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Abstract

Background: The development of brain metastases is a common problem in patients
diagnosed with non-small cell lung carcinoma (NSCLC). Technological advances in
surgery and radiotherapy have allowed greater local control. Moreover, the emergence
of targeted therapies and immunotherapy with greater activity on the central nervous
system than classical chemotherapy have given way to new strategies in the treatment of

brain metastases.

We review the current role of local treatments, surgery and radiotherapy, and the most

effective combination strategies with the new systemic treatments.

Relevance for patients: Brain metastases frequently occur during the course of

NSCLC. In recent years, a range of treatments have appeared, such as targeted



treatments or immunotherapy, with greater activity at the brain level than classical
chemotherapy. Radiotherapy treatment is also now much more conformal and ablative
doses can be delivered to the volume of the metastatic area, providing greater local
control and less neurological toxicity. However, surgery is still required in cases where
anatomopathological specimens are needed and when compressive effects appear. An
important challenge is how to combine these treatments to achieve the best control and
minimise patients’ neurological impairments, especially because of limited experience
with the new target drugs, and the unknown toxicity of the different combinations.
Future research should therefore focus on these areas in order to establish the best

strategies for the treatment of brain metastases from non-small cell lung cancer.

Core tips: In this work, we intend to elucidate the best therapeutic options for patients
diagnosed with brain metastases of NSCL, which include: surgery, WBRT, radiosurgery
or systemic treatment, and the most effective combinations and timings of them, and the

ones with the lowest associated toxicity.
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Introduction

The central nervous system (CNS) is, together with the lung and bone, one of the most
frequent sites of metastatic growth in non-small cell lung cancer (NSCLC). Up to 18%
of patients present with brain metastases at the time of diagnosis of NSCLC [1] and in
11% of patients brain is the only site of metastases [2]. The rate of brain spread
increases over the course of the disease eventually affecting more than 40% of these
patients [3]. Treatment has traditionally consisted of surgery for single metastases or
those at risk of complications, and whole brain radiotherapy (WBRT). With
technological developments, ablative doses of irradiation can be administered to one or
multiple metastases by stereotactic radiosurgery (SRS) in a single session, or
stereotactic radiotherapy (SRT) in several sessions. In addition, an increased molecular
knowledge of tumours has given rise to new systemic treatments, such as tyrosine
kinase inhibitors (TKIs), in patients with ALK (anaplastic lymphoma kinase),
rearranged EGFR (epidermal growth factor receptor), or proto-oncogene tyrosine-

protein kinase (ROS1) mutation. In these patients, the onset of brain metastases occurs



later and survival is better than in patients without these genetic alterations.
Programmed cell death receptor (PD1) and programmed cell death ligand (PD-L1)
inhibitors, which impede immune evasion by tumour cells, have been approved for the
treatment of NSCLC. The efficacy of these drugs has also been demonstrated at the
CNS level [4] and the next challenge is how to combine them with radiotherapy. With
these novel combined treatments, the median survival of patients with brain metastases
has improved over the last two decades, now standing at between 3 and 46.8 months,
depending on clinical, histological and molecular prognostic factors. The median
survival for adenocarcinoma and non-adenocarcinoma is now 15.2 and 9.2 months,
respectively [5]. In patients alive after 2 years of brain metastases diagnosis, the

probability of being alive 5 years after treatment is 26% [6].

We decided to conduct a literature review to determine the current role of surgery and
radiotherapy, and the combination of these treatments with novel systemic therapies.
We used the following search terms in Pubmed: non-small cell lung cancer and brain

metastasis with surgery, radiotherapy, targeted therapy and immunotherapy.

Radiotherapy treatment
Whole brain radiotherapy

Since 1950, WBRT has been the standard palliative treatment for patients with multiple
brain metastases with the aim of improving quality of life (QoL) and prolonging

survival by a few months.

Many prognostic factors affect the survival of patients with brain metastases of
pulmonary origin such as: the number of metastases, location, histology, ECOG, control
of primary disease, patient’s age and presence of extracranial metastases. Karnofsky
Performance Status (KPS) < 70 has been found as independently predictive of death
within 30 days of treatment for patients who received at least 10 fractions [7]. Over the
years, prognostic classification systems have been designed to attempt to predict
survival outcomes. In 1997, the Radiation Therapy Oncology Group (RTOG) introduced
the Recursive Partitioning Analysis (RPA), but this system is only based on age, KPS
presence of extracranial brain metastases, and control of the primary tumour, without

taking into account the number of brain metastases, presence of liver or lung metastases,



or the previous treatments received [8]. In 2008, Sperduto established another
classification system, Graded Prognostic Assessment (GPA), after analysing data from 5
randomised RTOG studies. This scoring system takes into account age, Karnofsky scale,
number of brain metastases, and the presence or absence of extracranial metastases [9].
This was followed by the Disease Specific Graded Prognostic Assessment (DS-GPA),
which maintains the same prognostic factors for patients diagnosed with lung cancer but
is different for other diagnoses [10]. In 2017, this classification was updated with the
molecular characteristics of the tumours, Lung-molGPA, adding two new prognostic
factors: EGFR and ALK genetic alterations in patients with adenocarcinoma. Overall,
survival was 12 months for the entire cohort, but patients with mutations had a median
survival of nearly 4 years [5]. The QUARTZ trial questioned the indication for WBRT
in patients with lung carcinoma with a poor prognosis. In these patients, fractionation of
4 Gy into 5 sessions did not improve en survival or QoL achieved with optimal
supportive care [11]. WBRT woeuld-still be is indicated in patients with a good general
health and multiple brain metastases, and be is equally effective in those with supra- or
infratentorial locations [12]. The standard dose is 30 Gy delivered in 10 fractions of 3
Gy, as studies testing dose escalation failed to improve the results of this scheme [13,
14]. However, similar results were also obtained in another study with 20 Gy in 5
fractions [15]. By contrast, the results in terms of neurological palliation were worse
with ultra-short regimens of a 10 Gy single fraction or two fractions of 6 Gy [16]. It
should be noted that the influence of hypofractionation on long-term toxicity has not

been evaluated.
Stereotactic radiotherapy

With the development of new technologies, WBRT is being replaced by radiosurgery
(SRS) or fractionated stereotactic radiotherapy (SRT), in an attempt to limit
neurological toxicity and improve QoL and metastatic control. Initially, these new
techniques were only considered for patients with few brain metastases, generally 1 to
4, and of less than 3 cm in size, in patients with a good general condition and controlled
primary disease. However, results of administering radiosurgery alone are similar in
patients with 5 to 10 metastases and in those with 2 to 4 [17], without differences in
neurological toxicity between the two groups [18]. Even in selected patients with 10 or

more metastases treated with radiosurgery, there was no difference in either outcome or



neurological side effects compared to those with 2 to 9 metastases [19]. Therefore, there

is no consensus on limiting the treatment in relation to the number of metastases [20].

Studies comparing SRS with WBRT combined with SRS in patients with NSCLC found
no differences in OS, but a greater interval of cerebral-free disease [21-24]with SRS +
WBRT. However, a post-hoc analysis of the JROSG-99 trial suggested a benefit in OS
in the WBRT group in patients with NSCLC of favourable prognosis, DS-GPA > 2.5.
This supports the hypothesis that in these patients the risk of death from brain
progression is greater than from systemic progression, in that case, whole brain
irradiation could provide an additional benefit [22]. This is the only study that reported
this benefit of adding WBRT to SRS. The second analysis of the European Organisation
For Research And Treatment Of Cancer EORTC 22952 trial and North Central Cancer
Treatment Group NCCTG NO0574 did not find this improvement in OS in the same
subgroup of patients with good prognosis and controlled extracranial disease [21, 25].
These inconsistent results may be caused by etiological differences in lung tumours in
the Asian population, which has a higher incidence of the EGFR mutation that confers
better prognosis. However, the mutational status of the population of patients in whom
the subanalyses were performed is unknown. It is also likely that rescuing brain
progression with a further radiosurgery will result in a similar OS. A meta-analysis of
the NCCTG NO0574 and Japan Radiation Oncology Study Group JROSG 99-1 studies
also conclude that there is no difference between the GPA > 2 and GPA < 2 subgroups
for the two treatments (SRS and WBRT vs SRS alone). When WBRT was included, the
time free from brain relapse improved in both groups. Salvage treatment was more
frequent in the SRS only group and the rates of grade 3 and 4 toxicity were similar in

GPA > 2 and GPA < 2 [24].

Therefore, evidence is inconclusive for an improved OS with WBRT combined with
SRS vs exclusive SRS. Moreover, several randomised studies have concluded that SRS
alone can improve QoL with less impaired memory and neurological dysfunction. For
both these reasons, exclusive SRS and close follow-up are currently preferred for early
treatment of brain metastases [26, 27]. However, WBRT is still indicated in patients
with a good performance status who are not candidates for surgery or treatment with
SRS. In these cases, the preservation of the hippocampus reduces the risk of
neurological dysfunction, especially of verbal memory. The hippocampus is a structure

of between 3—4 cm, and the risk of metastases in this area in patients with non-small cell



lung carcinoma is about 2.8%. The rate increases by 0.2% when it is protected from
irradiation [28], so lowering the dose in the hippocampus seems to be a safe strategy
with no differences in PFS or OS. Compared with WBRT in the randomised study by
Brown [29], neurological decline is reduced when the average dose in the hippocampus

is below 10 Gy and the maximum dose is less than 17 Gy.
Surgery followed by stereotactic radiotherapy

With regards to the combination of surgery and SRS-SRT, a retrospective study
comparing 66 patients treated with SRS alone vs. 157 treated with surgery and SRS
reported lower local recurrence at one year (36.7% vs. 20.5%, p: 0.007) and OS at two
years (38.9% vs. 19.8%, p:0.01) with the combination of treatments. There was no
difference in radiation necrosis between the combined treatment and SRS alone, but
differences were observed between SRS administered before surgery vs postoperative

SRS, 5.5% vs. 26.6%, respectively [30].

Two other randomised studies reported that postoperative SRS-SRT decreased the risk
of cognitive impairment with respect to WBRT and improved local control compared to
observation. The first of these studies was conducted by the NCCTGN/CEG. This study
compared WBRT with 30 Gy delivered in 10 fractions or 37.5 Gy in 15 fractions vs
single dose radiosurgery of 15-20 Gy. A total of 194 patients were randomised and the
study found more cognitive impairment in the patients receiving WBRT, with no
differences in OS [31]. The second randomised study compared postsurgical SRS, 12—
16 Gy vs. observation in 132 patients treated with surgery for 1 or 3 brain metastases
with a maximum diameter of 4 cm. Local control was better in patients treated with
postsurgical SRS, 72% vs. 43%, HR 0.46, p: 0.01. The main risk factor for local
recurrence was metastasis size of over 2.5 cm [32]. There was no difference in the
median OS between the two groups, 17 vs 18 months. Death from neurological causes
was 64% in the observation group and 48% in the group receiving radiosurgery, with
no statistically significant differences between the groups. There was no grade 3 or

higher toxicity in either arm. These studies are summarised in Table 1.

Therefore, after surgery for brain metastases, postoperative radiotherapy on the surgical
bed is indicated. The use of a single or several fractions will depend on the location and

size of the metastases.



Stereotactic radiotherapy prior to surgery

Delineation of the irradiation volume after surgery is imprecise, making it necessary to
increase the margins to include normal brain tissue. The planning volume (PTV) for
metastases corresponds to the gross tumour volume, with a margin of 1-2 mm of
normal brain tissue. Because of this, many centres now prefer to perform SRS treatment
prior to surgery. Another potential advantage is that before surgery, radiotherapy acts on
a tumour with an intact blood supply, whereas when delivered postoperatively the
patient must first recover from surgery. A retrospective study compared stereotactic
radiosurgery applied pre- vs. post-surgery and reported no differences in local
recurrence, distant brain recurrence or OS, but lower rates of symptomatic radiation

necrosis and leptomeningeal disease in the preoperative SRS cohort [33].
Status of prophylactic whole brain irradiation in NSCLC

Prophylactic cranial irradiation (PCI) is performed to prevent the appearance of brain
metastases. It is the standard therapy in patients with limited-stage small cell lung
carcinoma (LS-SCLC), where it improves OS [34]. However, its role is less clear in the
case of NSCLS, where it is not yet known whether any subgroup of patients could
benefit from this strategy. Patients diagnosed with NSCLC with a higher risk of
developing brain metastases are those with Pancoast tumours, who develop brain
metastases in 40% [35], patients with histology other than squamous stage ITTA-N2
[36], those operable or with complete response after chemoradiotherapy [37], and those

under 60 years of age.

Since the 1970s, attempts have been made to define the value of PCI in NSCLC (Tab.
2).

In 1981, VALG [38] conducted their first prospective study which also included SCLC.
They reported a potential benefit of PCI in patients with NSCLC, with a reduced
incidence of metastasis of approximately 6% but no impact on OS. In 1984 [39], the
MD Anderson Cancer Center (MDACC) studied 97 patients diagnosed with locally
advanced non-small cell lung cancer (LA-NSCL), and reported a significant control in
brain metastases (4% vs. 23% for the PCI and observation group, respectively) without
differences in OS. Similarly, the most recent randomised phase III studies presented

similar results (Tab. 2), reporting that PCI reduced the incidence of brain metastases and



significantly improved disease-free survival (DFS), although with no impact on OS.
Only the study by Li et al. showed a marginal and not statistically significant benefit in
median OS of 31 vs. 27.4 months in the control group, with a p value of 0.13, although
the study did not complete recruitment [40]. As an exception, the Southwest Oncology
Group, SWOG [41, 42], observed a significant reduction in OS in the PCI group,
although this was probably due to the simultaneous administration of thoracic RT, and
the high brain dose administered (37.5 Gy). Although the RTOG 84-03 study did not
report a significant reduction in the incidence of brain metastases, 9% vs. 19% p ns,

there was a delay in their appearance [43].

The first systemic review on PCI in NSCLC was the one by Cochrane published in
2005. It reported a decrease in the incidence of brain metastases with no improvement
in OS and no conclusions about the impact on QoL. The basic limitation of this first
review is that meta-analysis was not performed because the studies were too
heterogeneous. Also, the most recent studies were not included as they have not been

updated since 2010 [44].

Three meta-analyses of randomised studies have been published in the last two years.
The one conducted by Feghali et al. [45] shows a 70% reduction in the incidence of
brain metastases and an improvement in DFS in stage III patients, with no difference in
OS (HR = 1.08, 95% CI: 0.91-1.27) or QoL. They did not perform subgroup analyses
because most studies included in the meta-analysis were not stratified by variables such
as histology, stage or response to induction chemotherapy. However, one of the included
studies using surveillance, epidemiology and end results data found no benefit either in
the subgroup of patients under 60 years of age with adenocarcinoma histology and stage

I11B [46].

The one published by Witlox, also in 2018 [47], shows a reduced incidence of brain
metastases with PCI of 13% (RR: 0.33; 95% CI: 0.22—0.45). Although there were no
statistically significant differences in OS or QoL, the authors consider the results to be
inconclusive. In respect of OS, because the studies had a very short follow-up, and for
QoL, data were only collected in a few studies. The most recent systematic review
published by Precival et al. [41] shows identical results with a reduced incidence of

metastases with PCI but no differences in OS.



This lack of difference in OS may be due to methodological deficiencies in the studies,
some of which were conducted on small series of patients or had incomplete
recruitment. On the other hand, the increasing radical treatment of metastases with
surgery or ablative doses of irradiation, or disease progression at the systemic level may

also contribute to this.

In terms of side effects, PCI is well tolerated and associated with a relatively low

toxicity ¥, The most common acute toxicity presents with asthenia, skin toxicity,
nausea or vomiting and alopecia, while somewhat later, at 6 months, headache,
drowsiness and cognitive impairment with recent memory loss may occur. Some
randomised studies reported discrete cognitive and memory impairments, such as the De
Ruysscher [49] study and the RTOG 0214 study which found an impaired cognitive
function assessed by the Hopkins Verbal Learning Test-Revised, HVLT-DR with PClI,
and worse neurological function at three months of treatment but not at one year, which
was one of the objectives of the study. Moreover, there was no difference in QoL at 6 or
12 months between patients who received PCI and those who did not [50]. However,
some retrospective studies also showed cognitive impairment in patients who had not
received WBRT, suggesting that other factors could also come into play [51]. None of

the three meta-analyses found differences in toxicity or QoL with the use of PCI.

In summary, despite the decreased incidence of brain metastases, PCI cannot be
recommended as a standard therapy in patients with NSCLC, owing to the lack of
evidence for an improved OS, and the need for further research to determine its impact
on cognitive function. However, with the emergence of new and more effective
systemic treatments, such as TKIs or immunotherapy, which better control extracranial
disease and improve patient survival, there is renewed interest in prophylactic head
brain irradiation in patients with NSCLC. In addition, hippocampal protection
techniques and medications, such as memantine, which decrease side effects at the
neurological level, are also being studied. The benefits of PCI compared with close

monitoring with MRI in high-risk patients should also be assessed.
Role of surgery

Three randomised studies compared WBRT vs. WBRT with single brain metastasis.
Two of them reported an improvement with the combined treatment [52, 53], but the

third study by Mintz et al. [54] found no benefit. These studies were performed on a



small number of patients two decades ago when systemic treatments were less effective.
Moreover, WBRT would not be the treatment of choice in patients with a single brain

metastasis today.

Surgery for brain metastases is currently used in two main settings. The first is for
treatment with radical intent in patients with a single metastasis, controlled or
controllable extracranial disease, and good performance status. In these patients the 5-
year survival is 7.6% when both locations are treated radically™. The role of surgery is
especially important when SRS or SRT are not an option, in some cases due to the size
of the brain metastases, over 5 cm in diameter, or when they are located close to organs
at risk such as the brain stem. The second setting for surgical treatment is for
symptomatic relief, when eloquent areas are involved, or for tumours causing
compressive effects. Another advantage of surgical treatment is the possibility of
carrying out histopathological studies. Some studies have reported different molecular
patterns for the primary tumour and brain metastases and this information would allow
for a better adaptation of systemic treatments [56]. On the other hand, postsurgical
complications have decreased with improved surgical techniques, with morbidity and

mortality rates at around 17.7% and 2.4%, respectively [57].

The incidence of recurrence after surgical resection is approximately 50—60% in the 12
months following surgery. WBRT may reduce the risk of recurrence both locally and in
different brain locations, but does not improve OS and is associated with increased
S[25,58]

cognitive and QoL impairment

replaced by SRS-SRT.

. As we have seen previously, it is now being

Combining radiotherapy treatment with new systemic treatments

Radiation therapy and targeted therapies

In patients with lung adenocarcinoma, the presence of EGFR and ALK alterations
confer a better prognosis [5]. The discovery of targeted therapy against these alterations
in NSCLC has significantly changed the treatment options, with increased survival in
this patient group. There is, therefore, more time in which to develop brain metastases,
which are much more common (50-60% vs. 15-20% in patients with tumours without

mutation) [59-61], and also to observe the cognitive deficits resulting from some local



treatments, such as WBRT. For this reason, use of WBRT should be avoided or delayed
in these patients [62, 63] and SRS is preferred over WBRT whenever possible,

depending on the size and location of the metastases.

When radiation therapy is performed in the course of TKI treatment, the medication is
usually discontinued until completion of the radiation therapy to reduce the risk of
cognitive damage. However, the data are not conclusive, with one study suggesting an
increase in cognitive decline [64], but another claiming that they can be administered
together safely [65], although in most studies it was not even mentioned. Whenever
possible, it is recommended that medication in these cases should be suspended, except
when the tumour burden is so high that it increases the risk of patient’s condition
worsening significantly. Although cognitive decline is associated with WBRT, and most
patients are currently treated with SRS, medications are also usually discontinued until

completion of RT. The most relevant studies are summarised in Table 3.

Brain metastases in patients with EGFR mutations

The EGFR mutation is present in approximately 15% of cases of primary NSCLC. The
first EGFR inhibitors studied were gefitinib and erlotinib, and on the development of
resistance to these (usually the T790M mutation in EGFR mutant tumours), the second

and third generation inhibitors afatinib and osimertinib were developed [66, 67].

Evidence of their efficacy in brain metastases from EGFR-positive primary NSCLC was
initially described in small case series that showed good response rates for intra and
extracranial metastases[68]. Prospective trials with first generation tyrosine kinase

inhibitors (TKI) showed cranial responses of up to 80% [69—71].

The question of whether patients with EGFR mutation and brain metastases can be
treated with TKIs alone without radiotherapy remains open. A meta-analysis of 12
observational studies, including 363 patients with EGFR-positive NSCLC and brain
metastases, suggested that cranial RT compared to an initial treatment with a first-
generation EGFR TKI achieved an improvement in PFS for intracranial disease at 4
months (RR = 1.06, 95% CI: 1.00 to 1.12) and also in OS at two years (OS; RR = 1.33,
95% CI: 1.00-1.77), although it caused more neurological toxicity than TKI alone. The
authors acknowledge methodological flaws and conclude that, despite evidence that

initial cranial radiation therapy can improve control of intracranial disease and survival



outcomes compared to TKI alone, the quality of the evidence is poor [72]. A later study
[73], also retrospective, including 351 patients from 6 institutions diagnosed with
NSCLC with the EGFR mutation and brain metastases compared the treatments: SRS
followed by EGFR-TKI, WBRT followed by EGFR-TKI and EGFR-TKI followed by
SRS or WBRT at the time of intracranial progression. The median OS (measured from
the date of brain metastases) for the groups treated with SRS (n = 100), WBRT (n =
120) and EGFR-TKI (n = 131) was 46, 30 and 25 months, respectively (p < .001).
These data show that initial use of EGFR-TKI and delayed radiation therapy is
associated with lower OS in patients with EGFR mutant NSCLC with brain metastases.
SRS followed by EGFR-TKI resulted in the longest OS and allowed patients to avoid

possible neurocognitive sequelae from WBRT.

The above data seem to indicate that delaying RT may be associated with worse
outcomes in patients with brain metastases compared to early RT. But these studies were
done with first- or second-generation EGFR TKIs that have shown less intracranial

activity than third-generation agents like osimertinib.

Osimertinib is a third-generation EGFR-TKI that selectively inhibits EGFR-TKI-
sensitising and EGFR T790M resistance mutations. In a sub-analysis FLAURA study,
efficacy was assessed in patients with brain metastases. Of the 556 patients included in
the study, 128 (61 in the osimertinib arm and 67 in the standard EGFR-TKI arm) had
CNS metastases with measurable and/or non-measurable lesions. The median CNS PFS
was not achieved with osimertinib (95% CI, 16.5 months to not calculable) and was
13.9 months with EGFR TKI standard (risk ratio: 0.48; 95% CI: 0.26 to 0.86; p = .014).
The objective response rate in the brain was 91% with osimertinib and 68% with
standard EGFR-TKI. The CNS progression rate among the total of 556 study patients
was also lower in patients treated with osimertinib compared to those treated with first-

generation EGFR-TKI [74].

Survival in this study (FLAURA) has been updated in a recent publication in the
subgroup of patients with brain metastases [75], reporting a PFS at 18 months of 58% in

the osimertinib-treated group and 40% in the EGFR-TKI first generation group.

Despite the fact that these data with osimertinib indicate significant activity against

brain disease, without the neurocognitive side effects or postoperative complications



that can arise after brain irradiation or surgical removal, we have no studies comparing
osimertinib with local therapies for the treatment of brain metastases. For this reason,
some experts recommend opting for initial RT followed by osimertinib. Another option,
especially in patients with extracranial dissemination and multiple brain metastases, is

to delay RT if the brain metastases are small and asymptomatic.
Brain metastases in patients with ALK-translocations

Recent clinical trials have examined the effectiveness of ALK inhibitors and there is
increasing evidence for their role in treating brain metastases. Several anaplastic
lymphoma kinase tyrosine kinase inhibiting agents (ALK-TKI) have shown activity in
brain disease. Most patients with brain metastases, both untreated and treated with
crizotinib, will respond to these agents, making it possible to delay surgery and/or RT
[76, 77]. Here, we will examine the level of evidence for the new agents: alectinib,

brigatinib, ceritinib and lorlatinib.

Two phase III trials have demonstrated the superiority of alectinib over crizotinib as a
treatment for patients with brain metastases. J-ALEX was a phase 3 randomised trial
with 207 patients with ALK-positive NSCLC. The time to brain progression was
significantly longer with alectinib versus crizotinib (p < 0.0001). In a later publication
of this trial ®, which analysed efficacy in 122 patients with brain metastases (64 in the
alectinib group, 58 in the crizotinib group), 43 with measurable lesions (21 alectinib, 22
crizotinib), and 46 with previous RT (25 alectinib, 21 crizotinib), the time to brain
progression was significantly longer with alectinib versus crizotinib (p < 0.0001), the
response rate was 85.7% with alectinib vs. 71.4% with crizotinib in patients who

received prior RT and 78.6% versus 40.0%, respectively, with no previous RT.

In a phase 3 trial, 275 patients with advanced ALK-positive NSCLC not previously
treated with ALK inhibitors were randomised to receive brigatinib or crizotinib. The
intracranial response rate among patients with measurable lesions (> 1 cm) was 78%

with brigatinib and 29% with crizotinib [79].

The ASCEND-7 clinical trial evaluated ceritinib in patients with newly diagnosed brain
metastases, or as tumour progression, including 44 patients with no previous brain

radiation therapy or treatment with ALK inhibitors. Results are still preliminary, being



reported at ESMO 2019, and showed a brain response rate of 52%, with an average
duration of brain response of 7.5 months [80]. By comparing the results of the ALEX
and ASCEND-4 clinical trials, alectinib appears to be the most active, and this has been

corroborated in some case series [81].

This intracranial activity has also been documented in patients previously treated with
crizotinib. In a multicentre phase III randomised trial (ALUR), 107 patients with ALK-
positive / metastatic NSCLC previously treated with chemotherapy (platinum doublet)
and crizotinib were randomised to receive alectinib (n = 72) versus chemotherapy (n =
35). In patients with measurable brain metastases (24 with alectinib and 16 with
chemotherapy), the response rate was significantly higher with alectinib (54.2%) versus
chemotherapy (0%; p < 0.001). Alectinib significantly improved both systemic and

brain efficacy versus chemotherapy [82].

To further assess this activity, one study pooled efficacy and safety data from two
single-arm phase II clinical trials that included 136 patients with ALK-positive NSCLC
with brain metastases, 50 of them measurable, previously treated with crizotinib. Of
these 136, 70% had previously received brain radiation therapy [76]. For the patients
with measurable brain disease, the response was 64.0%, the control rate was 90.0%, and
the median duration of response in the brain was 10.8 months. For patients with
measurable and/or non-measurable brain disease, the response was 42.6%, the control
rate was 85.3%, and the median duration of response, 11.1 months. The response rate
was 35.8% for the 95 patients with prior radiation therapy and 58.5% for the 41 patients
without prior radiation therapy. Therefore, alectinib showed good efficacy against brain

metastases, in crizotinib-refractory ALK-positive NSCLC.

The phase II clinical trial, ASCEND-2, evaluated the efficacy and safety of ceritinib in
140 patients with ALK-rearranged NSCLC previously treated with at least one
platinum-based chemotherapy and crizotinib. Of the 140 patients, 100 had
asymptomatic or neurologically-stable brain metastases. The brain metastasis response
rate was 45.0% [83]. The results of a randomised phase 2 trial (ALTA) evaluating
brigatinib in NSCLC positive for anaplastic lymphoma refractory to crizotinib have
recently been published [84]. In this study, brigatinib (180 mg once daily) achieved a
good response to brain metastases in crizotinib-refractory patients, better than the 90

mg/day dose.



Lorlatinib is a potent third-generation inhibitor of ALK and ROS1 tyrosine kinases with
broad coverage of ALK mutations. In a phase 1 study, activity was observed in patients
with ALK-positive NSCLC, most of whom had brain metastases and progression after
ALK-directed therapy [85]. Subsequently, in a phase 2 study [86] in patients with
advanced ALK-positive, or ROS1-positive NSCLC, with or without brain metastases,
the response to lorlatinib was assessed in 276 patients who were assigned to six
different cohorts, based on ALK status and ROS1 and previous therapy. Three patients
of the 30 in the first cohort (ALK + no previous treatment) had measurable brain lesions
and response was observed in 2 of them (66.7%). In ALK-positive patients with at least
one prior ALK tyrosine kinase inhibitor (cohorts 2 to 5), a response in measurable brain
metastases was observed in 63% of patients (51 of 81). Cerebral response was observed
in 87% of patients (20 of 23) with measurable brain metastases of the 59 patients in the
cohorts who had received crizotinib with or without chemotherapy; in 55.6% (5 of 9
patients) of the cohort who had received an ALK-TKI with or without CT (28 patients)
and in 56% (26 of 49 patients) of the group of 112 patients treated with 2 or 3 ALK-TKI
with or without chemotherapy. Hence, in this study lorlatinib showed significant activity
in brain metastases and in systemic disease in patients with ALK-positive NSCLC. This
activity was observed in patients with no prior treatment and in those who had
progressed with crizotinib, a second generation ALK-TKI, and also in patients who had

received up to three previous ALK-TKI.

Patients presenting with only brain progression with alectinib, maintaining the systemic
response, can be treated locally with SRS if the disease is oligometastatic. Another
alternative in these patients is to increase the dose of alectinib to 900 mg administered
orally twice a day, in cases of good tolerance to the previous dose, or can be switched to
lorlatinib [87]. The choice depends on the preference of the patients and hospitals and

the availability of lorlatinib.

Brain metastases in patients with ROS1 translocations

Up to 36% of patients with ROS1 fusion NSCLC have brain metastases at diagnosis.
Entrectinib is a ROS1 inhibitor that has been shown to penetrate and be effective in the
CNS. Preliminary results of an integrated analysis of three ongoing phase 1 or 2 trials of
entrectinib (ALKA-372-001, STARTRK-1 and STARTRK-2) have recently been

published. Response was observed in 5 of 7 patients (71%) with measurable brain



metastases who had not received previous RT®, In a phase II study of lorlatinib, out of
11 patients with ROS1-positive NSCLC with brain metastases who had not received
prior treatment with crizotinib, the response rate for brain metastases was 63%, and of
24 patients with brain metastases previously treated with crizotinib, the response rate

was 51% [89].

In conclusion, currently, for the treatment of brain metastases in NSCLC patients with
mutations that have drugs for targeted therapy, this targeted treatment is preferred over
classical local treatments (RT or surgery), with the intention of reducing the risk of
further brain progression and also the side effects of local therapies. However, SRS
maintains a key role in the treatment of oligometastatic disease, although targeted
therapies are promising treatments for brain metastases from lung cancers with some

mutations.

Radiation therapy and checkpoint inhibitors

The risk of pseudoprogression causing the worsening of neurological symptoms, as well
as the reduced efficacy due to the steroid treatment, frequently required in patients with
brain metastases, are among the concerns regarding treatment with immune checkpoint
inhibitors (ICI) for brain metastases. Also, the brain can be considered as an isolated
immune organ due to the presence of the blood-brain barrier, the absence of a real
lymphatic drainage system, and because macrophages of the microglia are not effective
at presenting antigens. The latter is caused by the limited expression of the major
histocompatibility complex, the absence of immune system co-stimulatory molecules in
the CNS, and the increase in immunosuppressive interleukins such as IL-10, FGF-p.
However, in recent years, research has shown that a robust immune response in the
periphery can pass the blood-brain barrier, because neuroinflammation caused by
metastases and radiotherapy alters the barrier vasculature allowing immune cells to
pass. In addition, the microglia can orchestrate interactions with other immune cells and
activated T-lymphocytes in the periphery that reach the brain by an alternative route to
the blood-brain barrier, via the choroidal plexus. Hence, if there is lymphatic drainage
from the brain to the cervical nodes, then T-lymphocytes can be activated by antigens
from the CNS. For all these reasons, there is a growing interest in the effects of immune
treatments on patients with brain metastases, and their combined use with irradiation. To

date, data are scarce on the effects of immune check point inhibitors (ICI) at the brain



level, because patients with uncontrolled or untreated brain metastases have been
excluded from clinical trials, and only 6-17% of patients who participated in the trials
had controlled brain metastases. In these patients, the percentage response was the same

as at the extracranial level [4, 90] (Tab. 4).

Most of the evidence for the combined use of SRS and ICI is obtained from patients
with melanoma brain metastases. Two meta-analyses found no increased toxicity at the
neurological level with the combination of ICI and radiosurgery. In both meta-analyses,
the percentage of symptomatic radionecrosis was around 5% and similar in the
concurrent treatment group vs. isolated radiosurgery. As for survival outcomes and local
control, OS was better for the combination, but survival free from local and distant
progression was similar [91, 92]. Already in patients with brain metastases of
pulmonary origin, the Johns Hopkins University has retrospectively published the
results of 79 patients with melanoma, renal carcinoma or NSCLC who were treated with
nivolumab, ipilimumab or pembrolizumab with or without SRS concomitantly (35%).
The median OS was 12.9 months for patients treated with SRS, 14.5 months for those
treated with nonconcurrent ICI and SRS, and 24.7 months for those treated concurrently

[93].

In another retrospective cohort study, Shepard et al. from the University of Virginia
Health System compared the outcomes in 17 patients with brain metastases from
NSCLC treated with SRS and ICI administered 3 months before or after SRS with 34
patients treated with SRS without ICI. They found no differences in OS (HR: 0.99, p =
0.99), or DFS, HR: 2.18, p = 0.11, between the two groups, but the rate of complete
brain-level response was higher in the patients receiving the two treatments: 50% vs
15.6% p = 0.012. The incidence of radionecrosis, intratumor haemorrhage, or oedema
was also similar in both groups. In this study, the group treated with both treatments had
more advanced disease according to the RPA scale and previous systemic treatment was

not analysed, which could explain the lack of differences in OS [94].

Another retrospective study by Ahmed et al. described the results obtained in 17 patients
with brain metastases from NSCLC. They found that patients treated with SRS before or
during treatment with ICI had a brain control of 57% vs. 0% for patients previously
treated with ICI (p = 0.05) [95]. For his part, Kotecha, in a retrospective study with a

larger series of 150 patients, found that the best responses occur in patients treated



concurrently with SRS and ICI (considering concurrent + 5 times the half-life of the
ICI). These patients had a higher overall objective response and a longer duration of the
response, especially if treated within the half-life of the drug. Pre-exposed ICI lesions
have a worse response than naive ones and the incidence of radionecrosis at 12 months
was 3.2% in concomitant treatment. They also reported a link between steroid use and a
worse response and OS [96]. In another retrospective study of only 37 patients, Schapira
found a better OS and lower incidence of brain failure in patients treated concomitantly
than in those treated sequentially (OS: 87.3% vs. 70.0% vs. 0%, p Z .008; 1-year DBF,
38.5% vs. 65.8% vs. 100%, p = .042). Moreover, local control was better with those
treated with SRS before or after the onset of ICI, than those initially treated with ICI (1-
year LC, 100% vs. 72.3%, p = .016), and no patient presented toxicity of grade 4 or
higher [97].

In the study by Hubbeling et al., there was no difference in toxicity with ICI and RT vs
ICI without RT [98]. However, Martin in a retrospective study in patients with brain
metastases from melanoma or lung did obtain statistically significant differences in the
incidence of radionecrosis, especially in melanoma patients treated with ipilimumab

[99].

There are still many unresolved issues regarding the combined use of immunotherapy
and SRS, such as the neurotoxicity of the combination, the optimal timing of the two
treatments and the impact of steroids. A number of studies are attempting to answer
these questions. The RADREMI prospective phase I study tried to evaluate SRS dose
reduction for brain metastases on immunotherapy, 18 Gy for 0-2 c¢m lesions, 14 Gy for
2.1-3 cm lesions, and 12 Gy for 3.1-4 cm lesions [100]. In particular, for patients with
brain metastases from NSCLC, open studies are NCT02978404 (nivolumab + SRS),
NCT02858869 (pembrolizumab + SRS) and NCT02696993 (nivolumab + SRS/WBRT
and nivolumab + ipilimumab + SRS/WBRT).

Conclusions

The introduction of new systemic treatments into the therapeutic arsenal and the
technological development of surgical and radiotherapeutic treatments have increased
the therapeutic options in patients with NSCLC brain metastases. For this reason, the

treatment of these patients must be multidisciplinary. In patients with tumour mutations



who are candidates for targeted therapy, local treatment can be delayed provided that the
metastases are not symptomatic. The combination of radiosurgery and ICI appears to be
safe and effective and the results of ongoing clinical trials will help elucidate the best

way to combine treatments.

Table 1. Treatment for non-small cell lung carcinoma (NSCLC) brain metastases (BM)

with surgery and radiotherapy

Study, Design Treatment Local oS RN
year recurrence
Brown Prospective SRS (20-24 Gy) 10.4 m
2016 213 pts VS. HR 3.6
[26] SRS (18-22 Gy) 7.4 m
+ WBRT (30 p: NS
Gy/12 fr)
Prabhu Retrospective SRS 18 Gy 36% 19.8% (2y) | 12.3%
2017 213 pts
[30] S + SRS 15 Gy 38,9% (2y) | 22.3%
SRS + S 15 Gy 20% p: 0.01 p: 001
p: 0.007 5%
Mahajan | Prospective S 67% 18 m None
2017 [4] | 132 pts S + SRS 28% 17 m None
p: 0.015 p: NS
Prabhu Prospective/retro | SRS 15 Gy + S 25.1% 17.2m .8%
2019 spective
[33] 147 pts

pts — patients; S — surgery; SRS — stereotactic radiosurgery; WBRT — whole brain
radiotherapy; HR — hazard ratio; OS — overall survival; RN — radionecrosis; m —

months



Table 2. Studies on prophylactic cranial irradiation non-small cell lung carcinoma (NSCLC)

BM (%) Median DFS Median OS/%
Study/Date N  Primary Stage Dose [Gy] PCI Obs p PCI Obs p PCI Obs p
treatment
Umsawasdi 97 RTCT 11 30 3Gy x 10) 4 27 .002 NA 3y 23.5% NA
(MDACC trial) 22%
1984 [39]
Russell (RTOG 187 RT only /111 30 3Gyx10) 9 19 1 NA 84m 81m .36
8403) 1991 [43] Inoperable
NSCLC

LI 2014 [40] 156 Sx+CT IMIA-N2 30 (3Gyx 10) 20.3 50 <0.001 28.5m 21.2m  .037 31.2 274m 310

5y:26.1% 18.5% m
De Ruysscher 175 RT + CT or Sx III 30 2.5 Gy x 7 27.2 <0.001 12.3m 115m .17 242 212m .56
(NVALT- + RT/CT 12) m
11/DLCRG-02)
2018 [49]
GORE/SUN 340 RT/Sx+CT ITIA/B 302Gy x 15) 16.7 28.3 .004 15m 12m .03 28m 25m A2
(RTOG 0214) 2019 5y:19%  16% 5 y: 26%



[101, 102] 24.7%
10 y: 7.5% 10 y: 13.3%
12.6% 18%

N — number of patients; PCI — prophylactic cranial irradiation; Obs — observation group; BM — incidence of brain metastases; DFS —

disease free survival; RT — radiotherapy; Sx — surgery; CT — chemotherapy; y — years; m — months; NA — not available

Table 3. Brain metastasis from oncogenic driver mutation tumors
Author/type | No pts/Treatment | IC response % or ORR ’ IC PFS months \ Toxicity
EGFR mutation: 1* and 2*° TKIs generation
Ceresoli 2004 [69] 41 Gefitinib (44% previous | 27% 13.5 No toxicity > G 2
Prospective WBRT)
Tuchi 2013 [71] 41 Gefitinib 87.8% 14.5 Skin G3 14.6%
Phase 11 Liver G3 12.2%
Welsh 2013 [65] 40 Erlotinib + WBRT 89% with EGFR mutation NA No toxicity > G4
Phase 11 63% without mutation
Gerber 2014 [103] 63 Erlotinib NA 16 NA
Retrospective 32 WBRT 24

15 SRS
Magnuson 2017 [73] | 131 EGFR-TKI follow 17 NA
Retrospective WBRT/SRS 24




120 WBRT follow TKIs
100 SRS follow TKIs

23

Jiang 2016 [104] RT + TKIs 13-77.1 HR: 0.55 favour RT | More rash and dry skin

Meta-analysis RT 13.3-70.7 + TKIs with RT+TKIs
p <0.000

3rd generation TKIs

Reungwetwattana 67 Standard TKIs 91 13.9

2018 [74] 61 Osimertinib 68 Not reached

Phase III FLAURA

Soria [68] 63 Standard TKIs 84 8.3

2018 53 Osimertinib 75 13.8

Phase III

Wu YL [105] Platinum Pemetrexed ORR 31 5.7

2018 Osimertinib ORR 70 8.9

Phase III AURA3 p: 0.015 p: 0.004

ALK translocation

Hida 2017 [106] 31 Crizotinb HR time to brain

Phase IIT J-ALEX 16 Alectinib progression: 0.16

Peters 2017 [78] 58 Crizotinib 50 5.5

Phase IIT ALEX 64 Alectinib 81 17

Camidge 2019 [107] | Crizotinib 26%

Phase IIT ALTA-L1 Brigatinib 78%




Soria JC 2017 [108] | 62 Platinum Pemetrexed 23.3% —
Phase III ASCEND-4 | 59 Ceritinib 72.7% 16
Chow 2019 [80] Ceritinib in those settings Global median
Phase I ASCEND-7 | 42 prior RT prior ALKi 66.7 intracranial
40 no prior RT prior ALKi 62.5 response 7.5
12 prior RT no prior ALKi 100 Global response 59%
44 no prior RT no prior ALKi 70.6
Shaw 2020 [109] 13 Crizotinib 23 Adverse events G3-4 56%
Phase 111 CROWN 17 Lorlatinib 82 Adverse events G3-4 58%
Novello 2018 [82] 16 QT: pemetrexed or |0 G3>41.2
Phase III ALUR (pts | docetaxel 54 G3>27.1
resistant crizotinib) 24 Alectinib
Huber 2020 [84] 79 Brigatinib 90 mg 50% 94
Phase II ALTA (pts | 74 Brigatinib 180 mg 67% 16.6
resistant crizotinib)
Salomon 2018 [86] 81 Lorlatinib 63% 14.5
Phase 2 (pts resistant
crizotinib)
Crino 2016 [83] 100 Ceritinib 45

Phase II ASCEND-2
(pts resistant

crizotinib)




ROS1 translocation
Drilon 2020 [88] 23 Entrectinib Non previous RT or more | 7.7
Phase 1-2 trials than 2 two months before
71%
Previous RT 80%
Lim 2017 [110] 8 Ceritinib 63
Phase II
Shaw 2017 [85] 11 Lorlatinib, crizotinib naive 63
Phase II 24 Lorlatinib, previous | 51
crizotinib

EGFR — epidermal growth factor receptor; TKI — tyrosine kinase inhibitors; RT — radiotherapy; WBRT — whole brain radiotherapy; SRS
stereotactic radiosurgery; ALKi — anaplastic lymphoma kinase inhibitors; IC — intracranial; PFS — progression free survival, ORR —

objective response ratio

Table 4. Studies about immune checkpoint inhibitors (ICI) and radiotherapy (RT) for non-small cell lung carcinoma (NSCLC) patients with

brain metastases (BMs)



Author Design Treatment Local oS RN
control
Chen, Retrospective | SRS 129 m
2018 260 pts SRS + ICI 14.5m
sequential
SRS + ICI 24.7 m
concomitant p: 0.021
Shepard, Retrospective | SRS
2019 51 pts HR: 2.18 | HR: 0.99 | p: NS
SRS + ICI p:0,11 p:0.99
Ahmed, Retrospective | SRS pre ICI 57%
2017 17 pts HR: 9.2 p: NS
SRS post ICI 0% p: 0.006
Kotecha, Retrospective | SRS + ICI | 86% 32m
2019%! 150 pts concomitant
SRS + ICI| 65% 29 m
delayed p: 0.012
Schapira, Retrospective | SRS+ICI 100% 48% No toxicities
201897 37 pts concomitant grade > 3
SRS+ICI 72,3% Prior 35%
sequential p: 0.016 After 0%
p: 0.08
Hubbeling, | Retrospective | SRS
2018 163 pts SRS + ICI p: NS




Pts — patients; SRS — stereotactic radiosurgery; HR — hazard ratio; m — months

References

10.

11.

Kim SY, Kim JS, Park HS, et al. Screening of brain metastasis with limited magnetic
resonance imaging (MRI): clinical implications of using limited brain MRI during initial
staging for non-small cell lung cancer patients. | Korean Med Sci. 2005; 20(1): 121-
126, doi: 10.3346/jkms.2005.20.1.121, indexed in Pubmed: 15716616.

Xu Z, Yang Q, Chen X, et al. Clinical associations and prognostic value of site-specific
metastases in non-small cell lung cancer: A population-based study. Oncol Lett. 2019;
17(6): 5590-5600, doi: 10.3892/0l.2019.10225, indexed in Pubmed: 31186781.

Nayak L, Lee EQ, Wen PY. Epidemiology of brain metastases. Curr Oncol Rep. 2012;
14(1): 48-54, doi: 10.1007/s11912-011-0203-y, indexed in Pubmed: 22012633.

Goldberg S, Gettinger S, Mahajan A, 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(7): 976-983,
doi: 10.1016/s1470-2045(16)30053-5, indexed in Pubmed: 7267608.

Sperduto PW, Yang TJ, Beal K, et al. Estimating Survival in Patients With Lung Cancer
and Brain Metastases: An Update of the Graded Prognostic Assessment for Lung
Cancer Using Molecular Markers (Lung-molGPA). JAMA Oncol. 2017; 3(6): 827-831,
doi: 10.1001/jamaoncol.2016.3834, indexed in Pubmed: 27892978.

Nieder C, Hintz M, Popp |, et al. Long-term survival results after treatment for
oligometastatic brain disease. Rep Pract Oncol Radiother. 2020; 25(3): 307-311,
doi: 10.1016/j.rpor.2020.03.001, indexed in Pubmed: 32194350.

McClelland lii S, Agrawal N, Elbanna MF, et al. Baseline Karnofsky performance status
is independently predictive of death within 30 days of intracranial radiation therapy
completion for metastatic disease. Rep Pract Oncol Radiother. 2020; 25(4): 698-700,
doi: 10.1016/j.rpor.2020.02.014, indexed in Pubmed: 32684855.

Gaspar L, Scott C, Rotman M, et al. Recursive partitioning analysis (RPA) of prognostic
factors in three radiation therapy oncology group (RTOG) brain metastases trials. Int |
Radiat Oncol Biol Phys. 1997; 37(4): 745-751, doi: 10.1016/s0360-3016(96)00619-0,
indexed in Pubmed: 9128946.

Sperduto PW, Berkey B, Gaspar LE, et al. A new prognostic index and comparison to
three other indices for patients with brain metastases: an analysis of 1,960 patients
in the RTOG database. Int ] Radiat Oncol Biol Phys. 2008; 70(2): 510-514,
doi: 10.1016/j.ijrobp.2007.06.074, indexed in Pubmed: 17931798.

Sperduto PW, Chao ST, Sneed PK, et al. Diagnosis-specific prognostic factors, indexes,
and treatment outcomes for patients with newly diagnosed brain metastases: a multi-
institutional analysis of 4,259 patients. Int ] Radiat Oncol Biol Phys. 2010; 77(3): 655-
661, doi: 10.1016/j.ijrobp.2009.08.025, indexed in Pubmed: 19942357.

Mulvenna P, Nankivell M, Barton R, et al. Dexamethasone and supportive care with or
without whole brain radiotherapy in treating patients with non-small cell lung cancer


http://dx.doi.org/10.3346/jkms.2005.20.1.121
https://www.ncbi.nlm.nih.gov/pubmed/19942357
http://dx.doi.org/10.1016/j.ijrobp.2009.08.025
https://www.ncbi.nlm.nih.gov/pubmed/17931798
http://dx.doi.org/10.1016/j.ijrobp.2007.06.074
https://www.ncbi.nlm.nih.gov/pubmed/9128946
http://dx.doi.org/10.1016/s0360-3016(96)00619-0
https://www.ncbi.nlm.nih.gov/pubmed/32684855
http://dx.doi.org/10.1016/j.rpor.2020.02.014
https://www.ncbi.nlm.nih.gov/pubmed/32194350
http://dx.doi.org/10.1016/j.rpor.2020.03.001
https://www.ncbi.nlm.nih.gov/pubmed/27892978
http://dx.doi.org/10.1001/jamaoncol.2016.3834
https://www.ncbi.nlm.nih.gov/pubmed/7267608
http://dx.doi.org/10.1016/s1470-2045(16)30053-5
https://www.ncbi.nlm.nih.gov/pubmed/22012633
http://dx.doi.org/10.1007/s11912-011-0203-y
https://www.ncbi.nlm.nih.gov/pubmed/31186781
http://dx.doi.org/10.3892/ol.2019.10225
https://www.ncbi.nlm.nih.gov/pubmed/15716616

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

with brain metastases unsuitable for resection or stereotactic radiotherapy (QUARTZ):
results from a phase 3, non-inferiority, randomised trial. Lancet. 2016; 388(10055):
2004-2014, doi: 10.1016/s0140-6736(16)30825-x, indexed in Pubmed: 27604504.

Cacho-Diaz B, Alvarez-Alvarez A, Salmerén-Moreno K, et al. Role of whole brain
radiotherapy in the management of infratentorial metastases from lung and breast
cancer. Rep Pract Oncol Radiother. 2021; 26(4): 512-517,
doi: 10.5603/RPOR.a2021.0060, indexed in Pubmed: 34434566.

Murray K, Scott C, Greenberg H, et al. A randomized phase Ill study of accelerated
hyperfractionation versus standard in patients with unresected brain metastases: A
report of the radiation therapy oncology group (RTOG) 9104. Int ] Radiat Oncol Biol
Phys. 1997; 39(3): 571-574, doi: 10.1016/s0360-3016(97)00341-6, indexed in
Pubmed: 9336134.

Sarin R, Dinshaw KA. Final results of the royal college of radiologists' trial comparing
two different radiotherapy schedules in the treatment of cerebral metastases. Clin
Oncol. 1997; 9(4): 272, doi:10.1016/s0936-6555(97)80019-2, indexed in
Pubmed: 9315407.

Rades D, Bohlen G, Lohynska R, et al. Whole-brain radiotherapy with 20 Gy in 5
fractions for brain metastases in patients with cancer of unknown primary (CUP).
Strahlenther Onkol. 2007; 183(11): 631-636, doi: 10.1007/s00066-007-1763-5,
indexed in Pubmed: 17960339.

Borgelt B, Gelber R, Larson M, et al. Ultra-rapid high dose irradiation schedules for the
palliation of brain metastases: Final results of the first two studies by the radiation
therapy oncology group. Int J Radiat Oncol Biol Phys. 1981; 7(12): 1633-1638,
doi: 10.1016/0360-3016(81)90184-x, indexed in Pubmed: 6174490.

Shuto T, Akabane A, Yamamoto M, et al. Multiinstitutional prospective observational
study of stereotactic radiosurgery for patients with multiple brain metastases from
non-small cell lung cancer (JLGK0901 study-NSCLC). ] Neurosurg. 2018; 129(Suppll):
86-94, doi: 10.3171/2018.7.GKS181378, indexed in Pubmed: 30544291.

Yamamoto M, Serizawa T, Higuchi Y, et al. A Multi-institutional Prospective
Observational Study of Stereotactic Radiosurgery for Patients With Multiple Brain
Metastases (JLGK0901 Study Update): Irradiation-related Complications and Long-
term Maintenance of Mini-Mental State Examination Scores. Int ] Radiat Oncol Biol
Phys. 2017; 99(1): 31-40, doi:10.1016/j.ijrobp.2017.04.037, indexed in
Pubmed: 28816158.

Yamamoto M, Kawabe T, Sato Y, et al. Stereotactic radiosurgery for patients with
multiple brain metastases: a case-matched study comparing treatment results for
patients with 2-9 versus 10 or more tumors. ] Neurosurg. 2014; 121 Suppl: 16-25,
doi: 10.3171/2014.8.GKS141421, indexed in Pubmed: 25434933.

Glatzer M, Faivre-Finn C, De Ruysscher D, et al. Role of radiotherapy in the
management of brain metastases of NSCLC - Decision criteria in clinical routine.
Radiother Oncol. 2021; 154: 269-273, doi: 10.1016/j.radonc.2020.10.043, indexed in
Pubmed: 33186683.

Churilla TM, Ballman KV, Brown PD, et al. Stereotactic Radiosurgery With or Without
Whole-Brain Radiation Therapy for Limited Brain Metastases: A Secondary Analysis of
the North Central Cancer Treatment Group N0574 (Alliance) Randomized Controlled
Trial. Int Radiat  Oncol Biol Phys. 2017; 99(5): 1173-1178,
doi: 10.1016/j.ijrobp.2017.07.045, indexed in Pubmed: 28939223.



https://www.ncbi.nlm.nih.gov/pubmed/28939223
http://dx.doi.org/10.1016/j.ijrobp.2017.07.045
https://www.ncbi.nlm.nih.gov/pubmed/33186683
http://dx.doi.org/10.1016/j.radonc.2020.10.043
https://www.ncbi.nlm.nih.gov/pubmed/25434933
http://dx.doi.org/10.3171/2014.8.GKS141421
https://www.ncbi.nlm.nih.gov/pubmed/28816158
http://dx.doi.org/10.1016/j.ijrobp.2017.04.037
https://www.ncbi.nlm.nih.gov/pubmed/30544291
http://dx.doi.org/10.3171/2018.7.GKS181378
https://www.ncbi.nlm.nih.gov/pubmed/6174490
http://dx.doi.org/10.1016/0360-3016(81)90184-x
https://www.ncbi.nlm.nih.gov/pubmed/17960339
http://dx.doi.org/10.1007/s00066-007-1763-5
https://www.ncbi.nlm.nih.gov/pubmed/9315407
http://dx.doi.org/10.1016/s0936-6555(97)80019-2
https://www.ncbi.nlm.nih.gov/pubmed/9336134
http://dx.doi.org/10.1016/s0360-3016(97)00341-6
https://www.ncbi.nlm.nih.gov/pubmed/34434566
http://dx.doi.org/10.5603/RPOR.a2021.0060
https://www.ncbi.nlm.nih.gov/pubmed/27604504
http://dx.doi.org/10.1016/s0140-6736(16)30825-x

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Aoyama H, Tago M, Shirato H, et al. Japanese Radiation Oncology Study Group 99-1
(JROSG 99-1) Investigators. Stereotactic radiosurgery plus whole-brain radiation
therapy vs stereotactic radiosurgery alone for treatment of brain metastases: a
randomized controlled trial. JAMA. 2006; 295(21): 2483-2491,
doi: 10.1001/jama.295.21.2483, indexed in Pubmed: 16757720.

Shimizu Y, Kato H, Schull WJ. Studies of the mortality of A-bomb survivors. 9.
Mortality, 1950-1985: Part 2. Cancer mortality based on the recently revised doses
(DS86). Radiat Res. 1990; 121(2): 120-141, indexed in Pubmed: 2305030.

Qie S, Li Y, Shi HY, et al. Stereotactic radiosurgery (SRS) alone versus whole brain
radiotherapy plus SRS in patients with 1 to 4 brain metastases from non-small cell
lung cancer stratified by the graded prognostic assessment: A meta-analysis
(PRISMA) of randomized control trials. Medicine (Baltimore). 2018; 97(33): el1777,
doi: 10.1097/MD.0000000000011777, indexed in Pubmed: 30113464.

Churilla TM, Handorf E, Collette S, et al. Whole brain radiotherapy after stereotactic
radiosurgery or surgical resection among patients with one to three brain metastases
and favorable prognoses: a secondary analysis of EORTC 22952-26001. Ann Oncol.
2017; 28(10): 2588-2594, doi: 10.1093/annonc/mdx332, indexed in
Pubmed: 28961826.

Brown PD, Jaeckle K, Ballman KV, 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(4): 401-409,
doi: 10.1001/jama.2016.9839, indexed in Pubmed: 27458945.

Chang E, Wefel J, Hess K, 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(11): 1037-1044, doi: 10.1016/s1470-
2045(09)70263-3, indexed in Pubmed: 19801201.

Harth S, Abo-Madyan Y, Zheng L, et al. Estimation of intracranial failure risk following
hippocampal-sparing whole brain radiotherapy. Radiother Oncol. 2013; 109(1): 152-
158, doi: 10.1016/j.radonc.2013.09.009, indexed in Pubmed: 24100152.

Brown PD, Gondi V, Pugh S, et al. for NRG Oncology. Hippocampal Avoidance During
Whole-Brain Radiotherapy Plus Memantine for Patients With Brain Metastases: Phase
Il Trial NRG Oncology CCO001l. ] Clin Oncol. 2020; 38(10): 1019-1029,
doi: 10.1200/JC0.19.02767, indexed in Pubmed: 32058845.

Prabhu RS, Press RH, Patel KR, et al. Single-Fraction Stereotactic Radiosurgery (SRS)
Alone Versus Surgical Resection and SRS for Large Brain Metastases: A Multi-
institutional Analysis. Int ] Radiat Oncol Biol Phys. 2017; 99(2): 459-467,
doi: 10.1016/j.ijrobp.2017.04.006, indexed in Pubmed: 28871997.

Brown P, Ballman K, Cerhan J, et al. Postoperative stereotactic radiosurgery compared
with whole brain radiotherapy for resected metastatic brain disease (NCCTG
N107C/CEC-3): a multicentre, randomised, controlled, phase 3 trial. Lancet Oncol.
2017; 18(8): 1049-1060, doi:10.1016/s1470-2045(17)30441-2, indexed in
Pubmed: 28687377.

Mahajan A, Ahmed S, McAleer M, et al. Post-operative stereotactic radiosurgery
versus observation for completely resected brain metastases: a single-centre,
randomised, controlled, phase 3 trial. Lancet Oncol. 2017; 18(8): 1040-1048,
doi: 10.1016/s1470-2045(17)30414-x, indexed in Pubmed: 28687375.

Prabhu RS, Miller KR, Asher AL, et al. Preoperative stereotactic radiosurgery before
planned resection of brain metastases: updated analysis of efficacy and toxicity of a


https://www.ncbi.nlm.nih.gov/pubmed/28687375
http://dx.doi.org/10.1016/s1470-2045(17)30414-x
https://www.ncbi.nlm.nih.gov/pubmed/28687377
http://dx.doi.org/10.1016/s1470-2045(17)30441-2
https://www.ncbi.nlm.nih.gov/pubmed/28871997
http://dx.doi.org/10.1016/j.ijrobp.2017.04.006
https://www.ncbi.nlm.nih.gov/pubmed/32058845
http://dx.doi.org/10.1200/JCO.19.02767
https://www.ncbi.nlm.nih.gov/pubmed/24100152
http://dx.doi.org/10.1016/j.radonc.2013.09.009
https://www.ncbi.nlm.nih.gov/pubmed/19801201
http://dx.doi.org/10.1016/s1470-2045(09)70263-3
http://dx.doi.org/10.1016/s1470-2045(09)70263-3
https://www.ncbi.nlm.nih.gov/pubmed/27458945
http://dx.doi.org/10.1001/jama.2016.9839
https://www.ncbi.nlm.nih.gov/pubmed/28961826
http://dx.doi.org/10.1093/annonc/mdx332
https://www.ncbi.nlm.nih.gov/pubmed/30113464
http://dx.doi.org/10.1097/MD.0000000000011777
https://www.ncbi.nlm.nih.gov/pubmed/2305030
https://www.ncbi.nlm.nih.gov/pubmed/16757720
http://dx.doi.org/10.1001/jama.295.21.2483

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

novel treatment paradigm. ] Neurosurg. 2018 [Epub ahead of print]: 1-8,
doi: 10.3171/2018.7.JNS181293, indexed in Pubmed: 30554174.

Aupérin A, Arriagada R, Pignon JP, et al. Prophylactic cranial irradiation for patients
with small-cell lung cancer in complete remission. Prophylactic Cranial Irradiation
Overview Collaborative Group. N Engl ] Med. 1999; 341(7): 476-484,
doi: 10.1056/NEJM199908123410703, indexed in Pubmed: 10441603.

Rusch VW, Giroux DJ, Kraut MJ, et al. Induction chemoradiation and surgical resection
for superior sulcus non-small-cell lung carcinomas: long-term results of Southwest
Oncology Group Trial 9416 (Intergroup Trial 0160). J Clin Oncol. 2007; 25(3): 313-318,
doi: 10.1200/JC0.2006.08.2826, indexed in Pubmed: 17235046.

Petrovi¢ M, lli¢ N, Loncarevi¢ O, et al. Risk factors for brain metastases in surgically
staged IlIA non-small cell lung cancer patients treated with surgery, radiotherapy and
chemotherapy. Vojnosanit Pregl. 2011; 68(8): 643-649, doi: 10.2298/vsp1108643p,
indexed in Pubmed: 21991786.

Chen AM, Jahan TM, Jablons DM, et al. Risk of cerebral metastases and neurological
death after pathological complete response to neoadjuvant therapy for locally
advanced nonsmall-cell lung cancer: clinical implications for the subsequent
management of the brain. Cancer. 2007; 109(8): 1668-1675,
doi: 10.1002/cncr.22565, indexed in Pubmed: 17342770.

Cox J, Stanley K, Petrovich Z, et al. Cranial Irradiation in Cancer of the Lung of All Cell
Types. JAMA: The Journal of the American Medical Association. 1981; 245(5): 469,
doi: 10.1001/jama.1981.03310300023013, indexed in Pubmed: 7452872.

Umsawasdi T, Valdivieso M, Chen TT, et al. Role of elective brain irradiation during
combined chemoradiotherapy for limited disease non-small cell lung cancer. |
Neurooncol. 1984; 2(3): 253-259, doi: 10.1007/BF00253278, indexed in
Pubmed: 6389779.

Li N, Zeng ZF, Wang SY, et al. Randomized phase Il trial of prophylactic cranial
irradiation versus observation in patients with fully resected stage IlIA-N2 nonsmall-
cell lung cancer and high risk of cerebral metastases after adjuvant chemotherapy.
Ann Oncol. 2015; 26(3): 504-509, doi: 10.1093/annonc/mdu567, indexed in
Pubmed: 25515658.

Precival C, Landy M, Poole C, et al. The Role of Prophylactic Cranial Irradiation for
Non-small  Cell Lung Cancer. Anticancer Res. 2018; 38(1): 7-14,
doi: 10.21873/anticanres.12185, indexed in Pubmed: 29277750.

Miller T, Crowley J, Mira J, et al. A randomised trial of chemotherapy and radiotherapy
for stage Illl non-small cell lung cancer. Cancer Ther. 1998; 1(4): 229-236.

Russell AH, Pajak TE, Selim HM, et al. Prophylactic cranial irradiation for lung cancer
patients at high risk for development of cerebral metastasis: Results of a prospective
randomized trial conducted by the radiation therapy oncology group. Int ] Radiat
Oncol Biol Phys. 1991; 21(3): 637-643, doi: 10.1016/0360-3016(91)90681-s, indexed
in Pubmed: 1651304.

Lester JF, Coles B, Macbeth FR. Prophylactic cranial irradiation for preventing brain
metastases in patients undergoing radical treatment for non-small cell lung cancer.
Cochrane Database Syst Rev. 2005(2): CD005221, doi: 10.1002/14651858.CD005221,
indexed in Pubmed: 15846743.

Al Feghali KA, Ballout RA, Khamis AM, et al. Prophylactic Cranial Irradiation in Patients
With Non-Small-Cell Lung Cancer: A Systematic Review and Meta-Analysis of


https://www.ncbi.nlm.nih.gov/pubmed/15846743
http://dx.doi.org/10.1002/14651858.CD005221
https://www.ncbi.nlm.nih.gov/pubmed/1651304
http://dx.doi.org/10.1016/0360-3016(91)90681-s
https://www.ncbi.nlm.nih.gov/pubmed/29277750
http://dx.doi.org/10.21873/anticanres.12185
https://www.ncbi.nlm.nih.gov/pubmed/25515658
http://dx.doi.org/10.1093/annonc/mdu567
https://www.ncbi.nlm.nih.gov/pubmed/6389779
http://dx.doi.org/10.1007/BF00253278
https://www.ncbi.nlm.nih.gov/pubmed/%207452872
http://dx.doi.org/10.1001/jama.1981.03310300023013
https://www.ncbi.nlm.nih.gov/pubmed/17342770
http://dx.doi.org/10.1002/cncr.22565
https://www.ncbi.nlm.nih.gov/pubmed/21991786
http://dx.doi.org/10.2298/vsp1108643p
https://www.ncbi.nlm.nih.gov/pubmed/17235046
http://dx.doi.org/10.1200/JCO.2006.08.2826
https://www.ncbi.nlm.nih.gov/pubmed/10441603
http://dx.doi.org/10.1056/NEJM199908123410703
https://www.ncbi.nlm.nih.gov/pubmed/30554174
http://dx.doi.org/10.3171/2018.7.JNS181293

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Randomized Controlled Trials. Front Oncol. 2018; 8: 115,
doi: 10.3389/fonc.2018.00115, indexed in Pubmed: 29732317.

Park HS, Decker RH, Wilson LD, et al. Prophylactic Cranial Irradiation for Patients With
Locally Advanced Non-Small-Cell Lung Cancer at High Risk for Brain Metastases. Clin
Lung Cancer. 2015; 16(4): 292-297, doi: 10.1016/j.cllc.2014.11.005, indexed in
Pubmed: 25499149,

Witlox WJA, Ramaekers BLT, Zindler JD, et al. The Prevention of Brain Metastases in
Non-Small Cell Lung Cancer by Prophylactic Cranial Irradiation. Front Oncol. 2018; 8:
241, doi: 10.3389/fonc.2018.00241, indexed in Pubmed: 30094224,

Gawkowska-Suwinska M, Blamek S, Heyda A, et al. Tolerability and toxicity of
prophylactic cranial irradiation in patients with non-small cell lung cancer - Results of
a phase Il study (with estimation of hematological toxicity, pituitary function and
magnetic resonance spectra changes). Rep Pract Oncol Radiother. 2014; 19(6): 361-
368, doi: 10.1016/j.rpor.2014.05.002, indexed in Pubmed: 25337408.

De Ruysscher D, Dingemans AMC, Praag ], et al. Prophylactic Cranial Irradiation
Versus Observation in Radically Treated Stage Ill Non-Small-Cell Lung Cancer: A
Randomized Phase Ill NVALT-11/DLCRG-02 Study. J Clin Oncol. 2018; 36(23): 2366-
2377, doi: 10.1200/JC0.2017.77.5817, indexed in Pubmed: 29787357.

Gondi V, Paulus R, Bruner DW, et al. Decline in tested and self-reported cognitive
functioning after prophylactic cranial irradiation for lung cancer: pooled secondary
analysis of Radiation Therapy Oncology Group randomized trials 0212 and 0214. Int
Radiat Oncol Biol Phys. 2013; 86(4): 656-664, doi: 10.1016/j.ijrobp.2013.02.033,
indexed in Pubmed: 23597420.

Stuschke M, Eberhardt W, Pottgen C, et al. Prophylactic cranial irradiation in locally
advanced non-small-cell lung cancer after multimodality treatment: long-term follow-
up and investigations of late neuropsychologic effects. ] Clin Oncol. 1999; 17(9):
2700-2709, doi: 10.1200/JC0.1999.17.9.2700, indexed in Pubmed: 10561344.

Patchell RA, Tibbs PA, Walsh JW, et al. A randomized trial of surgery in the treatment
of single metastases to the brain. N Engl ] Med. 1990; 322(8): 494-500,
doi: 10.1056/NEJM199002223220802, indexed in Pubmed: 2405271.

Noordijk E, Vecht C, Haaxma-Reiche H, et al. The choice of treatment of single brain
metastasis should be based on extracranial tumor activity and age. Int ] Radiat Oncol
Biol Phys. 1994; 29(4): 711-717, doi: 10.1016/0360-3016(94)90558-4, indexed in
Pubmed: 8040016.

Mintz A, Kestle ), Rathbone M, et al. A randomized trial to assess the efficacy of
surgery in addition to radiotherapy in patients with a single cerebral metastasis.
Cancer. 199¢6; 78(7): 1470-1476, doi: 10.1002/(sici)1097-
0142(19961001)78:7<1470::aid-cncrl4>3.0.co;2-x, indexed in Pubmed: 8839553 .

Hu C, Chang EL, Hassenbusch SJ, et al. Nonsmall cell lung cancer presenting with
synchronous solitary brain metastasis. Cancer. 2006; 106(9): 1998-2004,
doi: 10.1002/cncr.21818, indexed in Pubmed: 16572401.

Paik PK, Shen R, Won H, et al. Next-Generation Sequencing of Stage IV Squamous Cell
Lung Cancers Reveals an Association of PI3K Aberrations and Evidence of Clonal
Heterogeneity in Patients with Brain Metastases. Cancer Discov. 2015; 5(6): 610-621,
doi: 10.1158/2159-8290.CD-14-1129, indexed in Pubmed: 25929848.



https://www.ncbi.nlm.nih.gov/pubmed/25929848
http://dx.doi.org/10.1158/2159-8290.CD-14-1129
https://www.ncbi.nlm.nih.gov/pubmed/16572401
http://dx.doi.org/10.1002/cncr.21818
https://www.ncbi.nlm.nih.gov/pubmed/8839553
http://dx.doi.org/10.1002/(sici)1097-0142(19961001)78:7%3C1470::aid-cncr14%3E3.0.co;2-x
http://dx.doi.org/10.1002/(sici)1097-0142(19961001)78:7%3C1470::aid-cncr14%3E3.0.co;2-x
https://www.ncbi.nlm.nih.gov/pubmed/8040016
http://dx.doi.org/10.1016/0360-3016(94)90558-4
https://www.ncbi.nlm.nih.gov/pubmed/2405271
http://dx.doi.org/10.1056/NEJM199002223220802
https://www.ncbi.nlm.nih.gov/pubmed/10561344
http://dx.doi.org/10.1200/JCO.1999.17.9.2700
https://www.ncbi.nlm.nih.gov/pubmed/23597420
http://dx.doi.org/10.1016/j.ijrobp.2013.02.033
https://www.ncbi.nlm.nih.gov/pubmed/29787357
http://dx.doi.org/10.1200/JCO.2017.77.5817
https://www.ncbi.nlm.nih.gov/pubmed/25337408
http://dx.doi.org/10.1016/j.rpor.2014.05.002
https://www.ncbi.nlm.nih.gov/pubmed/30094224
http://dx.doi.org/10.3389/fonc.2018.00241
https://www.ncbi.nlm.nih.gov/pubmed/25499149
http://dx.doi.org/10.1016/j.cllc.2014.11.005
https://www.ncbi.nlm.nih.gov/pubmed/29732317
http://dx.doi.org/10.3389/fonc.2018.00115

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Sivasanker M, Madhugiri VS, Moiyadi AV, et al. Surgery for brain metastases: An
analysis of outcomes and factors affecting survival. Clin Neurol Neurosurg. 2018; 168:
153-162, doi: 10.1016/j.clineuro.2018.03.011, indexed in Pubmed: 29554624.

Scoccianti S, Ricardi U. Treatment of brain metastases: review of phase lll randomized
controlled trials. Radiother Oncol. 2012; 102(2): 168-179,
doi: 10.1016/j.radonc.2011.08.041, indexed in Pubmed: 21996522.

Johung KL, Yeh N, Desai NB, et al. Extended Survival and Prognostic Factors for
Patients With ALK-Rearranged Non-Small-Cell Lung Cancer and Brain Metastasis. ] Clin
Oncol. 2016; 34(2): 123-129, doi:10.1200//CO.2015.62.0138, indexed in
Pubmed: 26438117.

Zhang |, Zaorsky N, Palmer J, et al. Targeting brain metastases in ALK-rearranged non-
small-cell lung cancer. Lancet Oncol. 2015; 16(13): e510-e521, doi: 10.1016/s1470-
2045(15)00013-3, indexed in Pubmed: 26433824.

Shin DY, Na Imll, Kim CH, et al. EGFR mutation and brain metastasis in pulmonary
adenocarcinomas. J Thorac Oncol. 2014, 9(2): 195-199,
doi: 10.1097/J]TO.0000000000000069, indexed in Pubmed: 24419416.

Tallet AV, Azria D, Barlesi F, et al. Neurocognitive function impairment after whole
brain radiotherapy for brain metastases: actual assessment. Radiat Oncol. 2012; 7:
77, doi: 10.1186/1748-717X-7-77, indexed in Pubmed: 22640600.

Wen PY. Controversies in neuro-oncology: role of whole-brain radiation therapy in the
treatment of newly diagnosed brain metastases. Neuro Oncol. 2015; 17(7): 915,
doi: 10.1093/neuonc/nov102, indexed in Pubmed: 26092876.

Olmez |, Donahue BR, Butler JS, et al. Clinical outcomes in extracranial tumor sites
and unusual toxicities with concurrent whole brain radiation (WBRT) and Erlotinib
treatment in patients with non-small cell lung cancer (NSCLC) with brain metastasis.
Lung Cancer. 2010; 70(2): 174-179, doi: 10.1016/j.lungcan.2010.01.018, indexed in
Pubmed: 20207442.

Welsh JW, Komaki R, Amini A, et al. Phase Il trial of erlotinib plus concurrent whole-
brain radiation therapy for patients with brain metastases from non-small-cell lung
cancer. ] Clin Oncol. 2013; 31(7): 895-902, doi: 10.1200/JC0.2011.40.1174, indexed
in Pubmed: 23341526.

Mok TS, Wu YL, Ahn MJ], et al. AURA3 Investigators. Osimertinib or Platinum-
Pemetrexed in EGFR T790M-Positive Lung Cancer. N Engl ] Med. 2017; 376(7): 629-
640, doi: 10.1056/NEJM0al612674, indexed in Pubmed: 27959700.

Cappuzzo F, Ardizzoni A, Soto-Parra H, et al. Epidermal growth factor receptor
targeted therapy by ZD 1839 (Iressa) in patients with brain metastases from non-
small cell lung cancer (NSCLC). Lung Cancer. 2003; 41(2): 227-231,
doi: 10.1016/s0169-5002(03)00189-2, indexed in Pubmed: 12871787.

Soria JC, Ohe Y, Vansteenkiste ], et al. FLAURA Investigators. Osimertinib in Untreated
EGFR-Mutated Advanced Non-Small-Cell Lung Cancer. N Engl ] Med. 2018; 378(2):
113-125, doi: 10.1056/NEJM0oal713137, indexed in Pubmed: 29151359.

Ceresoli GL, Cappuzzo F, Gregorc V, et al. Gefitinib in patients with brain metastases
from non-small-cell lung cancer: a prospective trial. Annals of Oncology. 2004; 15(7):
1042-1047, doi: 10.1093/annonc/mdh276, indexed in Pubmed: 15205197.



https://www.ncbi.nlm.nih.gov/pubmed/15205197
http://dx.doi.org/10.1093/annonc/mdh276
https://www.ncbi.nlm.nih.gov/pubmed/29151359
http://dx.doi.org/10.1056/NEJMoa1713137
https://www.ncbi.nlm.nih.gov/pubmed/12871787
http://dx.doi.org/10.1016/s0169-5002(03)00189-2
https://www.ncbi.nlm.nih.gov/pubmed/27959700
http://dx.doi.org/10.1056/NEJMoa1612674
https://www.ncbi.nlm.nih.gov/pubmed/23341526
http://dx.doi.org/10.1200/JCO.2011.40.1174
https://www.ncbi.nlm.nih.gov/pubmed/20207442
http://dx.doi.org/10.1016/j.lungcan.2010.01.018
https://www.ncbi.nlm.nih.gov/pubmed/26092876
http://dx.doi.org/10.1093/neuonc/nov102
https://www.ncbi.nlm.nih.gov/pubmed/22640600
http://dx.doi.org/10.1186/1748-717X-7-77
https://www.ncbi.nlm.nih.gov/pubmed/24419416
http://dx.doi.org/10.1097/JTO.0000000000000069
https://www.ncbi.nlm.nih.gov/pubmed/26433824
http://dx.doi.org/10.1016/s1470-2045(15)00013-3
http://dx.doi.org/10.1016/s1470-2045(15)00013-3
https://www.ncbi.nlm.nih.gov/pubmed/26438117
http://dx.doi.org/10.1200/JCO.2015.62.0138
https://www.ncbi.nlm.nih.gov/pubmed/21996522
http://dx.doi.org/10.1016/j.radonc.2011.08.041
https://www.ncbi.nlm.nih.gov/pubmed/29554624
http://dx.doi.org/10.1016/j.clineuro.2018.03.011

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Porta R, Sdnchez-Torres JM, Paz-Ares L, et al. Brain metastases from lung cancer
responding to erlotinib: the importance of EGFR mutation. Eur Respir J. 2011; 37(3):
624-631, doi: 10.1183/09031936.00195609, indexed in Pubmed: 20595147.

luchi T, Shingyoji M, Sakaida T, et al. Phase Il trial of gefitinib alone without radiation
therapy for Japanese patients with brain metastases from EGFR-mutant lung
adenocarcinoma. Lung Cancer. 2013; 82(2): 282-287,
doi: 10.1016/j.lungcan.2013.08.016, indexed in Pubmed: 24021541.

Soon YuY, Leong CN, Koh WY, et al. EGFR tyrosine kinase inhibitors versus cranial
radiation therapy for EGFR mutant non-small cell lung cancer with brain metastases:
a systematic review and meta-analysis. Radiother Oncol. 2015; 114(2): 167-172,
doi: 10.1016/j.radonc.2014.12.011, indexed in Pubmed: 25583566.

Magnuson W], Lester-Coll NH, Wu AJ, et al. Management of Brain Metastases in
Tyrosine Kinase Inhibitor-Naive Epidermal Growth Factor Receptor-Mutant Non-Small-
Cell Lung Cancer: A Retrospective Multi-Institutional Analysis. J Clin Oncol. 2017;
35(10): 1070-1077, doi: 10.1200/JC0O.2016.69.7144, indexed in Pubmed: 28113019.

Reungwetwattana T, Nakagawa K, Cho BC, et al. CNS Response to Osimertinib Versus
Standard Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors in Patients With
Untreated EGFR-Mutated Advanced Non-Small-Cell Lung Cancer. J Clin Oncol. 2018
[Epub ahead of print]: JCO2018783118, doi: 10.1200/JC0.2018.78.3118, indexed in
Pubmed: 30153097.

Ramalingam SS, Vansteenkiste ], Planchard D, et al. FLAURA Investigators. Overall
Survival with Osimertinib in Untreated, -Mutated Advanced NSCLC. N Engl ] Med.
2020; 382(1): 41-50, doi: 10.1056/NEJM0al1913662, indexed in Pubmed: 31751012.

Gadgeel SM, Shaw AT, Govindan R, et al. Pooled Analysis of CNS Response to
Alectinib in Two Studies of Pretreated Patients With ALK-Positive Non-Small-Cell Lung
Cancer. J Clin Oncol. 2016; 34(34): 4079-4085, doi: 10.1200//C0.2016.68.4639,
indexed in Pubmed: 27863201.

Kim DW, Mehra R, Tan D, et al. Activity and safety of ceritinib in patients with ALK-
rearranged non-small-cell lung cancer (ASCEND-1): updated results from the
multicentre, open-label, phase 1 trial. Lancet Oncol. 2016; 17(4): 452-463,
doi: 10.1016/s1470-2045(15)00614-2, indexed in Pubmed: 26973324.

Peters S, Camidge DR, Shaw AT, et al. ALEX Trial Investigators. Alectinib versus
Crizotinib in Untreated ALK-Positive Non-Small-Cell Lung Cancer. N Engl ] Med. 2017;
377(9): 829-838, doi: 10.1056/NEJM0al704795, indexed in Pubmed: 28586279.

Camidge DR, Kim HR, Ahn MJ, et al. Brigatinib versus Crizotinib in ALK-Positive Non-
Small-Cell Lung Cancer. N Engl ] Med. 2018; 379(21): 2027-2039,
doi: 10.1056/NEJM0al810171, indexed in Pubmed: 30280657.

Chow LQ, Barlesi F, Bertino EM, Van Den Bent M|, Wakelee H, Wen PY, Chiu CH, Orlov
S, Majem M, Chiari R, Mckeage M, Yu CJ, Hurtado FK, Cazorla Arratia P, Song Y, Branle
F, Shi M, Kim DW. 4780 Results of the ASCEND-7 phase Il study evaluating ALK
inhibitor (ALKi) ceritinib in patients (pts) with ALK1 non-small cell lung cancer
(NSCLC) metastatic to the brain. Published online 20109.
[ DOI:10.1093/annonc/mdz260].

Lin JJ, Jiang GY, Joshipura N, et al. Efficacy of Alectinib in Patients with ALK-Positive
NSCLC and Symptomatic or Large CNS Metastases. ] Thorac Oncol. 2019; 14(4): 683-
690, doi: 10.1016/j.jth0.2018.12.002, indexed in Pubmed: 30529198.



https://www.ncbi.nlm.nih.gov/pubmed/30529198
http://dx.doi.org/10.1016/j.jtho.2018.12.002
https://www.ncbi.nlm.nih.gov/pubmed/30280657
http://dx.doi.org/10.1056/NEJMoa1810171
https://www.ncbi.nlm.nih.gov/pubmed/28586279
http://dx.doi.org/10.1056/NEJMoa1704795
https://www.ncbi.nlm.nih.gov/pubmed/26973324
http://dx.doi.org/10.1016/s1470-2045(15)00614-2
https://www.ncbi.nlm.nih.gov/pubmed/27863201
http://dx.doi.org/10.1200/JCO.2016.68.4639
https://www.ncbi.nlm.nih.gov/pubmed/31751012
http://dx.doi.org/10.1056/NEJMoa1913662
https://www.ncbi.nlm.nih.gov/pubmed/30153097
http://dx.doi.org/10.1200/JCO.2018.78.3118
https://www.ncbi.nlm.nih.gov/pubmed/28113019
http://dx.doi.org/10.1200/JCO.2016.69.7144
https://www.ncbi.nlm.nih.gov/pubmed/25583566
http://dx.doi.org/10.1016/j.radonc.2014.12.011
https://www.ncbi.nlm.nih.gov/pubmed/24021541
http://dx.doi.org/10.1016/j.lungcan.2013.08.016
https://www.ncbi.nlm.nih.gov/pubmed/20595147
http://dx.doi.org/10.1183/09031936.00195609

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Novello S, Mazieres J, Oh I}, et al. Alectinib versus chemotherapy in crizotinib-
pretreated anaplastic lymphoma kinase (ALK)-positive non-small-cell lung cancer:
results from the phase Il ALUR study. Ann Oncol. 2018; 29(6): 1409-1416,
doi: 10.1093/annonc/mdy121, indexed in Pubmed: 29668860.

Crino L, Ahn MJ, De Marinis F, et al. Multicenter Phase Il Study of Whole-Body and
Intracranial Activity With Ceritinib in Patients With ALK-Rearranged Non-Small-Cell
Lung Cancer Previously Treated With Chemotherapy and Crizotinib: Results From
ASCEND-2. ] Clin Oncol. 2016; 34(24): 2866-2873, doi: 10.1200/JC0.2015.65.5936,
indexed in Pubmed: 27432917.

Huber RM, Hansen KH, Paz-Ares Rodriguez L, et al. Brigatinib in Crizotinib-Refractory
ALK+ NSCLC: 2-Year Follow-up on Systemic and Intracranial Outcomes in the Phase 2
ALTA Trial. ] Thorac Oncol. 2020; 15(3): 404-415, doi: 10.1016/.jtho.2019.11.004,
indexed in Pubmed: 31756496.

Shaw A, Felip E, Bauer T, et al. Lorlatinib in non-small-cell lung cancer with ALK or
ROS1 rearrangement: an international, multicentre, open-label, single-arm first-in-
man phase 1 trial. Lancet Oncol. 2017; 18(12): 1590-1599, doi: 10.1016/s1470-
2045(17)30680-0, indexed in Pubmed: 29074098.

Solomon B, Besse B, Bauer T, et al. Lorlatinib in patients with ALK-positive non-small-
cell lung cancer: results from a global phase 2 study. Lancet Oncol. 2018; 19(12):
1654-1667, doi: 10.1016/s1470-2045(18)30649-1, indexed in Pubmed: 30413378.

Gainor JF, Chi AS, Logan J, et al. Alectinib Dose Escalation Reinduces Central Nervous
System Responses in Patients with Anaplastic Lymphoma Kinase-Positive Non-Small
Cell Lung Cancer Relapsing on Standard Dose Alectinib. ] Thorac Oncol. 2016; 11(2):
256-260, doi: 10.1016/j.jth0.2015.10.010, indexed in Pubmed: 26845119.

Drilon A, Siena S, Dziadziuszko R, et al. Entrectinib in ROS1 fusion-positive non-small-
cell lung cancer: integrated analysis of three phase 1-2 trials. Lancet Oncol. 2020;
21(2): 261-270, doi: 10.1016/s1470-2045(19)30690-4, indexed in
Pubmed: 31838015 .

Shaw A, Solomon B, Chiari R, et al. Lorlatinib in advanced ROS1-positive non-small-
cell lung cancer: a multicentre, open-label, single-arm, phase 1-2 trial. Lancet Oncol.
2019; 20(12): 1691-1701, doi: 10.1016/s1470-2045(19)30655-2, indexed in
Pubmed: 31669155.

Hendriks LEL, Henon C, Auclin E, et al. Outcome of Patients with Non-Small Cell Lung
Cancer and Brain Metastases Treated with Checkpoint Inhibitors. ] Thorac Oncol.
2019; 14(7): 1244-1254, doi: 10.1016/j.jtho.2019.02.009, indexed in
Pubmed: 30780002.

Lehrer EJ, Peterson J, Brown PD, et al. Treatment of brain metastases with stereotactic
radiosurgery and immune checkpoint inhibitors: An international meta-analysis of
individual patient data. Radiother Oncol. 2019; 130: 104-112,
doi: 10.1016/j.radonc.2018.08.025, indexed in Pubmed: 30241791.

Lu VM, Goyal A, Rovin RA, et al. Concurrent versus non-concurrent immune
checkpoint inhibition with stereotactic radiosurgery for metastatic brain disease: a
systematic review and meta-analysis. ] Neurooncol. 2019; 141(1): 1-12,
doi: 10.1007/s11060-018-03020-y, indexed in Pubmed: 30392086.

Chen L, Douglass J, Kleinberg L, et al. Concurrent Immune Checkpoint Inhibitors and
Stereotactic Radiosurgery for Brain Metastases in Non-Small Cell Lung Cancer,
Melanoma, and Renal Cell Carcinoma. Int ] Radiat Oncol Biol Phys. 2018; 100(4): 916-
925, doi: 10.1016/j.ijrobp.2017.11.041, indexed in Pubmed: 29485071.



https://www.ncbi.nlm.nih.gov/pubmed/29485071
http://dx.doi.org/10.1016/j.ijrobp.2017.11.041
https://www.ncbi.nlm.nih.gov/pubmed/30392086
http://dx.doi.org/10.1007/s11060-018-03020-y
https://www.ncbi.nlm.nih.gov/pubmed/30241791
http://dx.doi.org/10.1016/j.radonc.2018.08.025
https://www.ncbi.nlm.nih.gov/pubmed/30780002
http://dx.doi.org/10.1016/j.jtho.2019.02.009
https://www.ncbi.nlm.nih.gov/pubmed/31669155
http://dx.doi.org/10.1016/s1470-2045(19)30655-2
https://www.ncbi.nlm.nih.gov/pubmed/31838015
http://dx.doi.org/10.1016/s1470-2045(19)30690-4
https://www.ncbi.nlm.nih.gov/pubmed/26845119
http://dx.doi.org/10.1016/j.jtho.2015.10.010
https://www.ncbi.nlm.nih.gov/pubmed/30413378
http://dx.doi.org/10.1016/s1470-2045(18)30649-1
https://www.ncbi.nlm.nih.gov/pubmed/29074098
http://dx.doi.org/10.1016/s1470-2045(17)30680-0
http://dx.doi.org/10.1016/s1470-2045(17)30680-0
https://www.ncbi.nlm.nih.gov/pubmed/31756496
http://dx.doi.org/10.1016/j.jtho.2019.11.004
https://www.ncbi.nlm.nih.gov/pubmed/27432917
http://dx.doi.org/10.1200/JCO.2015.65.5936
https://www.ncbi.nlm.nih.gov/pubmed/29668860
http://dx.doi.org/10.1093/annonc/mdy121

94. Shepard M, Xu Z, Donahue . Stereotactic radiosurgery with and without checkpoint
inhibition for patients with metastatic non-small cell lung cancer to the brain: a
matched cohort study. ] Neurosurg. 2019: 1-8, doi: 10.3171/2019.4.jns19822],
indexed in Pubmed: 31349225.

95. Ahmed KA, Kim S, Arrington ], et al. Outcomes targeting the PD-1/PD-L1 axis in
conjunction with stereotactic radiation for patients with non-small cell lung cancer
brain metastases. | Neurooncol. 2017; 133(2): 331-338, doi: 10.1007/s11060-017-
2437-5, indexed in Pubmed: 28466250.

96. Kotecha R, Kim JM, Miller JA, et al. The impact of sequencing PD-1/PD-L1 inhibitors
and stereotactic radiosurgery for patients with brain metastasis. Neuro Oncol. 2019;
21(8): 1060-1068, doi: 10.1093/neuonc/noz046, indexed in Pubmed: 30796838.

97. Schapira E, Hubbeling H, Yeap BY, et al. Improved Overall Survival and Locoregional
Disease Control With Concurrent PD-1 Pathway Inhibitors and Stereotactic
Radiosurgery for Lung Cancer Patients With Brain Metastases. Int ] Radiat Oncol Biol
Phys. 2018; 101(3): 624-629, doi: 10.1016/j.ijrobp.2018.02.175, indexed in
Pubmed: 29678530.

98. Hubbeling HG, Schapira EF, Horick NK, et al. Safety of Combined PD-1 Pathway
Inhibition and Intracranial Radiation Therapy in Non-Small Cell Lung Cancer. ] Thorac
Oncol. 2018; 13(4): 550-558, doi:10.1016/j.jtho.2018.01.012, indexed in
Pubmed: 29378267.

99. Martin AM, Cagney DN, Catalano PJ, et al. Immunotherapy and Symptomatic
Radiation Necrosis in Patients With Brain Metastases Treated With Stereotactic
Radiation. JAMA Oncol. 2018; 4(8): 1123-1124, doi: 10.1001/jamaoncol.2017.3993,
indexed in Pubmed: 29327059.

100. McClelland S, Lautenschlaeger T, Zang Y, et al. Radiosurgery dose reduction
for brain metastases on immunotherapy (RADREMI): A prospective phase | study
protocol. Rep Pract Oncol Radiother. 2020; 25(4): 500-506,
doi: 10.1016/j.rpor.2020.04.007, indexed in Pubmed: 32477016.

101. Gore EM, Bae K, Wong SJ, et al. Phase Ill comparison of prophylactic cranial
irradiation versus observation in patients with locally advanced non-small-cell lung
cancer: primary analysis of radiation therapy oncology group study RTOG 0214. ] Clin
Oncol. 2011; 29(3): 272-278, doi:10.1200/]C0O.2010.29.1609, indexed in
Pubmed: 21135270.

102. Sun A, Hu C, Wong SJ, et al. Prophylactic Cranial Irradiation vs Observation in
Patients With Locally Advanced Non-Small Cell Lung Cancer: A Long-term Update of
the NRG Oncology/RTOG 0214 Phase 3 Randomized Clinical Trial. JAMA Oncol. 2019;
5(6): 847-855, doi: 10.1001/jamaoncol.2018.7220, indexed in Pubmed: 30869743.

103. lyengar P, Kavanagh BD, Wardak Z, et al. Phase Il trial of stereotactic body
radiation therapy combined with erlotinib for patients with limited but progressive
metastatic non-small-cell lung cancer. | Clin Oncol. 2014; 32(34): 3824-3830,
doi: 10.1200/JC0.2014.56.7412, indexed in Pubmed: 25349291.

104. Jiang T, Su C, Li X, et al. EGFR TKIs plus WBRT Demonstrated No Survival
Benefit Other Than That of TKls Alone in Patients with NSCLC and EGFR Mutation and
Brain Metastases. J Thorac Oncol. 2016; 11(10): 1718-1728,

doi: 10.1016/j.jth0.2016.05.013, indexed in Pubmed: 27237825.

105. Wu YL, Ahn MJ, Garassino MC, et al. CNS Efficacy of Osimertinib in Patients
With T790M-Positive Advanced Non-Small-Cell Lung Cancer: Data From a Randomized


https://www.ncbi.nlm.nih.gov/pubmed/27237825
http://dx.doi.org/10.1016/j.jtho.2016.05.013
https://www.ncbi.nlm.nih.gov/pubmed/25349291
http://dx.doi.org/10.1200/JCO.2014.56.7412
https://www.ncbi.nlm.nih.gov/pubmed/30869743
http://dx.doi.org/10.1001/jamaoncol.2018.7220
https://www.ncbi.nlm.nih.gov/pubmed/21135270
http://dx.doi.org/10.1200/JCO.2010.29.1609
https://www.ncbi.nlm.nih.gov/pubmed/32477016
http://dx.doi.org/10.1016/j.rpor.2020.04.007
https://www.ncbi.nlm.nih.gov/pubmed/29327059
http://dx.doi.org/10.1001/jamaoncol.2017.3993
https://www.ncbi.nlm.nih.gov/pubmed/29378267
http://dx.doi.org/10.1016/j.jtho.2018.01.012
https://www.ncbi.nlm.nih.gov/pubmed/29678530
http://dx.doi.org/10.1016/j.ijrobp.2018.02.175
https://www.ncbi.nlm.nih.gov/pubmed/30796838
http://dx.doi.org/10.1093/neuonc/noz046
https://www.ncbi.nlm.nih.gov/pubmed/28466250
http://dx.doi.org/10.1007/s11060-017-2437-5
http://dx.doi.org/10.1007/s11060-017-2437-5
https://www.ncbi.nlm.nih.gov/pubmed/31349225
http://dx.doi.org/10.3171/2019.4.jns19822%5D

Phase 1l Trial (AURA3). J Clin Oncol. 2018; 36(26): 2702-2709,
doi: 10.1200/JC0.2018.77.9363, indexed in Pubmed: 30059262.

106. Hida T, Nokihara H, Kondo M, et al. Alectinib versus crizotinib in patients with
ALK -positive non-small-cell lung cancer (J-ALEX): an open-label, randomised phase 3
trial. Lancet. 2017; 390(10089): 29-39, doi: 10.1016/s0140-6736(17)30565-2,
indexed in Pubmed: 28501140.

107. Gomez DR, Tang C, Zhang J, et al. Local Consolidative Therapy Vs.
Maintenance Therapy or Observation for Patients With Oligometastatic Non-Small-Cell
Lung Cancer: Long-Term Results of a Multi-Institutional, Phase Il, Randomized Study. ]
Clin Oncol. 2019; 37(18): 1558-1565, doi: 10.1200/JC0.19.00201, indexed in
Pubmed: 31067138.

108. Soria JC, Tan D, Chiari R, et al. First-line ceritinib versus platinum-based
chemotherapy in advanced ALK -rearranged non-small-cell lung cancer (ASCEND-4): a
randomised, open-label, phase 3 study. Lancet. 2017; 389(10072): 917-929,
doi: 10.1016/s0140-6736(17)30123-%, indexed in Pubmed: 28126333.

109. Shaw AT, Bauer TM, de Marinis F, et al. CROWN Trial Investigators. First-Line
Lorlatinib or Crizotinib in Advanced -Positive Lung Cancer. N Engl ] Med. 2020;
383(21): 2018-2029, doi: 10.1056/NE|JM0a2027187, indexed in Pubmed: 33207094.

110. Lim SM, Kim HR, Lee JS, et al. Open-Label, Multicenter, Phase Il Study of
Ceritinib in  Patients With Non-Small-Cell Lung Cancer Harboring ROS1
Rearrangement. J Clin Oncol. 2017; 35(23): 2613-2618,

doi: 10.1200/JC0.2016.71.3701, indexed in Pubmed: 28520527.



https://www.ncbi.nlm.nih.gov/pubmed/28520527
http://dx.doi.org/10.1200/JCO.2016.71.3701
https://www.ncbi.nlm.nih.gov/pubmed/33207094
http://dx.doi.org/10.1056/NEJMoa2027187
https://www.ncbi.nlm.nih.gov/pubmed/28126333
http://dx.doi.org/10.1016/s0140-6736(17)30123-x
https://www.ncbi.nlm.nih.gov/pubmed/31067138
http://dx.doi.org/10.1200/JCO.19.00201
https://www.ncbi.nlm.nih.gov/pubmed/28501140
http://dx.doi.org/10.1016/s0140-6736(17)30565-2
https://www.ncbi.nlm.nih.gov/pubmed/30059262
http://dx.doi.org/10.1200/JCO.2018.77.9363

