, select series have reported
relatively high rates of RN with SRS and 1O [5, 6]—rais-
ing concern for potential increased risk of toxicity with
combined modality treatment. The single fraction SRS
dose recommendations provided by RTOG 90-05 [7] were
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designed with respect to maximal tolerated dose in lieu of
optimal lesion control. This led to interest in better defin-
ing the single-fraction SRS dosing associated with optimal
BM control [8, 9]. Further, the initial single fraction SRS
dose level of 18 Gy for BM <20 mm in maximum diam-
eter in RTOG 90-05 demonstrated an 8% risk of > grade
3 chronic CNS toxicity. Consequently, there is interest in
determining if de-escalated single fraction SRS doses with
10 receipt could maintain excellent rates of LC with more
favorable toxicity profiles [10].

Efforts to define SRS planning parameters balancing
optimal brain metastatic control with minimizing normal
tissue toxicity have been described in the available litera-
ture [8, 9, 18, 19]. In a previous investigation performed at
our center of 121 patients with 316 brain metastases from
various primary tumor histologies, we previously found
SRS dose per lesion size (Gy/mm) to be significantly asso-
ciated with lesion control for small (<3 c¢m) brain metas-
tases treated with SRS alone [8]. The current investigation
similarly found that peripheral dose per lesion size (Gy/
mm) was significantly associated with LC by multivariable
modeling. Of interest, we noted a differential effect of dose
per lesion size with regards to lesion control by IO receipt.
Estimates of LC at 12 months remained relatively high for
even large diameter lesions (> 18 mm) treated with SRS
and IO. In contrast, a steep decline in actuarial LC rate at
12 months was present for larger diameter lesions treated
with SRS alone. Rates of symptomatic RN were favorable
with combined SRS and IO treatment.

Our institutional experience regarding optimal radia-
tion dose per lesion size [8] was concordant with results
published by Vogelbaum et al. [20] and Schoeggl et al.
[21], which supported larger BM requiring higher RT
doses using single-fraction SRS to achieve similar local
control rates seen with SRS for smaller BM. RTOG 90-05
associated a maximum tolerated dose of 18 Gy for single
fraction SRS for brain metastases 2.1-3.0 cm, which was
not an optimal dose for local control in our experience for
lesions of this size [22]. There is concern for increased
risk of RN with single-fraction dose escalation, particu-
larly increased risk of symptomatic RN with single frac-
tion SRS and concomitant immunotherapy [5]. Published
literature supports consideration of hypofractionated RT
for lesions > 2 cm [23-25], with favorable toxicity and
efficacy profiles. The optimal dose of RT with regards to
immunogenicity is unknown. However, emerging preclini-
cal data has associated highly ablative single doses of RT
(>12-18 Gy) to be associated with induction of DNA exo-
nuclease Trex|—which may attenuate immunogeneicty by
degrading cytosolic DNA [26]. Other high-volume centers
have differing practices regarding criteria for hypofrac-
tionation or the use of staged SRS. Thus, we emphasize
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careful consideration of our cohort and treatment when
extrapolating results to patients treated with different treat-
ment schema.

There is a growing large body of literature on the possible
mechanisms for enhanced efficacy of radiotherapy with the
addition of immunotherapy. Some have suggested that the
ablative doses of RT have immunostimulatory effects on the
tumor microenvironment [27-29], including upregulation of
cytotoxic CD8(+) T-cells, increased antigen presentation,
upregulation of dendritic cells/other antigen presenting cells,
which may increase the efficacy of 10. The optimal timing
remains unclear, but we defer to concurrent treatment as
defined by Qian et al. to mean within 4 weeks of initiating
SRS [2].

These findings are hypothesis-generating and require
further validation. Multiple limitations in addition to those
inherent to retrospective analysis, such as selection bias, are
present in this study and merit further discussion. Despite
including 67 patients with over 240 MBM lesions, our
patient and lesion sample size is relatively small. Despite
SRS principles being strictly adhered to, it is possible that
some level of confounding bias may be possible in a small
cohort when using two different external beam radiation
machines to deliver the single fraction dose. Moreover,
there is a potential confounding effect of chemotherapy, the
extent to which is unknown. SRS patients tended to have
earlier treatment dates on average compared to the combined
SRS and IO group and were thus likely to be pretreated
with chemotherapy and other interventions prior to the
introduction of immunotherapy in our institution. Addition-
ally, MBMs > 2 cm are typically treated with fractionated
stereotactic radiotherapy at our institution. Subsequently,
the median lesion size for our cohort was relatively small
at<1 cm, and the results of this study may not be applica-
ble to larger MBM. Additionally, most lesions treated with
either SRS alone or SRS with 10 received 18 Gy, and future
studies utilizing differing single-fraction SRS doses are
needed to provide additional nuance regarding the impact
of SRS dose variance in the dose-size response relationship.
Moreover, at the time of the study design, no reliable data
was available to observe local control in a cohort receiving
immunotherapy alone. Our institutional practice has been
to refer melanoma patients with known brain metastases for
radiation, and thus records for known brain metastases who
did not receive radiation is not well documented. Practice
patterns evolved at our institution over the study interval
concordant with the advent of novel immune-modulating
agents and subsequent literature demonstrating efficacy of
these agents for patients with melanoma. We, for example,
were not able to assess differences in outcomes as it related
to type and dose of immunotherapy, which we believe
should be a point for future investigation. While this is an
acknowledged limitation, this study provides a hypothesis/

rationale for single fraction de-escalation with concomitant
I0. Consequently, the median year of diagnosis was earlier
for patients receiving SRS alone compared to those treated
with SRS and IO. Lesions treated with SRS alone were also
more heavily pre-treated with pre-SRS chemotherapy rela-
tive to those treated with SRS and IO, contributing to hetero-
geneity within these subgroups and potential modulation of
RN. Lesions treated with SRS and IO were associated with
favorable rates of symptomatic RN in our cohort. However,
we do not propose combined SRS and IO approaches to be
associated with decreased risk of RN relative to SRS alone.

Conclusions

The findings of this investigation support PDLDm as a use-
ful SRS planning parameter associated with LC for small
MBMs (median between cohorts were < 8 mm). We identi-
fied a differential effect of dose per lesion size and LC by IO
receipt with high rates of LC at 12 months for even larger
diameter lesions receiving SRS up to a dose of 18 Gy with
10. Therefore, peripheral doses > 18 Gy may be unnecessary
to obtain high LC rates for small MBMs treated with SRS
and I0O. This could support rationales for both planned and
ongoing studies investigating SRS dose de-escalation in the
setting of concomitant IO administration. Future prospective
studies of larger cohorts treated with variable SRS doses are
needed to validate our analyses.
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