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Innovations in radiotherapy and advances in immunotherapy
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Abstract

Radiotherapy for brain metastases has evolved tremendously over the past four decades, allowing for improved intracranial
control of disease with reduced neurotoxicity. The main technological advance was provided by volumetric modulated arc
therapy (VMAT), a computer-controlled delivery method that has opened the door for single-isocenter multi-metastases ste-
reotactic radiosurgery (SRS) and hippocampal avoidance whole brain radiation therapy (HA-WBRT). Other notable advances
have occurred in the combination of immune checkpoint inhibitors (ICI) and radiosurgery. When these two modalities are
combined in the proper sequence (within 30 days from each other), it provides promising results in the treatment of intrac-
ranial metastases from melanoma. There is emerging evidence of a synergistic interaction between ICI and SRS, providing
better intracranial tumor control and lengthening the survival of patients afflicted by this common complication of cancer.
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Introduction

Brain metastases are a common complication of cancer, with
incidence ranging from 10 to 30% of all invasive cancers [1,
2]. It has been reported that death from neurological causes
can occur in up to 44% of patients with brain metastases [3].
Sequential studies performed over the past 3 decades have
also shown that appropriate treatment with radiotherapy
can increase time to neurological death, improve functional
decline and overall survival for these patients [3—6].
Current treatment of brain metastases varies depending on
several considerations: quantity and volume of intracranial
disease, resectability of the lesion(s), age and performance
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status of the patient, histology, extent of extra-cranial dis-
ease, among other factors. These factors eventually dictate
the role and the combination of modalities applied (surgery,
radiation, and systemic therapy) to achieve the desired clini-
cal benefit.

Technical innovations in radiation therapy

Several Radiation Therapy Oncology Group (RTOG) stud-
ies performed in the 1980s established the palliative role
and survival benefits of Whole Brain Radiation Therapy
(WBRT) [7]. At first, simple opposed-lateral fields through
two-dimensional radiation were used. With the advent
of computed-tomography (CT) simulation in the 1990s,
field-in-field techniques and 3D-conformal radiotherapy
facilitated the reduction of hotspots which led to improved
dose homogeneity within the brain and fewer side effects
(Fig. 1A-B).

Over time, studies addressing quality of life, established
that radiation to the entirety of healthy brain parenchyma
contributes to neurocognitive decline. Strategies to mitigate
these effects have been evaluated in randomized clinical tri-
als (RCTs); one such study, RTOG 0614, showed modest
neurocognitive protection with Memantine, a drug used to
treat symptoms of confusion associated with Alzheimer’s
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Fig.1 A Right lateral ‘beams-eye view’ in a 2D WBRT plan. The
(green in online version) arrow represents the horizontal multileaves,
which allow the user to reduce dose to critical structures (anterior
orbit and oral cavity). B Isodose display of a WBRT planned using
3D-planning tools to deliver a more homogenous dose to the brain. C

disease [8]. Furthermore, with the wide adoption of intensity
modulated radiation (IMRT), a phase II trial of hippocampal
avoidance WBRT (RTOG 0933) was performed. This trial
showed that the hippocampi can be spared through the use
of IMRT (Fig. 1C) to create hippocampal avoidance WBRT
(HA-WBRT), which resulted in similar intracranial control
rates but improved cognition compared to historical WBRT
trials [9]. HA-WBRT was then compared head-to-head with
standard WBRT in NRG CC 001, a phase III trial, with both
arms receiving Memantine; the results of this recently pub-
lished study showed that HA-WBRT with Memantine results
in a lower rate of cognitive failure, particularly executive
functioning at 4 months, immediate recall and recognition
at 6 months, as well as improved speaking, memory, fatigue,
and symptom interference with activities of daily living at
6 months [10].

The management of patient with brain metastases can
be simplified by breaking down this patient population in
three categories: single metastasis, oligo-metastases (2—4
lesions) and multiple metastases (5 lesions or greater). Maxi-
mum safe resection has been established as the mainstay
of treatment for single brain metastases when the lesion is
surgically accessible and the patient has no contraindica-
tion to surgery. Three separate phase III trials comparing
WBRT alone vs WBRT following resection showed that the
addition of resection to WBRT led to improved functional
independence and OS compared to WBRT alone but should
be limited to well-performing patients [11-13]. Resection
also provides the benefit of quicker palliation of symptoms
compared to radiation.

With the adoption of Stereotactic Radiosurgery (SRS),
a specialized form of radiation delivering ablative doses
of radiation, the role of WBRT in patients with a single
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Dose distribution for HA-WBRT using VMAT, which allowes spar-
ing of specific targets, in this case the hippocampi; the doses received
by the avoidance structures are shown on the far right. (Color figure
online)

metastasis was re-evaluated; studies have shown that fol-
lowing either surgical resection or primary SRS treatment
of a solitary metastasis, addition of WBRT doesn’t neces-
sarily improve overall survival (OS), although WBRT does
improve regional intracranial control, and time to neurologi-
cal death [3, 5, 6].

As such, WBRT is no longer recommended for single
metastases that are amenable to surgical resection or treated
with SRS, although there is evidence from a RTOG rand-
omized clinical trial of a small clinical benefit in OS for high
performance patients (RPA class 1) with a single metastasis
when treated with WBRT and an SRS boost [4].

SRS was developed through improvements in the under-
standing of physics as well as technology that allowed bet-
ter planning, localization, immobilization, and delivery of
high-dose precise radiation. SRS delivers an ablative dose
of radiation usually in a single fraction resulting in very high
control rates of the treated lesions, through both direct cell-
kill, and indirectly through vascular damage and immuno-
logic response [14]. SRS has allowed for a safe and effective
option to complement, or in many cases, serve as an alterna-
tive to surgery or postoperative WBRT [15]. Randomized
clinical trials comparing SRS to surgical resection have not
been done, but local recurrence rates after SRS is compara-
ble to surgical resection. For patients with oligometastatic
status (2—4 metastases), SRS alone has been shown to be
equivalent to WBRT for survival benefit, with the added
benefit that it does a better job in preserving neurocogni-
tive functions [16], and there is emerging data to suggest
that patients with up to 10 metastases can still benefit from
multiple SRS over WBRT [17].

SRS treatment has thus become very popular over the past
20 years, primarily because many brain metastases are small
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and relatively spherical, and therefore they can be effectively
treated with SRS using cones, which are cylindrical colli-
mators of various and pre-defined diameters. However, the
utility of cones decreases as the lesion becomes larger or less
spherical in shape [18]. For larger and irregular lesions, 3D
planning has allowed for more complex plans, particularly
using dynamic conformal arc therapy (DCAT), which uses
the multi-leaf collimators (MLCs) of the Linac to conform to
the shape of the treatment volume at each angle as the gantry
rotates around the patient [19]. With the advent of IMRT,
reverse treatment planning allowed the user to achieve an
even more conformal treatment, by providing a desired target
(tumor) dose and avoidance goals; the planning computer,
then, individually modulates each beam, allowing the user
to choose an optimal plan. The most sophisticated form of
IMRT is volumetric modulated arc therapy (VMAT), which
like DCAT, involves continuously moving small beams
of radiation delivered through multiple revolutions of the
gantry; each beam is individually modulated to change the
intensity of the beam as the gantry rotates around the head
of the patient. The net effect of this modulated beam is a
better conformality of the overall radiation dose around the
irregular tumor resulting in better sparing of the normal
adjacent brain. Thus, VMAT allows for conformal dosing
to irregularly shaped target volumes such as non-spherical
larger brain tumors, and also allows the delivery HA-WBRT,
sparing critical structures of the brain [9, 10, 20].

VMAT has also opened the door for single-isocenter
treatment of multiple brain metastases in a single radiother-
apy session of 30—40 min. Historically, the treatment of each
metastasis required a separate isocenter, and subsequently,
the repositioning of the patient which in turn required con-
firmation using image-guidance; thus, treatment of multiple
metastases could take hours, resulting in a clinical burden for
resource utilization and patient comfort. Through VMAT,
multiple lesions can now be treated with a single isocenter
in a matter of minutes (Fig. 2) [21]. One minor drawback of
VMAT is that there is a higher amount of scatter radiation,
but it is minimal and clinically insignificant (Fig. 3).

Discussion of the current approaches to treatment of
brain metastases with radiation warrants a review of the
hypothesis behind cancer spread. Classically, the Halstead
hypothesis promoted a continuous, stepwise spread of cancer
requiring radical en bloc surgeries. The Fisher hypothesis
that followed the Halstead provided an alternative expla-
nation for cancer metastases, that systemic dissemination
occurs early on, and therefore treatment should focus on
systemic control of microscopic metastases as opposed
to local therapy. More recently, the Hellman and Weich-
selbaum hypothesis proposed the concept of oligometastatic
cancer, an intermediate between localized and widely dis-
seminated cancer [22]. A true oligometastatic state occurs
when an indolent cancer biology leads to a limited number

Fig.2 Planning view of reconstructed head in a thermoplastic SRS
mask as part of a VMAT single-isocenter multi-metastases brain
plan. Right-sided (orange in online version) and left-sided (blue in
online version) arrows represent the 0- and 180-degree arcs of
VMAT; other arcs at 30-, 60-, 90, 120-, and 150- degrees, are repre-
sented by the thin lines. This patient had metastatic adenocarcinoma
of the lung with 9 brain metastases, all treated with a single-isocenter
VMAT plan. Each individual lesion was<2 cm and received 21 Gy
in a single fraction. Isodose line figures can be seen in Fig. 3. (Color
figure online)

of macroscopic metastases without extensive background
microscopic metastases [23]. Thus, oligometastatic state is a
disease concept defined by an operational state in which the
patient has a limited number of systemic metastatic tumors
for which local ablative therapy such as SRS or Stereotactic
Body Radiotherapy (SBRT) could be curative. In this con-
text, treating brain metastases with high dose SRS or SBRT
is likely to provide the patient not only with a chance to
increase local control (over the low dose radiation approach
provided by WBRT) but also potentially give the patient a
chance for cure. Although constantly evolving, there already
exist some evidence that in select patients, intracranial tumor
control can lead to an overall survival benefit following abla-
tive radiation techniques described above [4, 15].

In summary, the current paradigm of treating brain metas-
tases has evolved tremendously from WBRT to HA-WBRT
to SRS over the past decade and still depends on numerous
factors, but the process is mainly dependent on resectability
and number of lesions. Single brain metastases are resected
if feasible, followed by an SRS or fractionated SRS (fSRS)
boost to the resection cavity. For patients presenting with oli-
gometastatic disease (2—4 lesions), the treatment paradigm
is to treat with SRS/fSRS each lesion using VMAT. Finally,
patients presenting with 5 or more metastases are com-
monly treated with WBRT or HA-WBRT and Memantine.
In this paradigm, lesions that do not respond completely to
WBRT/HA-WBRT (or that continue to grow or recur later)
can be boosted with SRS/fSRS (salvage therapy). A recently
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Fig. 3 Isodose line distributions (key at far right, color-coded version
online) of a single-isocenter multi-metastases VMAT plan, with axial,
sagittal, and coronal views. Nine metastases were treated simultane-

launched phase III clinical trial, the CCTG CE.7, is currently
accruing patients comparing single fraction SRS (doses:
18-22 Gy depending on size) vs. HA-WBRT 30 Gy/10fx for
patients with 5—15 brain metastases [24]. The primary objec-
tive of this trial is to compare the overall survival as well
as the neurocognitive progression-free survival for patients
harboring 5-15 lesions.

Synergism between immune checkpoint inhibitors
and SRS

Historically, the role of systemic therapy for brain metas-
tases has been limited due to the poor penetration of most
chemotherapeutic drugs across the blood-brain barrier
(BBB). Recently, however, there has been growing evidence
that immune checkpoint inhibitors (ICI) can achieve durable
responses even for brain metastases [25]. Although these
agents are unable to cross the BBB, due their large molecular
size, it is believed that activated tumor-specific T-cells can
do so [26]. There is good evidence from numerous retro-
spective studies that SRS and ICI interact synergistically;
the main mechanism of action responsible for such positive
outcomes appears to be activation of the immune-cytokine
cascade by high dose ablative radiation [14]. More specifi-
cally, extensive tumor cell injury and death produced by high
dose radiation induces a massive release of tumor-specific
antigens, as well as pro-inflammatory and pro-oxidant
cytokines. Radiation also promotes antigen presentation
through activation and maturation of dendritic cells, as well
as an increase in effector T cell traffic to tumor by increas-
ing major histocompatibility complex, adhesion molecules,
costimulatory molecules, heat shock proteins, and death
receptors expression [27]. The ultimate downstream effect is
a tumor-specific heightened immune response [28, 29]. This
benefit can be further magnified through the abscopal effect,
in which high-dose radiation causes regression not only of
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ously, but not all lesions are in view. The outermost (light blue in
online version) isodose line represents 525 cGy, the amount of radia-
tion that “spills” in the normal adjacent brain. (Color figure online)

the radiation-targeted tumor, but also of distant sites of can-
cer that were not targeted by radiation, presumably through
a systemic immune-mediated response to the radiation [30].
Here, the effects of high-dose radiation-induced immune
response are amplified through immunotherapy, which tar-
gets and upregulates antigen processing, and generation
and trafficking of effector T cells. The proposed synergistic
effects of high-dose radiation and immunotherapy have been
demonstrated in several recent retrospective studies [31]. In
one such study, Skrepnik et al. performed a retrospective
review of melanoma brain metastases treated with SRS and
ipilimumab and found that such patients had a very long
median survival compared to historical controls. Further-
more, they found that there is an optimal window of time for
synergy: patients treated with SRS and Ipilimumab within
a 30 days window of time had a superior time to CNS pro-
gression, and regional brain control (Fig. 4) [32]. Similarly,
a more recent meta-analysis by Lehrer et al. of published
studies of melanoma brain metastases treated with SRS and
ICI, found that concurrent SRS and immunotherapy had a
higher 1-year OS, local control, and regional brain control
than non-concurrent therapy [33]. While concurrent SRS
and immunotherapy appears to be very effective in control-
ling the disease, there is a growing concern of radionecrosis
(RN) given the synergy. Skrepnik et al. found an overall
RN rate of 20.7% but a symptomatic RN rate of only 5%
that required treatment with Avastin. Similarly, Lehrer et al.
found the rate of any RN to be 0-20.7% across all studies,
with a combined rate of 5.3%. Multiple prospective trials are
ongoing to determine the efficacy [34], optimal fractionation
[35], timing [36], and toxicity [37] of combined stereotactic
radiation and immunotherapy.
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Fig.4 A Overall survival of melanoma brain metastases patients
treated with a combination of SRS and ICI leading to high median
survival (median OS=35.8 months). B Time to progression in the
CNS by timing of SRS delivery to administration of ICI; delivery up
to 30 days from each other leads to a statistically better time to CNS
progression (p=0.02), suggesting synergism between the 2 modali-
ties

Conclusions

The treatment of brain metastases has evolved greatly over
the past 30 years and continues to do so. Improved surgical
and radiation techniques have increased local and intrac-
ranial control, while reducing treatment-related morbidity
and mortality. The evidence behind the interplay between
radiation, particularly SRS, and immunotherapy is becom-
ing stronger. Furthermore, as systemic therapy continues to
improve leading to improved control of extracranial disease,
the importance of intracranial control and neurological sur-
vival also increases.
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