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Abstract

Radiation therapy continues to play an important role in the management of cancer. In this review, we discuss the use of
radiation therapy to target and control micrometastatic disease (adjuvant use of radiation), or using stereotactic radiation
therapy to address small volumes of gross disease, such as oligometastases, and finally the use of radiation therapy in the
era of immunotherapy. Radiation therapy is commonly used to treat nodal basins suspected of harboring microscopic dis-
ease. More recently, computer and technical innovations have allowed radiation oncologists to treat small volumes of gross
disease within the brain and also in the body with great success, adding to the cancer armamentarium. This modality of
cancer treatment that began shortly after the discovery of X-rays by William Roentgen continues to evolve and finds new
clinical applications which minimize toxicity while increasing effectiveness. The newly discovered interactions of high dose/
fraction radiation (stereotactic radiosurgery) with immune check point inhibitors in melanoma is the latest example of how
synergism can be achieved between two different modalities thus increasing the therapeutic ratio to control metastatic cancer.

Keywords Stereotactic radiosurgery - Adjuvant radiation - Oligometastatic disease - Synergism of stereotactic
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Introduction

Over the last several years, the field of radiation oncology
has continued to enjoy exciting and important developments.
Indeed, yearly advances occur in all areas of radiation oncol-
ogy. Some of the topics discussed herein include the use of
radiation therapy to target and control micrometastatic dis-
ease (adjuvant use of radiation), or using stereotactic radia-
tion therapy to address small volumes of gross disease, such
as oligometastases, and finally the use of radiation therapy
in the era of immunotherapy.

An area of important ongoing technical advances is the
use of stereotactic radiation therapy in the treatment of early
lung cancers, brain metastases, as well as in the treatment
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of foci of oligo-metastatic disease in the body using a tech-
nique commonly called stereotactic body radiotherapy
(SBRT) or stereotactic radiosurgery (SRS) when treating
brain metastases. Stereotactic radiotherapeutic techniques
have been developed to allow accurate delivery of high dose
treatments to localized target lesions, while limiting dose
to normal surrounding tissues, often resulting in a much
improved side effects profile. As our experience grows and
matures, particularly in the case of oligometastatic disease,
we will be learning a great deal in the next few years as to
whether this treatment will translate into better outcomes
for patients. Information on our current status is explored in
the coming pages.

More exciting and contemporary advances include the use
of radiation therapy in combination with immunotherapy,
which has brought out important and interesting new find-
ings, particularly in that the use of radiation therapy during a
time of immunotherapy is now fairly common, often result-
ing in a significant increase in survival for certain cancers
such as melanoma. We are steadily gaining more insight
into the effect of radiation treatments on target lesions in the
setting of immune check-points inhibitors, and also learning
more about the potential positive effect of such radiation
treatments on the overall immune response in non-targeted

@ Springer


http://orcid.org/0000-0003-1895-2248
http://crossmark.crossref.org/dialog/?doi=10.1007/s10585-018-9926-6&domain=pdf
http://www.cancermetastasis.org
http://www.cancermetastasis.org

536

Clinical & Experimental Metastasis (2018) 35:535-546

areas (abscopal effect). These areas are discussed in more
detail in this review article.

Oligometastatic lung cancer as a paradigm
for the use of aggressive local therapy

SBRT is commonly used in the treatment of either T1/
T2 primary lung cancer in patients who are non-surgical
candidates or in oligo-metastatic lung cancer. Lung cancer
accounts for approximately 15% of the new cancers diag-
noses in the United States and while it is the second most
common cancer, it has the highest cancer mortality rate [1].
At presentation, approximately 40% of patients already have
metastatic disease and these patients have a 5 year estimate
of overall survival (OS) of <10% [2, 3]. As for metastatic
cancer, there are two main hypotheses of spread, includ-
ing the Halsted concept of cancer spreading via contiguous
extension and the Fisher hypothesis of cancer propensity
to spread at presentation and thus necessitating systemic
approaches [4], although many cancers present somewhere
within this spectrum [5]. Another important consideration
in the development of metastases, is the “seed and soil” con-
dition in terms of the metastatic potential of tumor cells as
well as the destination microenvironment which allows for
the cancer cells to invade and grow [6]. Specifically, the pri-
mary sites of metastatic spread for non-small cell lung can-
cer (NSCLC) are: brain, bone, liver, lung, and adrenal glands
[7]. In addition, intratumor heterogeneity plays a significant
role in clinical outcome, as it determines the clonal nature
of driver events and evolutionary processes in NSCLC [8].
Multiregion whole exome sequencing of early-stage NSCLC
tumors that had been resected before any systemic therapy,
have demonstrated that an elevated copy number and intratu-
mor heterogeneity mediated through chromosome instability
were associated with an increased risk of recurrence or death
[hazard ratio (HR) 4.9, p=4.4 X 10_4] [8].

The term “oligometastatic disease” was coined by Hell-
man and Weichselbaum in 1995 [9]. Metastatic disease was
felt to represent a spectrum of conditions, with some patients
having widely metastatic deposits with a large tumor bur-
den while a subset of patients would have limited disease
and potentially a less aggressive disease course (oligometa-
static disease). It was hypothesized that this unique subset of
patients might benefit (in terms of disease progression and/
or OS) from aggressive localized therapies such as surgery,
radiotherapy, and other locally ablative techniques. The oli-
gometastatic subset would also have unique biologic char-
acteristics which would differentiate its disease course from
patients with more rapidly progressing widely metastatic
disease; furthermore, this subset may have unique clinical
and molecular characteristics allowing for a therapeutic win-
dow of treatment with multimodal therapy. According to this
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hypothesis, the spread of disease would be limited to specific
organs and in limited numbers [10]. At presentation, due to
clonal heterogeneity, certain clones may be more prone to
oligometastatic progression while others are more aggres-
sive and prone to “polymetastatic” disease; furthermore,
the disease spread could be either from the initial nidus of
disease or could originate from metastatic deposits them-
selves through secondary seeding [11]. Thus, aggressive
local therapy offers an opportunity to prevent seeding from
either the primary and/or metastases to other sites. Oligo-
metastatic disease implies a less rapid disease course and has
been traditionally defined as the presence of <3 metastatic
sites of disease (though some consider < 6 sites). Addition-
ally, oligometastatic disease may be defined by the timing
of its presentation during the disease course and its response
(or lack thereof) during treatment, such as de novo oligo-
metastatic disease, induced oligometastatic, oligorecurrent,
and oligoprogressive while on therapy [12], with several
investigators offering a framework of classification (Table 1)
[13—15]. Each of these may represent different disease sub-
sets, and caution must be made as a de novo oligometastatic
patient at presentation may differ significantly from a widely
metastatic patient with induced oligometastases. Addition-
ally, most investigators appear to treat intracranial versus
extracranial manifestations of oligometastatic disease as
separate entities with differing prognoses [16—18] though
others treat extra- and intracranial disease similarly [19, 20].
The question of how intracranial metastases are dealt with in
the context of oligometastatic studies is of interest, as cur-
rent phase III protocols differ on this approach; American
protocols, such as the NRG-LUOQ02 study, focus on extrac-
ranial manifestations of oligometastatic disease but allow
for the treatment of intracranial disease (and control of the
CNS disease) prior to enrollment while UK studies, such as
the SARON protocol, allow for intracranial disease as part
of enrollment [19].

Number of metastatic sites, intra- versus extra-cranial
disease, response to systemic therapy, rapidity of disease
progression/spread, and histology are all key aspects of oli-
gometastatic disease. Dose of radiation used to exterminate
foci of metastases also factor in the prognosis. A multi-
institutional pooled analysis, using recursive partitioning
analysis (RPA) methodology, examined factors associated
with long-term survival among 361 oligometastatic (defined
in this study as <5 extra-cranial sites) patients treated with
definitive intent with hypo-fractionated image guided
radiation therapy [21]. Primary tumor types included 17%
NSCLC, 19% colorectal cancer, and 16% breast cancer; the
results of this study showed an OS of 56%, a progression-
free survival (PFS) of 24%, and treated metastasis control
(TMC) of 72% at 3-years. On multivariate analysis, a bio-
logically equivalent dose or BED (derived using an o/ =10)
of >75 Gy was found to be associated with improved PFS,
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Table 1 Clinical categorization and examples of oligometastatic, oligorecurrent, and oligoprogressive non-small cell lung cancer (NSCLC)

Category Disease course timeline Type

(Divisi et al.

(13D

Characteristics

Clinical example, patient with
single L adrenal metastasis

Oligometastatic At presentation il

Oligorecurrent After definitive and >6 months  III
PFS
Oligoprogressive During adjuvant therapy or <6 v

months PFS after definitive

Induced oligometastatic ~ After 1st line (or later) therapy v
for polymetastases

Initial presentation with <3 (or
<5) synchronous metastases
with untreated primary

Treated primary, with longer
disease free interval, with <5
metastases

Treated primary with short
progression free interval with
development of <5 metastases
during adjuvant therapy

Treated/untreated primary with
polymetastatic disease s/p

...and synchronous RUL T2N2
primary, at presentation

...presenting at 2 year followup,
s/p chemoradiation of con-
trolled primary

...presenting 2 months after
lobectomy, during adjuvant
chemotherapy

...with no other disease at this
time, after seven other sites

therapy with residual <5 oligo-
metastatic sites

responded to chemotherapy

0S8, and TMC (all p<0.01). An attempt has been made to
create prognostic classes of patients based on known clini-
cal features; a RPA identified five classes of oligometa-
static patients based on their OS: class I consisted of three
cancers considered favorable, breast, kidney, and prostate
(BKP) with a 3-year OS of 75%. Class II consisted of other
primaries with time to metastasis > 75 months after defini-
tive treatment, and these patients had a 3-year OS of 85%.
Class III consisted of non-BKP primaries with shorter time
to metastasis (<75 month) and with <2 metastases, and
these patients had a 3-year OS of 55%. Finally, class IV and
V were non-BKP primaries, had shorter time (< 75 months)
to metastasis, had 3—5 metastases: for class IV, defined as
<61 years of age, the 3 year OS was 38% and finally for
class V, consisting of older patients > 61 years of age, the
3 year OS was only 13% [21].

For lung cancer, currently active studies addressing
oligometastatic disease have largely excluded those with
small cell histology given their higher rates of widely dis-
seminated disease, shorter intervals of PFS, and worse OS.
Approximately 70% of patients with SCLC, in fact, present
with extensive stage (ES-SCLC) or metastatic disease. The
CREST prospective phase 3 randomized trial demonstrated
that among patients with ES-SCLC who responded to chem-
otherapy, the addition of consolidative 30 Gy in 10 frac-
tions (vs. no thoracic radiation) significantly improved 2 year
OS (13% vs. 3%, p=0.004) and 6 month PFS (24% vs. 7%,
p=0.001), attesting to the ability of radiation therapy (RT)
in controlling advanced disease [22]. A subset analysis of
the CREST study suggested that those with oligometastatic
SCLC disease with <2 sites at presentation (compared to
>3 lesions) had improved OS (mOS 12.1 vs. 8.9 months,
p=0.02) and PFS (p=0.04) [23]. This study supports the
hypothesis that a subset of oligometastatic patients with

SCLCa may have a better prognosis. Within the context of
SCLCa, the RTOG conducted a randomized phase II trial
of PCI or PCI plus consolidative thoracic RT (45 Gy in 15
fractions) with N =97 residual oligometastatic SCLC of
<4 extracranial metastases (RTOG 0937) [24]. This study
unfortunately showed no difference in 1-year OS (60.1 vs.
50.8%, respectively, p=0.21) but demonstrated improved
PFS (HR 0.53, p=0.01) [24]. Thus, despite improvement
in loco-regional control and PFS, an aggressive local thera-
peutic approach to oligometastatic SCLC after initial therapy
may not benefit OS.

For NSCLC, based on estimates, approximately 50%
of patients with metastatic disease meet criteria for oligo-
metastatic classification; one study of 184 NSCLC stage
IV patients estimated that 31% of their patients had only
a single metastatic site while another 19% had 2-3 sites
[25]. Additionally, those with oligometastatic disease tend
to have better median overall survival (mOS) of 12.4 ver-
sus 6.1 months, p<0.001. Based on this and other studies,
aggressive local therapy such as adrenalectomy has long
been considered a viable practice for patients with adrenal
metastases as the sole site of disease [26]. Interestingly, a
recent analysis of the surgical adrenal metastatectomy expe-
rience from 1994 to 2015 at Memorial Sloan Kettering Can-
cer Center demonstrated that among 174 patients (39% with
NSCLC) undergoing surgery for adrenal metastases, there
was not a significant difference in OS or event free survival
(EFS) for patients with or without extra-adrenal metastases
(mOS 3.3 vs. 3.0 years p=0.816, EFS 9.39 vs. 9.59 months
p=0.87) [27]. These practices argue for an aggressive role
for local therapy, such as SBRT, in those individuals with
more than just one site of oligometastatic disease, given
comparable outcomes for patients with only adrenal metas-
tases and those with both adrenal and limited extra-adrenal

@ Springer



538

Clinical & Experimental Metastasis (2018) 35:535-546

lesions. SBRT is generally considered less toxic than inva-
sive surgical procedures and as such lends itself to a larger
group of patients.

Stereotactic body radiotherapy
for oligometastatic lung cancer

Advances in technology and treatment have allowed for
SBRT or stereotactic ablative body radiation (SABR) to
become an increasingly utilized local modality for treating
both primary and oligometastatic disease [28]. Key aspects
of SBRT are a limited number of fractions, necessity for
ablative doses per fraction (usually 10-15 Gy per fraction),
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and rapid dose fall off, allowing for sparing of adjacent nor-
mal structures (Fig. 1) [29]. This approach to cancer has
been associated with excellent local control [30].

In addition to two more recently reported phase II rand-
omized trials [16, 18], there have been multiple institutional
and retrospective studies on treatment of oligometastatic
lung cancer as well as several reported single arm phase 11
studies [17, 20, 31]. De Ruysscher reported a small Dutch
and Belgian prospective phase II trial of N =39 patients
with synchronous NSCLC oligometastases (<5 at pres-
entation), of whom 44% had brain involvement and 87%
had a single distant metastasis, who had undergone various
radical treatments including SBRT and surgery [20]. His-
tologies included 33% adenocarcinoma and 21% SCC, and
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Fig. 1 Stereotactic body radiotherapy (SBRT) application in treating
a small lung metastasis. a Example of a lung metastasis visualized
on a PET scan. b Linear accelerator gantry rotation showing path of
radiation beams. ¢ Radiation isodose lines, in cGy, depicting the rapid
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chemotherapy was a part of treatment for 94.9% of patients
(53.8% concurrent, 41.1% sequential). After radical treat-
ment, mOS was 13.5 months, median PFS was 12.1 months,
2-year OS and PFS were 23.3 and 13.6% respectively, while
Grade 3 toxicity was a modest 15% [20]. A separate Belgian
single arm phase II trial was reported by Collen et al. of
N =26 patients (65% adenocarcinoma) with induced oligo-
metastatic (<5 metastatic sites), oligoprogressive, oligor-
ecurrent, or oligometastatic disease at presentation, exam-
ining the role of SBRT to the primary and oligometastatic
sites; this study demonstrated median PFS of 11.2 months,
1 year OS 67%, with acceptable toxicity (8% pulmonary
Grade 3 toxicity) [31]. Iyengar et al. reported an American
single arm phase II trial of SBRT with erlotinib in patients
with limited (<6 sites) but progressive (failing systemic
therapy) metastatic NSCLC demonstrating the promise
for improving both PFS and OS [17]. Of the 24 patients
enrolled, all oligometastatic sites (N =52) were treated with
SBRT in 1-5 fractions, with lung parenchyma accounting
for 35% while mediastinum/hilum accounting for 25%. For
this phase II study, median PFS was 14.7 months for patients
with refractory NSCLC, approximately 3—4 times longer
than historical second line therapies from the pre-immuno-
therapy era. Less than 10% had in-field failure at 9 months,
and 73% of events affecting PFS were outside of treatment
fields with 1 Grade 4 and 5 toxicity, attesting to the ability
of SBRT in achieving LC. Though this was a select group
of patients with a median age of 67 and majority having
KPS >90, all patients mOS was a significant 20.4 months
supporting aggressive local therapy for the control of oli-
gometastatic disease in patients who have failed systemic
therapy [17].

More recent randomized data have also shown the value
of SBRT for oligometastatic lung cancer. A multi-insti-
tutional phase II study of aggressive local consolidative
therapy (LCT) consisting of surgery, radiation, or ablation
versus standard of care maintenance systemic therapy was
reported by Gomez et al. for patients with oligometastatic
(Z3sites) NSCLC after induction therapy [18]. The trial had
49 randomized patients and it was stopped early by the Data
and Safety Monitoring Committee due to LCT demonstrat-
ing improved median PFS of 11.9 versus 3.9 months for
the maintenance arm [1-year PFS 48 vs. 20% (p=0.0054)].
The results still remained significant after excluding patients
undergoing anti-EGFR/anti-ALK treatment (HR 0-41; log-
rank p=0-022). One criticism of this study has been that
examining PFS is an insufficient outcome, given that lesions
have been treated locally and thus unable to progress; as
such it was proposed OS as a more appropriate outcome.
Unfortunately, the OS data was immature as mOS had not
yet been reached, but when examining time to appearance
of new lesions, LCT still had improvement in median PFS
of 11.9 versus 5.7 months (p=0.0497) [18].

Further randomized data has also shown evidence of
SBRT being beneficial in the oligometastatic lung cancer
setting. Iyengar et al. reported their single institution ran-
domized phase 2 study of non-EGFR/non-ALK targetable
NSCLC after induction therapy with oligometastatic (pri-
mary plus up to five metastatic sites) cancer randomized
patients to maintenance chemotherapy versus SBRT fol-
lowed by chemotherapy [16]. This study of 29 patients
was also stopped early after interim analysis demonstrated
improvement in PFS with the addition of SBRT [median
PFES 9.7 vs. 3.5 months (p=0.01)]. Again, this study demon-
strated improvements locally but was unable to evaluate OS.

Additionally, to better address the safety and efficacy
of SBRT for oligometastatic disease, NRG has recently
completed accrual for BROO1, a phase I study of SBRT for
patients with 1-4 lesions from breast, prostate, or NSCL
cancers; also BR002 a phase IIR/III trial is currently accru-
ing patients to assess whether SBRT and/or surgical abla-
tion versus standard of care improves OS for breast cancer
patients [32]. Similarly, NRG-LUOO2 is a currently open
randomized phase II/III trial examining whether the addition
of RT to oligometastatic sites (SBRT to <3 discrete extrac-
ranial metastatic sites with hypo-fractionated RT to the pri-
mary site) with maintenance therapy compared to mainte-
nance systemic therapy alone will result in improvements in
progression-free, and more importantly OS for oligometa-
static NSCLC (excluding EGFR mutations, ALK transloca-
tion). Of note, many of the current protocols for NSCLC
exclude patients with targetable mutations as their disease
course and natural history differ largely from other NSCLC
patients, potentially confounding the ability to answer the
primary question of the role of aggressive local therapy.
Again, trials differ on their approach to how to deal with
intracranial disease. NRG-LU0O2 allows for patients with
treated CNS metastases to enroll, and it allows for patients
with oligometastatic disease at presentation, induced oli-
gometastatic state, and oligo-recurrent disease after initial
definitive lung cancer treatment to enroll, allowing a fairly
heterogeneous group of oligometastatic patients to accrue.

A separate phase III randomized multi-institutional
UK trial, SARON, opened in August 2016, and similar to
NRG-LUO002, it excludes EGFR, ALK, or ROS1 mutated
patients but allows oligometastatic NSCLC at presentation
with 1-3 sites of synchronous metastatic disease, one of
which must be extracranial [19]. For intracranial disease,
the largest lesion can be up to 3 cm in diameter, while the
second intracranial lesion can be up to 2.6 cm (depending
upon the size of the largest lesion). Eligibility criteria for
oligometastatic patients at presentation include: ECOG PS
0-1, PET-CT staged, having undergone brain imaging, and
having primary tumor + nodes suitable for radical RT or
SABR (SBRT) with 1-3 metastases (at least one of which
must be extracranial). All registered patients undergo two
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cycles of platinum-based chemotherapy, with those who pro-
gress subsequently excluded. Approximately 340 patients
would need to be recruited over 3 years from 30 UK sites
and randomized 1:1 to receive either maximum of two fur-
ther cycles of standard platinum doublet chemotherapy in
the control arm or two further cycles of standard chemo-
therapy followed by conventional RT/SABR to their primary
tumor and then SABR/SRS to all other metastatic sites in the
investigational arm [19]. After 50 randomized patients, an
early feasibility review would occur, and a separate thoracic
SABR safety study would occur for patients undergoing both
conventional thoracic RT and thoracic SABR to assess toxic-
ity and treatment. Similar to NRG-LUO002, the primary goal
of SARON is to examine OS; SARON is powered to detect
improvement of mOS from 9.9 to 14.3 months with 85%
power, and also examines secondary endpoints including
PFS, local control, new DMFS, toxicity and quality of life.
Though the prior randomized phase 2 studies by Gomez
et al. and Iyengar et al. [16, 18] had demonstrated improve-
ment in PFS for LCT for oligometastatic disease, the ques-
tion remains whether this aggressive therapy will affect OS,
which many hope the NRG-LUO0O02 and the SARON studies
will ultimately be able to answer.

Adjuvant radiation in the management
of high risk disease

Among the many applications of radiation therapy is the
adjuvant use, meaning using radiation therapy following sur-
gery or chemotherapy or both, in order to address potential
microscopic disease. Some of the most established standard
of care practices include adjuvant radiation therapy postop-
eratively for breast cancer, and head and neck cancers, in
addition to many other cancer types. In the case of breast
cancer and head and neck cancers, patients can be identi-
fied who have a moderate to high risk of having subclinical
micrometastatic deposits in regional lymphatics; treatment
of these patients with regional nodal irradiation eliminates
those metastatic foci for most of the patients.

A similar concept is behind the value of prophylactic
cranial irradiation (PCI) in small cell lung cancer patients,
where moderate dose radiation therapy to the brain signifi-
cantly decreases the likelihood of the clinical development
of brain metastases (Fig. 2), and also appears to improve
the OS of limited stage small cell lung cancer patients [33,
34]. This result is telling us that a certain percentage of
patients with SCLCa harbors subclinical micrometastases
in their brains, and PCI is able to eliminate those foci for
some patients, thus leading to improved brain control, which
then leads to improved survival. Presumably, the brain fail-
ures occurring even after PCI include some patients whose
micro-metastatic cancers have resisted brain irradiation and
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Fig.2 Cumulative incidence of brain metastasis in patients with
small-cell lung cancer in complete remission, according to whether
they were assigned to treatment with PCI [33]

some who have reseeding of the brain at some point after
the brain treatment. The end point, however, appears to be a
statistically significant improvement in OS.

Another example of the utility of adjuvant radiation
to control micrometastatic disease is the use of radiation
therapy postoperatively to a nodal basin in locally advanced
melanoma patients. Henderson et al. have published follow
up of the ANZMTG/TROG study, demonstrating a signifi-
cant improvement in local control, though no demonstrable
survival benefit resulted from this improvement in local
control [35]. The follow up publication verifies the basic
conclusions of the early published results (Fig. 3).This has
been an important contribution to help support our belief
that radiation therapy is useful in addressing microscopic
disease in melanoma. In general, melanoma is known to be
somewhat more radioresistant than many other cancer types,
so it is useful to verify that radiation therapy to an at-risk
nodal station will decrease the chance of recurrence. This
can still be very valuable, even if we have no detectible sur-
vival benefit, as new drugs and immunotherapy get approved
for metastatic melanoma.

Synergism between radiosurgery
and immunotherapy in melanoma brain
metastases

The use of immune checkpoint inhibitors has revolution-
ized the field of metastatic melanoma over the past decade.
This section addresses the interaction of radiation with such
check point inhibitors. Melanoma brain metastases (MBM)



Clinical & Experimental Metastasis (2018) 35:535-546

541

Fig.3 Cumulative incidence
curves of lymph-node field
relapse as a site of first relapse
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are a frequent and devastating complication of advanced
melanoma. Up to 40% of patients develop clinical evi-
dence of MBM and historically these patients have up to
95% mortality rate and a mOS estimated to be 6.7 months
after intracranial spread occurs [36, 37]. These unsatisfac-
tory statistics are a result of the poor control of intracra-
nial metastatic disease with standard whole brain radiation
(WBRT), with a time to intracranial progression (TTPyg) of
~3 months and only a 35% intracranial control at 1 year after
WBRT [38]. There are multiple treatment options available
for patients presenting with MBM, including: resection
of solitary metastasis with or without post-operative WB
radiation or cavity-directed radiosurgical boost, SRS alone
for oligometastatic disease (1-4 metastases) [39], fraction-
ated stereotactic radiotherapy (SRT) for lesions >3 cm, and
whole brain radiotherapy with or without SRS boost for mul-
tiple lesions. SRS is a single treatment of high dose/fraction
(15-24 Gy), highly conformal, precisely delivered, small
volume (< 3 cm) radiotherapy that induces both cellular and
vascular damage at the treatment site with minimal effect
on surrounding brain tissue. SRS can be delivered in one
of three ways: via linear accelerators (Linacs) using small
diameters collimators/cones or dynamic conformal arcs; via
the frameless robotic linac CyberKnife system or via a fixed
array of radioactive cobalt-60 sources with GammaKnife.
Traditionally, systemic therapy (such as chemotherapy)
was believed to be ineffective intracranially due to poor pen-
etration through the blood brain barrier (BBB). However,
with the introduction of immune-stimulatory treatments
(IT), such as monoclonal antibody checkpoint inhibitors
that ‘ramp up’ the activated T-cell pool, the dogma of BBB
impenetrability to activated Tcells has been questioned.
Investigators have indeed shown that although these mono-
clonal antibodies cannot penetrate the BBB, peripherally
activated T-cells can migrate across the BBB, penetrate into
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the brain and presumably search the CNS for antigens [40].
In support of this hypothesis, it is worth noting that func-
tional lymphatic vessels were discovered lining the dural
sinuses; they carry both interstitial fluid and immune cells
from/to CSF and are physically connected to deep cervical
lymph nodes [41]. These findings support the hypothesis that
intracranial melanoma-specific antigens could be discovered
by peripherally activated T-cells which could penetrate in
the brain parenchyma, search for melanoma-specific anti-
gens, and destroy metastatic melanoma cells thus helping
radiation in clearing the CNS of metastatic cancer. These
events would hypothetically lead to improved regional brain
control (RBC), thus lengthening OS.

What makes this an ideal situation for melanoma is its
strong antigenicity due to its many known mutations which
lends well to the antigen presentation process; this has
resulted in NCCN recommending usage of IT (checkpoint
inhibition) in metastatic melanoma a Category 1 recommen-
dation [42]. Finally, clinical evidence is now available to
demonstrate intracranial activity of IT. For example, using
two IT agents as doublet therapy (anti-CTLA-4 agent, Ipili-
mumab + anti-PD-1 agent, Nivolumab) has been shown to
have significant activity in the treatment of MBM with a
high intracranial response rates of 42-53%, and a 6-months
PFS of 46-67% [43-45]. The addition of RT works synergis-
tically with IT. However, the type of radiation and the frac-
tional dose appears to be very important in the interaction
of radiation with IT as the combination of Ipilimumab (Ipi)
and SRS has been shown to significantly improve OS for
MBM compared to radiation alone (HR 0.43, p=0.005); this
improvement in survival was noted only in patients receiv-
ing high dose/fraction (SRS) but not in patients treated with
lower dose/fraction (WBRT).

The presumed mechanism of interaction is the follow-
ing: high dose RT induces strong immune-stimulatory
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effects synergistic with IT by creating an environment of
immunogenic cell death. Overall, dose fractions larger than
7-8 Gy seem to be more efficient in eliciting an inflamma-
tory response and immune effects in irradiated tumors [46,
47]. Specifically, in the hours immediately after high dose
RT, the following events occur: an increase in inflammatory
cytokines release, macrophages colony growth, macrophages
conversion into antigen presenting cells (APCs), APC acti-
vation and migration, antigen uptake, cross presentation of
tumor antigens to activated Tcells, appearance of damage-
associated molecules on tumor cells surface (tagging them
for degradation), and tumor infiltrating lymphocytes with
a favorable increase in CD8+/T-reg ratio [48, 49]. High
dose RT thus primes the adaptive T cell mediated immune
response, thereby converting the tumor microenvironment
into an in-situ vaccine, and promoting the processing of
melanoma antigens [50, 51].

Utilizing immune-stimulatory agents (immune check-
point inhibitors) in combination with SRS may be a power-
ful way to maximize their synergy and improve survival of
patients with MBM. A recent meta-analysis has shown a
significant benefit in OS for the combination of SRS and Ipi
(HR 0.38, p<0.01) with no difference in toxicity with com-
bined therapy [52]. However, the timing of the two therapies
required to elicit the best response remains an intense area of
research with the preponderance of evidence showing that
concurrent or ‘proximal’ therapy is important. For exam-
ple, Patel et al. [53] showed that newly diagnosed MBM
treated with Ipi+ SRS versus SRS alone had a promising OS
trend when Ipi was given within 14 days of SRS (1 year OS
42.9%). Schoenfeld et al. [54] showed that SRS administered
prior to Ipi had superior OS compared to SRS given after Ipi
(26 vs. 6 months, p<0.001); in this study, if Ipi was given
within 3 months of SRS, the lesions demonstrated greater
shrinkage, 63 versus 7% (p=0.003). Qian et al. [55] showed
an optimal window between therapies to be 4 weeks, while
Anderson et al. [56] showed a 4-month window to be useful.
No randomized evidence is available at this time.

To identify a more specific window of time during which
SRS should flank IT, we retrospectively reviewed patients
treated at our institution with SRS +Ipi and analyzed 25
patients harboring 58 lesions treated with both modalities
over the last 5 years with a median follow up of 22.7 months
[57]. Patients with a new diagnosis of MBM received SRS
with doses based on RTOG 90-05 dosing schema and first
line Ipi (five patients received second line pembrolizumab
after systemic failure). They were categorized as having
“SRS before” (n=9), “SRS after” (n=15) or “SRS concur-
rent” (n=11) with IT. If more than one SRS treatment was
given, the shortest absolute interval between modalities was
counted, with analysis cutoffs of 5, 15, 30, 45, or 60 days.
The median time between SRS and Ipi was SRS occurring
14 days before Ipi delivery. Serial MRIs were obtained
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g6-12 weeks + perfusion imaging for assessment of radia-
tion necrosis. The impact of SRS and IT timing on OS, LC,
RBC, time to progression in the brain (TTPyg) and RN
was assessed with logistic regression and Cox proportional
hazard ratio. We found that in this small cohort of patients,
the mOS was very long at 35.8 months with 1-year OS 83%
and 2-year OS 64%. The LC rate was 95% (48% complete
response 21% partial response, 26% stable disease), and only
5% of lesions progressed. The 1 year intracranial control
was 49% and the 2 year 19.6%; however, when SRS was
given < 15 days before IT, the LC was 85.7 versus 7.6%
(p=0.001); this significance held when moving out to SRS
given <30 days before IT (75% intracranial control vs.
8.3%, p=0.04). The median time to intracranial progres-
sion was longer than historical controls at 4.5 months, (range
0.6-30.2 months). Regarding sequencing of the SRS and
IT, we found that SRS given concurrently (interdigitated)
with IT improved the time to intracranial progression com-
pared to SRS Before or SRS After IT, (p=0.04). However,
SRS delivery interdigitated between IT cycles still occurs
either before or after a cycle, and when using a cut point of
30 days, we found that if SRS came before IT by <30 days,
the time to brain progression was statistically improved 30.2
versus 4.5 months (HR 0.08, p=0.003) (Fig. 4). The long
OS was likely attributable to the high rate of LC which led
to a longer time to brain progression, thus improved brain
control, and ultimately less neurologic death. Finally, we
found a 22% incidence of radiation necrosis (but only 5%
symptomatic) which occurred a median of 14.9 months
after SRS (range 8.1-71.7 month) and which was more pro-
nounced when SRS was given < 5 days before IT compared
to > 5 days (p=0.045). Interestingly, the mOS of patients
with versus without RN was 38 versus 14.1 months, (HR
0.19, p=0.006). Notably, the rate of symptomatic necrosis
was low (5%) and 25% of events occurred late, > 24 months
after SRS; the rates continued to increase over time (5.2%
at 1 year, 15.5% at 2 years, 17.2% at 3 years). Although the
rate of RN is consistent with other published reports, it is
unclear if the two therapies given in close proximity to each
other, synergize and create a more robust immune reaction
leading to better intracranial clearance, less neurologic death
and longer survival, or if patients that happen to live long
enough to manifest the late side effect of RN are biasing the
survival data. Prospective data are needed about the inter-
play of SRS, IT and the association with RN to determine
its safety and toxicity profile. In the setting of an activated
immune system, local damage can be exacerbated in neigh-
boring brain tissue, but is unknown if the addition of IT to
SRS increases the risk of RN in a meaningful way (i.e. more
symptomatic necrosis) [38].

One important conclusion to draw from the interaction
of IT drugs with radiation is that this combination appears
to increase the radiosensitivity of certain cancers, such as
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Table 2 Human cancer cell lines relative radiosensitivity

Tumor cell type Radiosensitivity
Glioblastoma Low

Melanoma Low
Osteosarcoma Low

Colon cancer Medium
Squamous cell carcinoma (various) Medium

Breast cancer Medium

Small cell lung cancer High
Non-Hodgkins lymphoma High

Myeloma High

melanoma, which have traditionally been considered very
radiation resistant. Indeed, different cancers express differ-
ent radiation responsiveness (Table 2), a phenomenon that
has been extensively studied in vitro (surviving fraction at
2 Gy) and has strong clinical correlation to the curability
of the tumors from which the cell lines were derived [58].
Factors that influence the radiation sensitivity of tumors
include their ability to repair sublethal DNA damage, their
capacity to repopulate (a function of the potential doubling
time), their efficiency in re-oxygenating hypoxic portions
and finally their intrinsic radiosensitivity, a condition that
is believed to be affected by cellular signaling in response
to DNA damage [59]. The intrinsic radioresistance of

melanoma seems to be lowered when high dose radiation
is given in the presence of immune checkpoint inhibitors.

Conclusions

Radiation therapy continues to provide a very important
role in the control of metastatic disease, alongside with
chemotherapy, thus providing another venue to prolong life.
This modality of cancer treatment that began shortly after
the discovery of X-rays by William Roentgen continues to
evolve and finds new clinical applications which minimize
toxicity while increasing effectiveness (SRS and SBRT). The
newly discovered interactions of high dose/fraction radia-
tion with immune check point inhibitors in melanoma is the
latest example of how we can achieve synergism between
two different modalities thus increasing the therapeutic ratio,
as reported in the emergent data from treatment of brain
metastases.
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