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Approximately 40% of lung cancer patients will develop central nervous system (CNS)
metastases during the course of their disease. Most of these are brain metastases,
but up to 10% will develop leptomeningeal metastases. Known risk factors for CNS
metastases development are small cell lung cancer (SCLC), adenocarcinoma histology,
epidermal growth factor receptor (EGFR) mutant or anaplastic lymphoma kinase (ALK)
rearranged lung cancer, advanced nodal status, tumor stage and younger age. CNS
metastases can have a negative impact on quality of life (QoL) and overall survival (OS).
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The proportion of lung cancer patients diagnosed with CNS metastases has increased
over the years due to increased use of brain imaging as part of initial cancer staging,
advances in imaging techniques and better systemic disease control. Post contrast
gadolinium enhanced magnetic resonance imaging (gd-MRI) is preferred, however
when this is contra-indicated a contrast enhanced computed tomography (CE-CT) is
mentioned as an alternative option. When CNS metastases are diagnosed, local treat-
ment options consist of radiotherapy (stereotactic or whole brain) and surgery. Local
treatment can be complicated by symptomatic radiation necrosis for which no high
level evidence based treatment exists. Moreover, differential diagnosis with metastasis
progression is difficult. Systemic treatment options have expanded over the last years.
Until recently, chemotherapy was the only treatment option with a poor penetration
in the CNS. Angiogenesis inhibitors are promising in the treatment of primary CNS
tumors as well as radiation necrosis but clinical trials of anti-angiogenic agents in
NSCLC have largely excluded patients with CNS metastases. Furthermore, research
has also focused on methods to prevent development of CNS disease, for example
with prophylactic cranial irradiation. Recently, checkpoint inhibitors have become
available for NSCLC patients, and tyrosine kinase inhibitors (TKIs) have improved prog-
nosis significantly in those with a druggable driver mutation. Newer TKls are often
designed to have better CNS penetration compared to first-generation TKls. Despite
advances in treatment options CNS metastases remain a problem in lung cancer and
cause morbidity and mortality.

This Research Topic provides an extensive resource of articles describing advances in
CNS metastases management in lung cancer patients, from prevention to diagnosis
and treatment.
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Editorial on the Research Topic

Central Nervous System Metastases in Lung Cancer Patients: From Prevention to Diagnosis
and Treatment

INTRODUCTION

Approximately 40% of lung cancer patients will develop central nervous system (CNS) metastases
during the course of their disease (1). Most of these are brain metastases (BM), but 3-9% will
develop leptomeningeal metastases (2, 3). The proportion of lung cancer patients diagnosed with
CNS metastases has increased over the years due to increased use of brain imaging as part of
initial cancer staging, advances in imaging techniques and better systemic disease control (4-6).
CNS metastases can have a negative impact on quality of life (QoL) and overall survival (OS) (7-
9). As such, prevention of CNS metastases development, as well as optimal treatment of already
established CNS metastases is important.

Contributors in this Research Topic of Frontiers in Oncology, section Thoracic Oncology
describe the advances in CNS metastases management in lung cancer patients, from prediction
and prevention, to diagnosis and treatment.

PREDICTION AND PREVENTION OF CNS METASTASES
DEVELOPMENT AND DIAGNOSTIC PITFALLS

Known risk factors for CNS metastases development are small cell lung cancer, adenocarcinoma
histology, advanced nodal status, tumor stage and younger age (10-13). Patients with a
driver mutation have a high risk of CNS metastases (14). This seems mainly due to
their long survival, combined with the poor blood-brain-barrier penetration of the older
generation tyrosine kinase inhibitors (TKIs) (Pedrosa et al.). However, these factors alone
cannot predict accurately enough which patients will develop CNS metastases and better
prediction models are needed. In the review of Pedrosa et al. the process of BM development
and the evidence for the clinical and molecular factors associated with increased risk
of BM diagnosis in lung cancer is summarized. In addition, they provide an excellent
overview of new promising strategies to identify patients at high risk for BM development,
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including signatures derived from circulating tumor DNA
measurements, single-nucleotide polymorphisms, copy number
alterations, microRNAs and long non-coding RNAs (Pedrosa et
al.). As it is known that among the non-small cell lung cancer
(NSCLC) patients treated with curative intent, stage III patients
have the highest risk of brain metastases development [30%
(9, 15, 16)], preventive treatments such as prophylactic cranial
irradiation (PCI) have been studied especially in this patient
population (15, 16). Most studies have been published before the
year 2000, but afterwards three new trials incorporating adequate
baseline brain imaging, have reported their results. All studies
showed a reduction of BM incidence after PCI compared to no
PCI (Witlox et al.). Other important factors to consider before
administering PCI are toxicity (acute as well as long-term), QoL
and OS. Witlox et al. provide an up-to-date systematic review and
meta-analysis of all published studies in this field. They provide
detailed data on the effects of PCI on BM reduction, toxicity, QoL
and OS and discuss areas for future research.

Although brain imaging techniques have improved over the
years facilitating the diagnosis of BM, differential diagnosis can
be challenging, especially in a patient with a medical history of
cancer, as is discussed in the case report by Vanfleteren et al. It is
stressed that even in an immunocompetent patient, a diagnosis
of cerebral aspergillosis cannot be excluded. A short review of
existing literature on this topic is also provided.

LOCAL TREATMENT OF BRAIN
METASTASES

When BM are diagnosed, local treatment options consist of
radiotherapy [stereotactic radiosurgery (SRS) or whole brain
radiotherapy (WBRT)] and surgery (17, 18). SRS is more
and more often used in the treatment of BM. In the past,
SRS was mainly used for up to four BM, but a recent trial
showed that SRS is feasible for a higher number of BM (19).
More than fifty percent of BM patients treated with SRS will
experience an intracranial relapse (19, 20), and especially in this
palliative setting patient participation in the decision making
around available treatment options [e.g., SRS, WBRT, systemic
treatment (with/without concurrent cranial irradiation), best
supportive care] is important. Hartgerink et al. discuss the
current evidence of SRS for NSCLC BM, and the incorporation
of decision aid tools in the future directions for NSCLC BM
treatment. Furthermore, local treatment can be complicated
by symptomatic radiation necrosis for which no high-level
evidence-based treatment exists, although bevacizumab is a
promising treatment option (21-23). Differential diagnosis
of radiation necrosis and BM progression can be difficult
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SYSTEMIC TREATMENT OF CNS
METASTASES

Systemic treatment options for BM have expanded over the
last years (24, 25). Until recently, chemotherapy was the only
treatment option with a poor penetration in the CNS (26).
Angiogenesis inhibitors are promising in the treatment of
NSCLC BM (23, 27, 28), but clinical trials of anti-angiogenic
agents in NSCLC have largely excluded BM patients (29).
Furthermore, TKIs have improved prognosis significantly in
those with a druggable driver mutation (25, 30, 31). Newer TKIs
are often designed to have better CNS penetration compared to
first-generation TKIs (24, 30, 31). In the review of Kelly et al.
the management of CNS metastases in EGFR mutated NSCLC
patients is discussed, including the role of newer generation
EGFR-TKIs, immunotherapy, and EGFR-TKIs combined with
cranial irradiation or angiogenesis inhibition. Remon and Besse
provide a broader overview of incidence and treatment of BM
in oncogene addicted NSCLC patients, including rare driver
mutations such as ALK, ROSI, RET, BRAE and NTRK. Relevant
research questions such as optimal sequence of treatment
(upfront cranial irradiation or upfront TKI, sequence of TKI)
are also discussed. In the case report of Meedendorp et al.
treatment of a BM patient with acquired resistance to EGFR-TKI
is discussed, stressing the importance of a molecular tumor board
for decision making. Last, leptomeningeal metastases remain
challenging to treat, especially in non-oncogene addicted NSCLC
patients. Turkaj et al. provide an up-to-date review of possible
treatment options for these patients, including systemic as well as
intrathecal chemotherapy as well as radiotherapy options.

CONCLUSION

With the articles in this Research Topic, we hope to provide a
review of present and future treatment options for lung cancer
CNS metastases, including evidence for predictive markers,
preventive treatments, and local as well as systemic treatment
options for already diagnosed CNS metastases.
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Brain metastases are the most common tumors of the central nervous system (CNS).
Incidence rates vary according to primary tumor origin, whereas the majority of the
cerebral metastases arise from primary tumors in the lung (40-50%). Brain metastases
from lung cancer can occur concurrently or within months after lung cancer diagnosis.
Survival rates after lung cancer brain metastasis diagnosis remain poor, to an utmost
of 10 months. Therefore, prevention of brain metastasis is a critical concern in order to
improve survival among cancer patients. Although several studies have been made in
order to disclose the genetic and molecular mechanisms associated with CNS metastasis,
the precise mechanisms that govern the CNS metastasis from lung cancer are yet to
be clarified. The ability to forecast, which patients have a higher risk of brain metastasis
occurrence, would aid cancer management approaches to diminish or prevent the
development of brain metastasis and improve the clinical outcome for such patients. In
this work, we revise genetic and molecular targets suitable for prediction of lung cancer
CNS disease.

Keywords: brain metastasis, lung cancer, molecular mechanisms, genetic alterations, chemotherapy

INTRODUCTION

Brain metastases are the most common tumors of the central nervous system (CNS). Metastatic
brain lesions outnumber primary brain tumors with a 10-fold (1) with incidence rates varying
according to the primary tumor origin. The majority of the cerebral metastases arise from pri-
mary tumors in the lung (40-50%) and it is estimated that 50% of the patients with small-cell
lung cancer (SCLC) or non-small-cell lung cancer (NSCLC) will develop brain metastasis (2, 3).
In contrast to cerebral metastases from other primary cancers, where generally a metastatic
latency period takes place, brain metastasis from lung cancers often occur months after, or even
concurrently, with the diagnosis of the primary tumor (4). Metastatic brain lesions carry a clinical
burden of morbidity and mortality, as well as significant neurological deficits, cognitive impair-
ment, and emotional difficulties (5). Despite treatment, lung cancer brain metastases are usually
fatal for 90% of patients within two years after the initial diagnosis, with a median survival of
7-10 months five years after diagnosis (2). Previous efforts to characterize patients that are at high
risk of developing brain metastasis have been fairly disappointing.

Currently, only clinical and pathologic variables are used to predict the risk of brain metastasis
in patients with lung cancer. However, data on predictive parameters are diverse and not clinically
usable (Table 1). Identifying patients at highest risk of developing brain metastases on the basis
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TABLE 1 | Conflicting clinical and pathological risk factors associated with the development of brain metastases.

Reference Analysis N = Type Tumor Pathologic Recurrence Age Tumor status Lymph- Nodal status Histologic type
stage site vascular
space
invasion
Ceresoli et al. (8) Multivariate 112 Non-small-cell 1IB-1IIB Brain <60, p = 0.03 ND ND p =0.003" Non-squamous+
lung cancer
(NSCLC)

Andre et al. (9) Multivariate 267  NSCLC IIN2 Brain ND - ND ND Adenocarcinoma+
Bajard et al. (10) Multivariate 305 NSCLC B Brain <62, p = 0.004 T4, p = 0.0009 ND N2-3, p = 0.0057 Adenocarcinoma,

p =0.0002
Carolan et al. (11) Multivariate 83 NSCLC B Brain <60, p =0.022 ND ND ND —
Chen et al. (12) Kaplan-Meier 211 NSCLC A Brain - - ND ND Squamous vs non-

squamous, p = 0.02
Hubbs et al. (3) Multivariate 975  NSCLC Il Brain <77, p<0.01 Size, p < 0.01 p=0.03 p=0.04 -
Jacobs et al. (13) Multivariate 78 NSCLC 11, Brain - - ND N1-2 vs NO, p < 0.02 ND
Mujoomdar et al. (14) Hierarchical logistic 264 NSCLC =\ Brain - Size, p < 0.001 ND p <0.017 Adenocarcinoma+

regression undifferentiated vs

sguamous, p = 0.001
Robnett et al. (15) Multivariate 150  NSCLC ([l Brain - ND ND ND IIB non-squamous+
Schouten et al. (16) Univariate 2724 Div. =\ Brain <70 (pbreast and lung ND ND ND ND

cancer)
Tang et al. (17) Univariate 25 NSCLC -1l Brain - - ND Mediastinale vs hilar, ND
p =0.03
Tang et al. (18) Multivariate 292 NSCLC ND Brain — T2 vs T34, ND NO-1 vs N2-3, -
p = 0.005* p < 0.001*
Tsuchiya et al. (19) Multivariate 322 NSCLC 1A Brain and - Size >15 mm, ND ND Squamous, p = 0.002
others p =0.038
Westeel et al. (20) Multivariate 192  NSCLC (S\% Brain and <61, p =0.01 ND ND ND ND
others

ND, not determined; “~”", no predictive value (p > 0.05); “+”, predictive value, no significance.

*Significant for univariate analysis only.

‘e 18 esoiped

sisejsejs| Ureig Jeoue) bun


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive

Pedrosa et al.

Lung Cancer Brain Metastasis

of standard clinical and pathological factors, such as status of
primary tumor, tumor histology, nodal involvement, and patient
age, may not be reliable due to small hazard ratios and unknown
prognostic factors (6). Recently, Hung et al. (7) demonstrated in a
study on 182 lung adenocarcinomas with distant metastases that
the micropapillary histology subtype was significantly associ-
ated with brain metastasis (p = 0.01). However, a more robust
method to identify which patients are at risk of developing brain
metastasis is urgently needed.

Molecular classification by correlating distinct molecular
markers with oncogenic mechanisms has been practiced to
improve risk stratification of the TNM staging system (21). The
potential of molecular biologic distinction would direct appropri-
ate therapy, thereby improving patient outcome. Among early-
stage (I/II) NSCLC patients, the 5-year overall survival (OS) rate
is only 45.1% (22). Many clinical trials have confirmed that post-
operative adjuvant therapy can prolong the survival of NSCLC
patients. In a recent meta-analysis of 3,923 patients, Chen et al.
(23) demonstrated the efficacy of postoperative chemotherapy -
both cisplatin based (p < 0.0001) and single tegafur-uracil (UFT,
p =0.002), in stages I-1I, IA, and IB NSCLC, and no significant
benefit was found in stage IA patients (p = 0.43). In addition,
cisplatin was shown to be better than single UFT chemotherapy
in OS (p = 0.0005 and p = 0.81, respectively) (23). More trials
should be conducted in order to confirm the efficacy of disease-
free survival therapies in future clinical practice.

In order to predict the rise of cerebral metastasis of lung
cancer, we would need a measurable biomarker that correlates
well with brain seeding of the lung cancer cells. Molecular
markers may be classified into subgroups based on their mecha-
nism of action in the metastatic cascade to the brain (6). The
optimal marker to disclose concealed (brain) metastatic disease
would be displayed in primary tumors while not detectable in
the serum of control subjects (24). The capacity to identify
metastatic disease based on proto-oncogenes such as Kirsten rat
sarcoma viral oncogene homolog (KRAS) and tumor suppressor
p53 (TP53), present in only half of the lung cancer patients
(47 and 50%, respectively) (25), demands a more broaden and
deepened spectrum of the investigation of primary lung cancers,
the molecular interactions with other cells, and the tumor
microenvironment.

The process of metastasis is a selective and refined event
called organotropism whereby, apart from an overall tendency
to spread and invade, primary tumors show predilection for
particular distinct organs (26). Cancers that metastasize to brain
need to take a number of anatomic, physiologic, and molecular
hurdles. The first requirement is intravasation into the blood
stream, dependent upon a reversible epithelial-to-mesenchymal
transition (EMT). The epithelial cell traits, such as cell polarity
and E-cadherin-mediated cell adhesion, are suppressed and
replaced by mesenchymal cell characteristics. The cells become
motile, invasive, and resistant to apoptosis (27). Through the
EMT process, tumor cells acquire stem cell-like features such
as self-renewal, differentiation and ability to seed, justifying the
term “tumor-initiating cells” (27). EMT molecular regulation is
accomplished through an intricate network arranged by different
genes and molecule inducers of EMT (28-30). AXL, a receptor

tyrosine kinase belonging to the TAM family, and its ligand
GAS6, growth arrest-specific gene 6, have been reported to down-
regulate several oncogenic signaling pathways (31), through
activation of MAPK/ERK and PI3K/AKT signaling pathways
(32, 33). Recently, AXL-GAS6 signal axis has been reported to
have a potential key role in NSCLC tumor progression and may
be suitable as a prognostic biomarker for identifying high-risk
NSCLC brain metastasis patients (34). Tumor cell growth in the
brain microenvironment is the result of genetic predisposition
and cellular adaptation mechanisms and is largely dependent on
cross-talk between tumor and brain-resident cells.

Genomic instability and mutations are just two of the cha-
racteristics of cells associated with the transition from a preneo-
plastic lesion to an invasive tumor state and consequent progression
to metastatic disease. During tumorigenesis, a sequence of genetic
modifications such as gene deletions, copy number alterations
(CNAs), and chromosomal rearrangements occur. This review
focuses on the use of molecular characteristics that are predic-
tive of tumor progression and development of metastatic NSCLC
brain metastasis in particular.

GENETIC ALTERATIONS

Due to the recent discoveries of targetable genetic alterations in
the treatment of NSCLC, patients have been stratified according
to genetic variations in the primary tumor, including epidermal
growth factor receptor (EGFR), KRAS, and anaplastic lym-
phoma kinase (ALK) (35). A summary of all genetic alterations
that will be addressed in this review are presented in Figure 1.
There are considerable differences in reported incidence and
time to development of brain metastases for these genetic
alterations.

EPIDERMAL GROWTH FACTOR
RECEPTOR

In the Caucasian population, EGFR-activating mutations are
present in 10-15% of adenocarcinomas and in less than 5%
of squamous cell carcinomas (36). Roughly 90% of all known
EGFR mutations reside in exon 19 (in-frame deletions) and in
exon 21 (L858R, point mutation) (37, 38). The prevalence of
activating EGFR mutations appears to be dependent on gender,
smoking status and ethnicity. In patients from East-Asia, EGFR
mutation is reportedly up to five times higher than in Caucasian
patients (39-41). The relation between EGFR status, brain
metastasis and survival are complex and not fully understood.
It has been shown that lung cancer patients suffering from
tumors with particular EGFR mutations survive longer, prob-
ably due to effective treatment. However, data also suggest that
brain metastases arise more frequently in patients with primary
lung tumors bearing EGFR mutations (42, 43) and the develop-
ment of brain metastases is relatively frequent during treatment.
There are discordance rates of EGFR mutational status between
primary tumors and their CNS metastases that vary from 0 to
32% (44-50). In a series of 55 NSCLC primary tumors with
matched cerebral metastases, EGFR was found to be more

Frontiers in Oncology | www.frontiersin.org

10

May 2018 | Volume 8 | Article 159


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive

Pedrosa et al.

Lung Cancer Brain Metastasis

L LKB1 CN + Kras mutation
C-MET phosphorylation/expression
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C-MET phosphorylation/expression
ALK amplification
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Underexpressed: miR-214, miR-145, miR-768-3p and miR-375
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CNAs
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—

FIGURE 1 | Features of primary lung cancer from patients known to develop brain metastasis and potential biomarker candidates. LKB1, liver kinase B1; CN,
copy number; SNPs, single-nucleotide polymorphisms; CNAs, CN alterations; miRNAs, microRNAs; IncRNAs, long non-coding RNAs; *in EGFR-mutant patients.
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frequently amplified in the metastatic adenocarcinomas than
corresponding primary tumors, with 30 and 10%, respectively
(50). Discrepancies regarding the response of the brain metas-
tases may well be due to the timing of administering adjuvant
chemotherapy for the primary tumors relative to the occurrence
of the brain metastases. The choice of the agents is currently
based on the molecular characteristics of the primary, not the
metastatic, tumors. Paradoxically, prolonging survival times
due to successful response of the primary tumors would create
more time for brain metastases to develop as late complication
(51, 52). Similar to EGFR, the KRAS status may also be discordant
between primary and metastatic tissues (44) and a KRAS muta-
tion in a small subset of tumor cells may confer resistance to
EGER tyrosine kinase inhibitors (TKIs) therapy.

KRAS

Epidermal growth factor receptor and KRAS mutations are gene-
rally mutually exclusive (53, 54), but cases of EGFR and KRAS
co-mutations have been identified (55-57). Roughly 15-30% of
NSCLCs harbor activating mutations in codons 12 and 13 of the
KRAS gene (58). KRAS mutations are associated with advanced
tumor progression and clinical aggressiveness (59), forming a
persistent risk of lung adenocarcinoma and implying to be an
early event in the tumorigenesis process (53). The correlation of
the presence of KRAS mutations with a smoking history (60) sug-
gests that KRAS mutations are a sequel of the actions of carcino-
gens of tobacco products (53). However, in a cohort of 482 lung
adenocarcinomas, it was demonstrated that KRAS mutations do
occur in patients with lung adenocarcinomas without a smoking
history (61), but the mutations are different. Significantly more
transition mutations (G>A) are being found in non-smokers than
the transversion mutations (G>T or G>C, p < 0.0001) that occur
in former- or current smokers (61). This observation supports the
idea that the distinct transition profile - replacement of a purine

for a purine or a pyrimidine for a pyrimidine (62) - of never
smokers is very unlikely to be caused by passive tobacco vulner-
ability. No specific KRAS targeting treatment has so far shown
efficacy. There is little available data on the KRAS mutational
status in primary lung cancers as compared to that in their brain
metastases (44, 57). In a relatively small series, Munfus-McCray
etal. found 23.5% of brain metastatic lung adenocarcinomas with
KRAS mutation exclusively in patients with a smoking history
(p <0.01) (59).

ANAPLASTIC LYMPHOMA KINASE

Anaplastic lymphoma kinase rearrangements occur in 2-7%
of all NSCLC, with predominance in non- or light smokers,
younger age, and adenocarcinomas (63, 64). Fusion between
EML4 (echinoderm microtubule-associated protein-like 4) and
ALK yields at least 15 molecular variants with different biological
behaviors and affected signaling pathways and consequences for
therapy choice (65). ALK testing is particularly recommended
for non-squamous lung cancers in the absence of EGFR muta-
tion, of patients with non- or light smoking history (66). The
recommended method for testing the presence of ALK transloca-
tion is fluorescent in situ hybridization (FISH) and immunohis-
tochemistry (IHC) as confirmation (67, 68). In a large Western
cohort, functional ALK rearrangements appeared to be mutually
exclusive with EGFR and KRAS mutations (69). Although ALK
translocations seem to be similar in primary tumors and their
brain metastases, ALK amplifications are found more frequently
in CNS metastasis with discordance rates of only 12.5% (70).
Similar to EGFR, ALK rearrangements are predictive of response
to TKIs, but the development of brain metastasis in patients with
ALK translocations receiving ALK directed TKI is a major clini-
cal problem (71, 72). Recently, second-generation TKI alectinib
has shown to delay the development of brain metastases com-
pared to first-generation TKI and also demonstrated promising
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efficacy in the CNS for crizotinib-resistant ALK-positive NSCLC
patients (73, 74). Similar to EGFR and KRAS mutations and ALK
rearrangements, several other molecules such as liver kinase B1
(LKBI, also known as STK11), proto-oncogene tyrosine-protein
kinase ROS1, and C-MET that encodes the hepatocyte growth
factor receptor were found to be implicated in the development of
lung cancer (75-79). However, the connection of these molecules
with the development of brain metastases is still under investiga-
tion and not yet implicated in clinical decision making. KRAS
aberrations have a synergistic effect with LKBI inactivation
on lung cancer development and distant metastasis formation
(80, 81). In a cohort of 154 NSCLC patients, Zhao et al. demon-
strated that a lower LKB1 copy number (CN), along with KRAS
mutation, were significantly associated with a higher number of
brain metastasis. Moreover, the odds ratio of brain metastasis
was ~20 times higher in patients with one decrease in LKB1 CN
values (82). LKBI is observed to be inactivated in ~30% of all
NSCLCs (83).

OTHER MUTATIONS

Although several potential targets may not regularly be
expressed in a high number of lung cancer brain metastasis,
their potential use for personalized treatment of selected lung
cancer patients harboring actionable mutations should not
be discarded. In a cohort of 874 brain metastases samples, of
which 295 NSCLC, Capper et al. showed that, although a total
of 51/874 samples harbored a BRAF V600E mutation, only
1/295 NSCLC brain metastases (~0.3%) was BRAF mutant (84).
Despite this low frequency of BRAF mutations in lung brain
metastasis, regression of both visceral and brain metastases by
BRAF inhibitor vemurafenib was reported in a patient with a
BRAF V600E-mutated NSCLC (85). While 3% of primary lung
cancers harbor ROSI alterations, only 1/99 adenocarcinomas
bore ROS1 translocations and 1/11 squamous cell carcinomas
showed ROS1 amplifications (86).

Activating mutations in EGFR are associated with sensitiv-
ity to TKI therapy, but nearly 30% of EGFR positive patients
show primary resistance to EGFR inhibitor therapy (87). While
C-MET amplification is one of the factors commonly associ-
ated with disease progression (88), Benedettini et al., in a first
cohort of 23 NSCLC samples of patients harboring an EGFR
activating mutation, showed that both C-MET phosphorylation
and expression were significantly associated with shorter time
to progression, correlating with de novo resistance to EGFR
TKI. In a second cohort of 40 patients, englobing 18 primary
NSCLC from patients who later developed brain metastases and
22 NSCLC from patients that did not develop brain metastases,
Benedettini et al. demonstrated that both C-MET expression
and phosphorylation, but not C-MET amplification, were sig-
nificantly higher in the tumors from patients who developed
brain metastasis. In 18 matched brain metastasis, amplification
was demonstrated (89). In addition, in a cohort of 196 NSCLC
brain metastasis samples, Presseur et al. found C-MET gene
amplification and overexpression in 21.6 and 44.4%, respectively,
confirming that C-MET is commonly activated in brain metas-
tasis manifestation (90). Furthermore, a significant correlation

between C-MET and ALK amplification status was observed
(p = 0.039). In another study, these authors demonstrated that
fibroblast growth factor receptor 1 (FGFR1) amplification in
brain metastases of adenocarcinomas — but not squamous cell
carcinomas, is fivefold more frequent than reported for primary
tumors (~3%). Similar to C-MET, a positive correlation of ALK
and FGFR1 amplification status in brain metastasis was reported
as significant (p < 0.001) (91). In a recent study, Keap1, Nrf2, and
P300, key genes of the Keap1-Nrf2- ARE survival pathway, were
found to be mutated in brain metastatic tissue of progressive
NSCLC patients (92). Moreover, mutations in Keap1-Nrf2-ARE
pathway were found in circulating tumor cells (CTCs), suggest-
ing a role in the ability of CTCs to bear the rough environment
in blood-circulation and attain distant organs (92).

CIRCULATING TUMOR DNA (ctDNA)

An adequate characterization of somatic genetic modifications
in human cancers is critical for an optimal diagnosis and sub-
sequent therapy. In brain metastatic tissue, as for all other brain
malignancies, repeated biopsies are not a feasible approach to
portray the tumor clonal diversity. Several studies have shown
that cell-free ctDNA in the plasma could serve to characterize
and monitor tumors (93-95). Nevertheless, ctDNA analysis of
plasma from patients with brain malignancies has disclosed
very low levels of tumor DNA (96). Recently, ctDNA analysis
from cerebrospinal fluid (CSF) has been shown promising
for brain cancer patients (97-99) and brain metastatic cancer
patients (100, 101). CSF is in direct contact with the brain
and, therefore, with tumor cells of brain cancer patients. In a
comparative study of ctDNA derived from plasma and from CSF
of patients with primary or metastatic brain tumors, De Mattos-
Arruda et al. showed ctDNA levels of brain malignancies to be
more abundantly present in the CSF than in the plasma (100).
Moreover, ctDNA from CSF appeared to recapitulate the brain
metastasis-specific mutations - private mutations, absent in
extracranial tumors of a patient with Her2-positive metastatic
breast cancer (100). In addition, the CSF ctDNA proficiency to
monitor responses to systemic therapy and brain tumor progres-
sion (98, 100), i.e., the capacity of the CSF ctDNA to recapitulate
the modulation of mutant allele frequency over time in the brain
tumor burden, suggests that genomic CSF analysis may be use-
ful not only in facilitating diagnosis of tumor in the CNS or as
guidance to second-line agents choice, but also in pinpointing
pathways’ intimate related with cancer spread to the CNS and
predictive of brain metastases (98).

SINGLE-NUCLEOTIDE POLYMORPHISMS
(SNPs) ASSOCIATED WITH BRAIN
METASTASES

Studying SNPs in signaling pathways that regulate cell prolifera-
tion and migration and assessing the relationship between multi-
ple SNPs can be used to estimate the risk of brain metastasis. The
PI3K-PTEN-AKT-mTOR pathway, important in the control of
cell growth, tumorigenesis, and cell invasion, has been shown
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to be abnormally activated in several cancer types, including
NSCLC (102, 103). In a study of genetic variations in the PI3K-
AKT-mTOR pathway to predict brain metastasis in NSCLC
patients, Quianxia et al. identified three SNPs that appeared to
be exclusively associated with higher risk of brain metastasis: the
GT/GG (p = 0.006) and CT/TT (p = 0.002) genotypes of AKT1,
variant alleles rs2498804 and rs2494732, respectively, and AG/AA
(p = 0.010) genotype of PIK3CA, variant allele rs2699887 (103).
Furthermore, patients carrying at least one variant allele in
PIK3CA had roughly twice the risk of brain metastasis as those
without those variants (103). Multiple mechanisms of PI3K
activation may be responsible for activation of the PI3K pathway
(104), and increased PI3K activity would result in increased
metastases. In concordance, Paik et al. reported that patients
with aberrant PI3K squamous lung carcinomas (n = 9) had
worse survival (median OS: 8.6 vs 19.1 months, p < 0.001), higher
metastatic burden (>3 organs, 18 vs 3%, p = 0.025), and higher
incidence of brain metastases (27 vs 0%, p < 0.001) (105). Similar
to PIK3K-AKT-mTOR pathway, it was hypothesized that com-
mon genetic variants in the TGF-p pathway would be associated
with the risk of brain metastasis (106). TGE- pathway has been
demonstrated to suppress early-stage tumor development and to
stimulate tumor cell growth and invasiveness at later stages of
tumorigenesis (107). Quianxia et al. found the GG genotype of
SMADG: 1512913975 (p = 0.014) and the TT genotype of INHBC:
rs4750259 (p = 0.024) to be associated with risk of brain metas-
tasis in a cohort of 161 blood samples from NSCLC patients.
Furthermore, de combination of both genetic variants was shown
to be higher for prediction of brain metastasis (p = 0.001) (106).

CNAs ASSOCIATED WITH BRAIN
METASTASIS

Activation or inhibition of a gene occurs through a variety of
mechanisms such as, for example, activating mutations and
deletions. Gene deletion can be evaluated by CNA. Animal
models have given clear evidence that LKB1 haploinsufficiency
stimulates KRAS driven lung cancer in mice (81), and a single
copy inactivation of LKB1 can considerably ease brain recurrence
(82). Although EGFR CN status is still controversial and some
of the available data do not support EGFR CN as a prognostic
factor (108, 109), Bonanno et al. have shown, despite the less
predictive accuracy of FISH analysis compared to EGFR muta-
tion analysis, that patients with EGFR-FISH-positive tumors
have better outcomes (median OS: 177 vs 57 weeks, p = 0.048)
(110). Considering that primary lung adenocarcinomas with
early development of brain metastasis would contain more CNAs
predictive of metastatic potential, Lee et al. compared the CN
changes of four lung adenocarcinomas with coexistent brain
metastasis with 8 lung adenocarcinomas with metachronous
brain metastasis (111). Amplification in 5q35.1-2 and 17q23.3-
24.1 was detected in 100% and that in 10q23.31 and 17q24.1 was
detected in 75% of the cases with synchronous brain metastasis.
On the other hand, and in a less frequent ratio, only 5q35.1-2 and
17q24.1 amplification status was found in 12.5% of the metachro-
nous brain metastasis. Moreover, gained regions specific for early

(simultaneous) brain metastasis were found to contain ACTA2,
FAS, RGS9, and ICAM2 as putative metastasis promoting genes,
the latter being most significant (p = 0.002) (111). In the same
line, another study compared CNAs of primary NSCLC tumor
and matched brain metastasis from one single patient (112). Brain
metastatic tissue exhibited a higher degree of genetic heterogeneity
when compared with the primary tumor with common regions
of gain including 7p, 7q, and 19q and common regions of loss
including 20q13 (112). In a stage IV SQCLCs study, four brain
metastases and matched archived FFPE primary cancers were
shown to have complete loss of PTEN by IHC and whole exome
sequencing (105). In an early-stage NSCLC report, 30 (24%) of
the total of 125 specimens analyzed for PTEN-IHC showed a lack
of staining (113). Although genetic alterations of the PTEN gene
are unusual in NSCLC, loss of PTEN protein is not a unique event
in early-stage NSCLC and Soria et al. demonstrated that besides
being a reversible event, PTEN loss may be partially explained
by promotor methylation, in addition to point mutations and
homozygous deletions (113).

MICRORNAs (miRNAs) ASSOCIATED
WITH BRAIN METASTASIS

Recently, molecular studies have stressed the role of miRNAs
which are small non-coding endogenous RNAs containing
18-24 nucleotides that regulate gene expression at the post-
transcriptional level thereby acting as negative regulators of
mRNA translation and/or stability (114). miRNAs appear to
regulate several hundred genes and could serve as a better clas-
sifier than gene expression profiling (115). miRNAs are known
to play a crucial role in normal development, proliferation,
differentiation, and apoptosis, and dysregulation of miRNAs
has been linked to various pathological conditions, including
cancer (116). The role of miRNAs in the development of brain
metastases has been recently explored (117, 118).

Several studies have addressed the miRNA expression as
biomarkers to predict the occurrence of brain metastases in lung
cancer. miRNA-328 appeared to be significantly overexpressed in
both primary tumor samples and cerebral metastases of patients
with NSCLC, when compared with NSCLC patients without
brain metastasis. Moreover, miRNA-328 overexpression has been
found to promote migration and subsequent brain metastasis
formation of NSCLC cells through PRKCA deregulation (119).
PRKCA mediates the expression of urokinase plasminogen acti-
vator, leading to the migration of the tumor cells (120). Similar to
miRNA-328, miRNA-378 has also been demonstrated as a poten-
tial biomarker to assist clinicians in stratifying patients for high-
risk of brain metastasis, because miRNA-378 was also found to
be overexpressed in NSCLC primary tumor samples and matched
brain metastasis of NSCLC patients (121). Also, miRNA-378 pro-
motes cell migration, invasion, tumor growth, and angiogenesis,
in vitro and in vivo (121). Recently, Remon et al. have identified
miRNA-197 and miRNA-184 as two significantly overexpressed
miRNAs in EGFR-mutant patients with brain metastases, when
compared with EGFR-mutant patients with no brain metastasis
(122). However, because of lack of patients with EGFR wild-type
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(EGFRwt) tumors without BM, no comparison between patients
with EGFRwt tumors, with and without BM, could be made.
Therefore, the effects of these miRNAs, irrespective of the EGFR
status, need further scrutiny.

MicroRNAs’ expression status varies according to their
targeted genes. Zhao et al. have reported the significant up-
regulation of miRNA-1471 and miRNA-9 and down-regulation
of miRNA-214 and miRNA-145 in 11 brain metastatic lung can-
cer samples, when compared with 40 primary lung adenocarci-
nomas (p < 0.001 for all four miRNAs) (123). The up-regulation
of miRNA-145 in primary lung adenocarcinomas was shown
to suppress proliferation of tumor cells (123), consistent with
other reports that show inhibition of cell proliferation in human
lung adenocarcinomas through miRNA-145 targeting c-Myc,
EGFR and NUDT1 (124, 125). Subramani et al. have shown the
miRNA-768-3p to be underexpressed in several brain metastases,
compared to matched primary tumors (126). miRNA-768-3p
was found to be underexpressed in in vitro lung cancer cells after
co-culture with astrocytes, driving to increased KRAS protein
and downstream effectors ERK1/2 and BRAF, thereby boosting
tumor cell viability and promoting metastasis. From various
studies, it appears that miRNAs regulate the growth of metastases
either by under- or overexpression, within the tumor tissue or
in the tumor environment. The brain microenvironment nega-
tively regulates miRNA-768-3p to enhance KRAS expression
that promotes the propagation of lung cancer brain metastasis
(126). miRNA-146 was shown to be significantly up-regulated
in NSCLC tissue when compared to healthy adjacent lung tissue
(p < 0.05) (127). In another study, miRNA-146a expression in
primary NSCLC was correlated with advanced clinical TNM
stages and distant metastasis (p < 0.05). The patients with a
high miRNA-146a expression showed longer progression-free-
survival times than those with a low expression of miRNA-146a
(25.6 and 4.8 weeks, respectively, p < 0.05) (128). In the same
line with these findings, in a xenograft model, Hwang et al.
showed high expression of miRNA-146a in parental cells, while
diminished expression in the brain-seeking cells. Moreover,
miRNA-146a overexpression in the brain-seeking cancer cells
suppressed their metastatic potential, which was correlated to
the up-regulation of B-catenin and down-regulation of hetero-
geneous nuclear ribonucleoprotein C1/C2 (129). Taken together,
these findings suggest that miRNA-146a serve as a valid clinical
biomarker for prediction of brain metastasis in lung cancer
patients. However, validation of miRNA-146a expression levels
in a large cohort of human matched primary and brain meta-
static lung tumors is essential to confirm this finding. Similar to
miRNA-146a, overexpression of miRNA-95-3p suppresses brain
metastasis of lung adenocarcinoma through down-regulation of
cyclin D1 (130). miRNA-95-3p is decreased in brain metastases
of lung cancers as compared to the primary tumors and higher
cyclin D1 expression correlates with poorer prognoses (130).
In a recent study, Chen et al. reported miRNA-375 deregulation
to be associated with NSCLC brain metastasis (131). miRNA-375
is another miRNA documented to be down-regulated in primary
tumors of NSCLC patients with brain metastasis. miRNA-375
expression was significantly decreased in matched brain meta-
static NSCLC tissues (p < 0.05) and significantly correlates with

total number of brain metastasis (p < 0.001). In addition, VEGF
and MMP9 - which roles have been extensively studied in the
development of brain metastasis — were over-expressed in down-
regulated miRNA-375 tumors (131).

MicroRNAs are linked with several molecular pathways.
Several studies have correlated the overexpression of ADAMY9
in NSCLC patients with brain metastases (4, 132). ADAM9 has
been demonstrated to enhance the ability of tissue plasminogen
activator to cleave and stimulate the function of CUB domain
containing protein 1 (CDCP1) - promigratory protein, to
promote brain metastasis (4). Recently, Chiu et al. reported that
ADAMO9 down-regulates miRNA-1 via EGFR signaling pathways
activation, enhancing CDCP1 expression to promote lung cancer
progression (133). miRNA-1 expression was shown to be down-
regulated in primary lung tumors but increased in ADAMY-
knockdown lung cancer cells. Moreover, miRNA-1 negatively
correlates with CDCP1 expression and with migration ability of
lung cancer cells (133). Another study has identified miRNA-21
as a target of signal transducers and activators of transcription
3 (STAT3) pathway activity in lung-derived brain metastasis
initiating cells (134). STAT3 is admitted as a central regulator in
the metastatic process (135), and STAT3-knockdown has been
demonstrated to reduce expression of known downstream targets
of miRNA-21, while STAT3 and miRNA-21 act as cooperative
regulators of stemness, migration and tumor initiation in lung-
derived brain metastasis (134). miRNAs appear very promising
as diagnostics, prognostics and therapeutics to improve cancer
patient outcome; however, the clinical use of miRNA therapeu-
tics to treat brain metastases has yet to be achieved. Advances
in pre-clinical and translational studies to identify miRNAs that
change after growth in the brain microenvironment have been
made, but validation of large cohorts from patient tumor samples
is required.

LONG NON-CODING RNAs (IncRNAs)
ASSOCIATED WITH BRAIN METASTASIS

Long non-coding RNAs have been recently identified as effective
players in tumorigenesis. IncRNAs represent a class of non-
protein coding transcripts longer than 200 nucleotides (136)
that covers a broad spectrum of physiological and pathological
functions by implementing different modes of action (137).
Similar to miRNAs that regulate several hundred genes, IncRNAs
are involved in the regulation of multiple miRNAs, impacting
the expression of thousands of genes (136). Besides performing
a single function, some IncRNAs act at multiple functional levels
in different types of cells. Metastasis-associated lung adenocar-
cinoma transcript 1 (MALAT1), localized in nuclear speckles
and highly conserved among mammals, regulates alternative
splicing (138) and gene expression through additional splicing-
independent mechanisms in lung cancer metastasis (139). In a
recent study, Shen et al. have shown IncRNA-MALAT]I levels
to be significantly higher in primary NSCLC from patients
who developed brain metastasis when compared with primary
NSCLC from patients without brain metastasis (p < 0.001) (140).
Additional in vitro functional studies showed overexpression of
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vimentin in a highly invasive subline of brain metastasis lung
cancer cells overexpressing MALAT1, while overexpression of
E-cadherin was observed when MALAT1 was silenced, indicat-
ing that MALAT1 overexpression promotes lung cancer brain
metastasis by inducing EMT (140). Accordingly, RNAi-mediated
suppression of MALAT1-RNA, negatively influenced migration
and clonogenic growth in established human NSCLC cell lines.
Forced expression of MALAT1 in mouse NIH 3T3 fibroblasts
significantly increased migration (141). Concordantly, long non-
coding MALAT1 expression was found to enhance cell motility
through transcriptional and post-transcriptional regulation of
motility related gene expression (142), displaying the strongest
association with genes involved in cancer, like cellular growth,
movement, proliferation, signaling and immune regulation
genes (141). MALAT1 and thymosin p4 expression levels were
identified as prognostic parameters for patient survival in stage
I NSCLC that are at high risk to develop metastasis (p = 0.04
and p = 0.01, respectively) (143). Tumorigenesis and metastases
may be driven by tumor suppressive and oncogenic pathways
deregulation through aberrant expression of cancer metastasis-
associated IncRNA (144). In a recent in vitro study, the IncRNA
brain cytoplasmatic RNA 1 (BCYRNI1) was found up-regulated
and targeted by c-MYC in human NSCLC cell lines (145). c-MYC
is a commonly inhibited oncogene and becomes activated in onco-
genic pathways, and correlates with metastasis of NSCLC (146).
Besides demonstrating that IncRNA BCYRNI is essential in
the c-MYC-regulated cell migration and invasion, BCYRN1
positively correlates with the expression levels of MMP9 and
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Background: Non-small cell lung cancer (NSCLC) patients frequently develop brain
metastases (BM), even though the initial imaging with brain CT or MRI was negative.
Stage Il patients have the highest risk to develop BM, with an incidence of approximately
30%. BM can lead to neurocognitive disorders, loss of quality of life (QoL), and they are
the most important factors influencing patient’s overall survival (OS). Although a radical
local treatment of BM may be possible with primary radiosurgery or after resection, the
prognosis often remains poor. Preventing the development of BM through prophylactic
cranial irradiation (PCI) may improve the outcome of these patients.

Methods: Data from published randomized trials comparing PCI with non-PCl were
sought using electronic database (PubMed) searching, hand searching, and by con-
tacting experts. Trials were included if they considered a randomized comparison of PClI
and non-PCl, enrolled NSCLC patients, excluded patients with recurrent or metastatic
disease, and reported results on BM occurrence. Each randomized controlled trial
(RCT) was assessed for methodological quality using the Cochrane collaboration’s tool
for the assessment of risk of bias. Study estimates were pooled using a fixed effects
sample-weighted meta-analysis approach to calculate an overall estimate and 95%
confidence interval (Cl). Results on PCl-related toxicity, QoL, and OS were only reported
descriptively.

Results: Seven RCTs were included in the meta-analysis. In total, 1,462 patients were
analyzed, including 717 patients who received PCl and 745 patients who did not. The
risk of developing BM was significantly decreased through PCI (13% reduction, RR 0.33;
95% CI 0.22-0.45). PCl-related toxicity and QoL data were limited. Acute toxicity mostly
included fatigue, skin-related toxicity, and nausea or vomiting. Late toxicities such as
headache, dyspnea, lethargy, and low grade cognitive impairments were also reported
in some of the included RCTs. Results on OS were inconclusive.

Conclusion: The risk of developing BM was reduced in patients who received PCI com-
pared to patients who did not. To implement PCI as the standard treatment for patients
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The Prevention of BM in NSCLC by PCI

with NSCLC, the impact of PCl-related toxicity on QoL should be further investigated,
as well as long-term OS. A future individual patient data meta-analysis could produce
definitive answers to this clinical question.

Keywords: non-small cell lung cancer, prophylactic cranial irradiation, brain metastases, toxicity, survival, quality

of life

INTRODUCTION

Non-small cell lung cancer (NSCLC) is the most important cause
of death due to cancer worldwide, and accounts for about 85%
of all lung cancers. At present, more than 50% of all patients are
diagnosed with adenocarcinoma, less than 10% are diagnosed
with large cell cancer and the rest with squamous cell carcinoma.
One-third of NSCLC present with locally advanced (stage III)
disease, 20% with stage I-II, and the rest have metastases (stage
IV) at diagnosis (1).

Non-small cell lung cancer patients frequently develop brain
metastases (BM), even though the initial staging with brain CT
or MRI was negative. The more advanced the disease stage is,
the more frequent BM occur. They are also more frequent in
adenocarcinoma than in squamous cell cancer (1). Stage III
patients have a BM incidence of approximately 30% (2). With
longer overall survival (OS) and better imaging techniques,
this percentage might increase. For example, in drive-mutated
patients (e.g., EGFR and ALK) with a survival beyond 5 years,
this percentage increases to more than 50% (3). BM can lead to
neurocognitive disorders, loss of quality of life (QoL), and they
are the most important factors influencing patients OS (2).
Although a radical local treatment of BM may be possible with
radiosurgery or resection, the prognosis often remains poor. In
order to improve QoL as well as OS, there is an unmet need to
prevent the occurrence of BM (4).

Prophylactic cranial irradiation (PCI) was shown to signifi-
cantly improve OS (5.4% improvement of 3-year OS) in localized
small cell lung cancer with complete remission or stable disease
after multimodality treatment, as a result of decreasing BM inci-
dence by about 50% (5). Also in patients with NSCLC, several
randomized controlled trials (RCTs) studied the value of PCI in
the prevention of BM (6-14). However, PCI might deteriorate
QoL as a result of neurocognitive decline associated with cranial
irradiation. Recently, a randomized phase III trial conducted by
the NVALT/DLCRG (14) showed that PCI reduced the incidence
of symptomatic BM [7.0% in PCI vs 27.2% in no PCI, hazard ratio
0.25;95% confidence interval (95% CI) 0.11-0.58]. Therefore, it is
time to update the previously published literature and revisit the
role of PCI in the prevention of BM in NSCLC patients. Here, we
report on the results of a meta-analysis assessing the impact of PCI
on the reduction of BM in primary stage I-III NSCLC patients,
with PCl-related toxicity, QoL, and OS as secondary endpoints.

METHODS

Data Collection

Data from published RCTs comparing PCI with non-PCI
were sought using electronic database searching between 1980
and December 1, 2017 (PubMed), hand searching (reference

checking of individual studies and review articles), and by con-
tacting experts in the field. The following keywords were used
as search terms: “Carcinoma, Non-Small-Cell Lung,” “NSCLC,”
“Cranial Irradiation,” “Cranial Neoplasms/radiotherapy,” “Brain
Metastasis,” “Overall Survival,” and “RCT. Details of the search
strategy and corresponding flow chart can be found in Appendix

S1 in Supplementary Material.

Selection Criteria

Trials were included if they considered a randomized comparison
of PCI and non-PCI, enrolled NSCLC patients, excluded patients
with recurrent or metastatic disease, and reported results on BM
occurrence.

Quality Assessment

Two investigators (Willem J. A. Witlox and Bram L. T. Ramaekers)
independently assessed each RCT for methodological quality
using the Cochrane collaboration’s tool for the assessment of
risk of bias (15). This tool consists of seven items, including
random sequence generation, allocation concealment, blinding
of participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective reporting, and other sources
of bias. Each item was scored “low risk,” “unclear risk,” or “high
risk” of bias (Appendix S2 in Supplementary Material).

Statistical Analysis
Data of the primary endpoint (BM occurrence) was analyzed using
Stata/SE 14.2 (16). Relative risk (RR) and accompanying 95% CI
of the individual studies were calculated based on the number of
events and group totals. Subsequently, the estimates were pooled
using a fixed effects sample-weighted meta-analysis approach to
calculate an overall estimate and 95% CI. Heterogeneity of the
studies was tested using chi-square- and I*-tests (15). Publication
bias and small study effects were assessed by visual inspection of
funnel plots and performing Egger’s test, respectively (17, 18). If
Egger’s test is significant, a sensitivity analysis will be performed
excluding small studies (weight < 10%).

Results on PCI-related toxicity, QoL, and OS will only be reported
descriptively.

RESULTS

Literature Search and Quality Assessment

of Publications

The electronic literature search yielded 360 unique publica-
tions. Another two publications were identified through hand
searching and contacting experts. After screening of titles and/or
abstracts, 354 trials were excluded. One RCT (12) was excluded
after reading the full text, because local treatment was different
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between both arms. Methodological quality of the remaining
seven RCTs was checked and most of the items were at “low
risk” of bias (Figure 1). Three studies (6-8) did only perform
a brain scan when indicated by a change in neurological status
of the patients, without adequately defining how neurological
status was assessed. Therefore, the reviewers judged these studies
to be at high risk of introducing bias in assessing the outcome.
The reviewers suspected possible selection bias in the study of
Cox et al. (6), because randomized patients were excluded from
evaluation, which is not in accordance with the intention to

treat principle. Although blinding of participants and personnel
was not performed in any of the included studies, based on the
nature of the intervention, this item was judged by the reviewers
as low risk of introducing bias (Appendix S2 in Supplementary
Material).

Characteristics of the Included Trials

Characteristics of the seven included trials are listed in Table 1
below. There were little differences between the selected patient
groups of the trials. Four studies (9, 10, 13, 14) included stage I1I

Random sequence generation
Allocation concealment

Blinding of participants and personnel
Blinding of outcome assessment
Incomplete outcome data

Selective reporting

Other bias

M Low risk of bias

metastases in non-small cell lung cancer.

Risk of bias assessment

0% 10% 20%

M High risk of bias

FIGURE 1 | Methodological quality assessment of the included randomized controlled trials evaluating the effect of prophylactic cranial irradiation on brain

30% 40% 50% 60% 70% 80% 90% 100%

W No/not enough information available

TABLE 1 | Study characteristics of the included RCTs evaluating PCI.

Study Year of Local treatment Stage Brain imaging PCI dose Primary endpoint N? Systematic
publication Follow-up
for BM
VALG 1981 RT alone AllP Radionuclide scan 10 Gy x 2 Gy BM rate 281 No
MDACC 1984 Chemo-RT -1l Radionuclide 10 Gy x 3 Gy CNS metastases 97 No
RT alone scan/CT scan rate
RTOG 1991 RT alone -1l CT scan 10 Gy x 3 Gy Time to BM 187 No
8403 Surgery and RT
SWOG 1998 Chemo-RT 1l Unclear 15 Gy x 2-2.5 Gy OS rate 226  Not reported
RT alone
RTOG 2012 Chemo-RT Il MRI scan 15 Gy x 2 Gy OS rate 340 Yes
0214
Li 2015 Surgery-chemo A MRI scan 10 Gy x 3 Gy DFS 156 Yes
NVALT-11 2018 RT alone Il CT scan/MRIscan 18 Gy x 2 Gy/12 Gy x 2.5 Gy/10 Gy x 3 Gy  Symptomatic BM 175 Yes
rate

“Number of eligible patients.
bAll inoperable patients; stage not clear.

PCI, prophylactic cranial irradiation; RT, radiotherapy; Chemo, chemotherapy; BM, brain metastases; CNS, central nervous system; OS, overall survival; DFS, disease-free survival;

RCTs, randomized controlled trials.
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NSCLC patients only, two studies (7, 8) included stage I, II, and
III patients, and in one study (6) staging was unclear. For treat-
ment of the primary tumor, two trials (6, 14) treated their patients
with radiotherapy alone, one trial (11) used chemo-radiotherapy,
and the four remaining trials used either combinations of chemo-
radiotherapy and radiotherapy alone (7, 9, 10), chemotherapy
and surgery (13), or radiotherapy and surgery (8). Brain imaging
was mainly done by a radionuclide scan in two studies (6, 7).
One study (8) used CT scans, three more recent studies (11, 13,
14) used MRI and in one study (9, 10) the technology of brain
imaging was unclear. Dosing of cranial irradiation ranged from
20 to 37.5 Gy (10 fractions of 2 Gy to 15 fractions of 2.5 Gy).

Incidence of BM After PCI

Taken all RCTs together, in total, 1,462 patients were analyzed,
including 717 patients who received PCI and 745 patients who

did not. The BM incidence in the PCI arm ranged from 0.9 to
12.3%, and from 11.0 to 30.7% in the non-PCI arm (Table 2).
The overall effect estimate of the impact of PCI on the occurrence
of BM is presented in Figure 2. The risk of developing BM was
significantly decreased in the PCI arm compared to no PCI (13%
reduction, RR 0.33; 95% CI 0.22-0.45). Heterogeneity across
the studies was low (I* = 0%; p = 0.468). Furthermore, Egger’s
test indicated that smaller studies showed larger effect sizes
(p = 0.048), which is also reflected in the asymmetric funnel plot
(Figure 3). Nevertheless, results of the sensitivity analysis exclud-
ing small studies (7, 9, 10) (weight < 10%) were similar (RR 0.38;
95% CI 0.24-0.51).

PCI-Related Toxicity, QoL, and OS

Few trials reported on PCl-related toxicity and QoL with most details
inthestudy of Goreetal. (11) (Table 3). Acute toxicity mostly included

TABLE 2 | Data on BM events [(a)symptomatic BM occurrence] and incidence of the included RCTs evaluating PCI.

PCI No PCI
Study Events Total Incidence (%) Events Total Incidence (%) Weight (%)
VALG 7 136 5.1 16 145 1.0 10.5
MDACC 2 46 4.3 14 51 27.5 9.0
RTOG 8403 8 93 8.6 18 94 191 12.2
SWOG 1 111 0.9 13 115 1.3 8.7
RTOG 0214 13 163 8.0 32 177 181 20.9
Li 10 81 12.3 29 75 38.7 20.5
NVALT-11 7 87 8.0 27 88 30.7 18.3
Total 48 717 149 745
PCI, prophylactic cranial irradiation; BM, brain metastasis;, RCTs, randomized controlled trials.
Study RR (95% Cl)
|
VALG — . 0.47 (0.20, 1.10)
|
MDACC —I:— 0.16 (0.04, 0.66)
|
RTOG 8403 —+— 0.45 (0.21, 0.98)
|
SWOG -I—:— 0.08 (0.01, 0.60)
RTOG 0214 —:—I— 0.44 (0.24, 0.81)
|
Li —— 0.32(0.17,0.61)
|
NVALT-11 _.]I_ 0.26 (0.12, 0.57)
Overall (I-squared = 0.0%, p = 0.468) @ 0.33 (0.22, 0.45)
|
|
|
|
T T T T
.01 5 1 2 3
FIGURE 2 | Forrest plot of the meta-analysis of RCTs evaluating the effect of PCI on BM in NSCLC. Abbreviations: RR, relative risk; 95% Cl, 95% confidence
interval; RCTs, randomized controlled trials; PCI, prophylactic cranial irradiation; BM, brain metastases; NSCLC, non-small cell lung cancer.
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FIGURE 3 | Results of the funnel plot of RCTs evaluating the effect of PCl on BM in NSCLC. Abbreviations: logrr: logarithm of the relative risk; RCTs, randomized
controlled trials; PCI, prophylactic cranial irradiation; BM, brain metastases; NSCLC, non-small cell lung cancer.

TABLE 3 | RCTs evaluating PCl-related toxicity and QoL in NSCLC.

Study PCI dose Neuropsychological Evaluation Impairment after PCI QoL instruments
(Gy/fraction) test after PCI and results
MDACC 30/10 Not reported Not reported Acute toxicity: one patient developed transient memory loss for ~ Not reported
2.5 weeks
Late toxicity: none
RTOG 30/10 Neurological physical  Intervals of Acute toxicity: epilation and skin reactions Not reported
8403 examinations 3 months Late toxicity: none
RTOG 30/15 MMSE At 3, 6, 12,18,  Acute toxicity: constitutional (grade 1 and 2), gastrointestinal EORTC QLQ-C30 and
0214 ADLS 24,30, 36, and  (grade 1), dermatologic (grade 2), hematologic (grade 3), fatigue = EORTC QLQ-BN20
HVLT th monthls, and (grage ’g’), dési)nea (grade 3), ataxia (grade 3), depression Global health status/Qol.
en yearly (grade .a.n ) i was similar between both
Late toxicity: dyspnea, syncope, weakness, fatigue (all grade 3) arms
Li 30/10 CTC-AE First 2 years Acute toxicity: headache (grade 1, 2, and 3), nausea or vomiting  FACT-L questionnaire
Egg?é s every 3 montEs, (grage 1 ang 2), Tat|gue l(graded1 , 22 and 3), skin toxicity No significant differences
- every 6 months  (grade laln ).’ insomnia (grade 2) i were noted in deterioration
thereafter Late toxicity: mild, moderate, and severe headache, slight or
 leth Kin atrophy. fati rate for QoL and symptoms
great lethargy, skin atropny, fatigue between the two groups
NVALT-11 36/18 CTC-AE 4 weeks, 3, Memory impairment (grade 1 and 2), cognitive disturbance EORTC QLQ-C30
30/12 6, 12, 24, and (grade 1 and 2), alopecia, fatigue, headache EORTC QLQ-BN20
30/10 36 months EuroQol 5D

Results not reported

PCI, prophylactic cranial irradiation; QoL, quality of life;, MMSE, Mini Mental Status Exam; ADLS, Activities of Daily Living Scale; HVLT, Hopkins Verbal Learning Test; CTC-

AE, Common Terminology Criteria Adverse Events; RTOG/EORTC-LRMSS, RTOG/ERTOC late radiation morbidity scoring schema; EORTC QLQ-C30, EORTC quality of life
questionnaire-C30; EORTC QLQ-BN20, EORTC quality of life questionnaire-BN20; FACT-L questionnaire, Functional Assessment of Cancer Therapy-Lung questionnaire; NSCLC,
non-small cell lung cancer; RCTs, randomized controlled trials.

fatigue, skin-related toxicity, and nausea or vomiting. Late toxicities
such as headache, dyspnea, and lethargy were also reported in some
of the included RCTs. Low grade (1 and 2) memory impairments

and cognitive disturbances were only reported in the study of De
Ruysscher et al. (14). Results reporting on QoL were limited, and no
significant differences were observed between both arms.
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TABLE 4 | RCTs evaluating PCl-related OS in NSCLC.

Study Median follow-up Median OS p-Value

in months in months

(PCl vs no PCI)

VALG Not reported Not reported Not reported
MDACC 13.6 (PCI), 12.7 (no PCI) 60.3 vs 56.3 Not significant
RTOG 8403 Not reported 8.4vs 8.3 0.36
SWOG Not reported 8.0vs 11.0 Significant
RTOG 0214 23.8 25.8vs 24.8 0.86
Li 68.1 (PCl), 65.2 (no PCI) 31.2vs27.4 0.31
NVALT-11 53.3 24.2vs21.9 0.56

OS, overall survival; PCI, prophylactic cranial irradiation; NSCLC, non-small cell lung
cancer; RCTs, randomized controlled trials.

In addition to BM occurrence, all included trials, except for
the trial of Cox et al. (6), also reported on PCI-related OS in
NSCLC (Table 4). Nearly all studies only report on short-term
survival, and most trials did not use contemporary staging
and systemic therapy. Taking these shortcomings in mind, no
statistically significant OS difference was found between the PCI
arm and no PCI arm, except for the study of Miller et al. (9, 10),
which showed a significant OS benefit in favor of the no PCI arm
(p = 0.004).

DISCUSSION

This study aimed to review published literature and revisit the role
of PCI in the prevention of BM in NSCLC. The analysis included
seven RCTs, involving 1,462 NSCLC patients in total. The current
meta-analysis shows that the risk of developing BM was reduced
in patients who received PCI compared to patients who did not
(RR 0.33;95% CI 0.22-0.45).

Previously published results from reviews that investigated
the role of PCI in the prevention of BM in NSCLC are in line with
our findings. The most recently published meta-analyses of Sun
etal. (4) and Xie et al. (19), evaluating the impact of PCI on BM
occurrence in NSCLC, showed highly significant results in favor
of PCI. However, these reviews could not evaluate the recent
RCTs of Li et al. (13) and De Ruysscher et al. (14). Including the
two most recent RCTs does not only add to the sample size of our
meta-analysis, but the proper methodological quality and the use
of more advanced brain imaging methods also add value to the
conclusiveness of our results. Furthermore, unlike our study, the
RCT of Pottgen et al. (12) was included in these meta-analyses.
Local treatment was different between the two arms in this study
(primary curative resection followed by postoperative thoracic
radiation therapy vs chemotherapy and concurrent chemo-
radiotherapy followed by thoracic surgery). Therefore, we judged
that it was not possible to assess the impact on prevention of BM
attributable to PCI.

Although this is the largest, most recent review incorporating
all available evidence from RCTs on the impact of PCI on the pre-
vention of BM in NSCLC, there are also limitations. Egger’s test
and visual inspection of the funnel plot indicated the presence
of publication bias. However, sensitivity analysis showed that

excluding smaller studies from the meta-analysis did not much
alter the results. Furthermore, assessment of the methodological
quality of the included studies showed that for some items risk
of bias was high. Nevertheless, most of these high bias risk items
could be found in the studies (7, 9, 10) that were excluded in the
sensitivity analysis, and results remained largely similar to the
original results.

The meta-analysis showed that the BM incidence was lower in
patients who received PCI, but few trials also reported that PCI
could cause toxicity resulting in a decline in QoL. Most occurring
acute toxicities were fatigue, skin-related toxicity, and nausea or
vomiting. Toxicities occurring on longer term were headache,
dyspnea, and lethargy. In addition, the study of De Ruysscher
et al. (14) also reported low-grade memory and cognitive func-
tioning impairments. Therefore, the indications of PCI should be
considered in the light of its potential (neuro)toxicity. QoL data
were limited and not significantly different between the groups,
no short-term OS benefit was shown, and the influence of PCI
on long-term OS should be further investigated. It is necessary to
further study the role of PCI in relation to neurocognitive decline
and thus deterioration of QoL, and whether PCI could improve
patients’ long-term OS. In the era of more effective targeted
therapy and immunotherapy, when extracranial disease is better
controlled and patients are living longer, there may be increased
importance of PCI. Moreover, hippocampal sparing techniques
and medications such as memantine could be interesting future
areas of research as alternatives to reduce toxicity and thus loss
of QoL. Other areas of future research might include the role
of MRI surveillance in combination with radical local treatment
such as stereotactic radiosurgery or whole-brain radiotherapy.
However, studies of the EORTC and RTOG showed that cure
remains elusive in the overwhelming majority of these patients
(20, 21).

CONCLUSION

The risk of developing BM was reduced in patients who received
PCI compared to observation. To implement PCI as the standard
treatment for patients with NSCLC, the impact of PCI on toxicity
and QoL should be further investigated, as well as the impact
on long-term OS. A future individual patient data meta-analysis
with updated long-term OS could potentially produce definitive
answers to these clinical questions.
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Michiel J. E. G. W. Vanfleteren"23*, Anne-Marie C. Dingemans?, Veerle F. Surmont’,
Karim Y. Vermaelen’, Alida A. Postma®, Astrid M. L. Oude Lashof®°, Cordula C. M. Pitz®
and Lizza E. L. Hendriks?
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Jozefskliniek Izegem, Izegem, Belgium, “Department of Radiology and Nuclear Medicine, Maastricht University Medical
Centre (MUMC +), Maastricht, Netherlands, ° Department of Medical Microbiology, Section Infectious Diseases, Maastricht
University Medical Centre (MUMC +), Maastricht, Netherlands, 6 Department of Respiratory Medicine, Laurentius Hospital
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In a patient with a medical history of cancer, the most probable diagnosis of an *FDG-
avid pulmonary mass combined with intracranial abnormalities on brain imaging is
metastasized cancer. However, sometimes a differential diagnosis with an infectious
cause such as aspergillosis can be very challenging as both cancer and infection are
sometimes difficult to distinguish. Pulmonary aspergillosis can present as an infectious
pseudotumour with clinical and imaging characteristics mimicking lung cancer. Even in
the presence of cerebral lesions, radiological appearance of abscesses can look like
brain metastasis. These similarities can cause significant diagnostic difficulties with a
subsequent therapeutic delay and a potential adverse outcome. Awareness of this
infectious disease that can mimic lung cancer, even in an immunocompetent patient,
is important. We report a case of a 65-year-old woman with pulmonary aspergillosis
disseminated to the brain mimicking metastatic lung cancer.

Keywords: lung cancer, lung neoplasms, brain metastasis, brain neoplasms, brain abscess, aspergillosis,
differential diagnosis

CASE DESCRIPTION

A 65-year-old woman, never-smoker, was referred for a second opinion in January 2014 because of
an abnormal computed tomography (CT) of the chest with a mass in the right lower lobe. Extensive
evaluation in the referring hospital had not revealed a diagnosis. A clear overview of the medical
disease history is demonstrated in a timeline (Figure 1). Her medical history consisted of a right-
sided mastectomy for breast cancer in 2006, with no adjuvant treatment indicated. On the staging
18-fluordeoxyglucose positron emission tomography-computed tomography (*FDG-PET-CT) for
the breast cancer in 2006 an asymptomatic, 30-mm diameter, lobulated "*FDG-negative solitary mass
was seen in the right lower lobe. Bronchoscopic sampling for cytology and microbiological cultures
showed neither proof of malignancy nor infection, and follow-up was chosen. Serial follow-up chest
CTs up to December 2011 (total follow-up of 5 years) showed no change and follow-up was ended.
In August 2013, she was seen in the referring hospital because of a productive cough, dyspnea
on exertion, tiredness, and weight loss since the last 3 months. There was no fever nor night sweats.
YFDG-PET-CT revealed an intense *FDG-avid mass in the right lower lobe, just next to the old
pulmonary lesion, with intense hilar lymphadenopathy (Figure 2). Differential diagnosis consisted
of malignancy (metastatic breast cancer or primary lung cancer) or infection. Bronchoscopic
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2006 January 2014
Right sided mastectomy for Referral for second opinion at
breast cancer. Analysis of ¥FDG- August 2013 tertiary hospital with worsening June 2014
negative solitary pulmonary Initial presentation symptoms. Renewed analysis with Cerebral biopsies
mass. at original hospital. 18FDG-PET-CT, bronchoscopy, of brain lesions.
mediastinoscopy. Start therapy with
voriconazole.
December 2011 October 2013 March 2014 December 2014
Serial chest-CT VATS at referring New symptomatic Patient discharged.
showed no change of hospital. Start therapy brain lesions, short
pulmonary mass, with prednisone hospitalisation in r
follow-up ended. 0,5mg/kg/day. referring hospital.
||[| 2013 2014
February 2014
Start therapy with
prednisone 1mg/kg/day +
azithromycine.

September 2013 October 2014
Initial work-up with CT, 1¥FDG- Construction
PET-CT, bronchoscopy and May 2014 ventriculoperitoneal
EBUS-TBNA at referring Clinical deterioration and drainage.
hospital. hospitalisation in tertiary

hospital. Skin biopsies of skin
lesions, brain MRI suggestive for
abscesses, 18FDG-PET-CT with
growth of pulmonary mass.

FIGURE 1 | Timeline. Abbreviations: ®FDG, 18-fluordeoxyglucose; CT, computed tomography; VATS, video assisted thoracic surgery; '®FDG-PET-CT,
18-fluordeoxyglucose positron emission tomography-computed tomography; EBUS-TBNA, endobronchial ultrasound with transbronchial needle aspiration; MRI,
magnetic resonance imaging.

FIGURE 2 | Continued
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FIGURE 2 | Evolution of thoracic lesions. Top: Follow-up chest computed tomography (CT) in 2011 showing a right-sided lobulated pulmonary mass at the right
lower lobe (3.0-cm diameter). Middle: CT (left) and fusion 18-fluordeoxyglucose positron emission tomography-computed tomography ('®FDG-PET-CT) (right) in
August 2013 shows an increase at the medial side of the mass and right hilar ymphadenopathy, with intense 18-fluordeoxyglucose ("8FDG) uptake. Bottom: CT (left)
and fusion '®FDG-PET-CT (right) in January 2014 showing further growth of the '®FDG-avid mass in the right lower lobe with hilar invasion and a mild '®FDG-avid
subcarinal lymph node.

TABLE 1 | Diagnostic test results.

Date

Specimen

Microbiological test results

Pathological test results

2006

Bronchial washing right
lower lobe

Culture negative for bacteria and fungi
Auramine-rhodamine stain negative

No arguments for malignancy

August 15, 2013

Bronchial (brushing and)
washing right lower lobe

Culture negative for bacteria and fungi
Auramine-rhodamine stain negative

Active inflammation
No arguments for malignancy

September 03, 2013  Computed tomography- NA Fibrosis with anthracosis and chronic inflammation
guided biopsy right lower No arguments for malignancy
lobe

September 23, 2013  EBUS 10R NA Representative specimen of reactive lymph node

without arguments for malignancy

October 29, 2013

Wedge resection apical
segment right lower lobe

Culture negative for bacteria

Fibrotic node with extensive chronic inflammation and
bronchialization of the alveoli

No arguments for malignancy

No arguments for actinomyces infection

October 29, 2013 Urine Culture negative for bacteria and fungi NA
November 04, 2013 Blood Culture negative for bacteria and fungi NA
November 07,2013 Urine Culture negative for bacteria and fungi NA
November 07, 2013  Wound fluid chest drain Sporadic S. aureus NA

entrance

January 20, 2014

Bronchial washing right
lower lobe

Bacterial culture with commensal throat flora
Culture negative for fungi

Culture negative for actinomyces

Culture negative for nocardia
Auramine-rhodamine stain negative

Culture negative for mycobacteria

Active inflammation, sparse fungal hyphae and bacteria
No arguments for malignancy

January 30, 2014 Mediastinoscopy 4L and 7 NA Lymph node tissue without evidence of malignancy
Extensive sinushistiocytosis at lymph node station 7
March 31, 2014 Cerebrospinal tap NA No arguments for malignancy or infection

May 02, 2014 Skin biopsy Bacterial culture with coagulase-negative staphylococci  Extensive active inflammation with a lobular panniculitis
Fungal culture with Verticillium species and Aspergillus and localization of fungal hyphae
fumigatus No arguments for malignancy

May 02, 2014 Wound fluid skin biopsy Fungal culture with A. fumigatus NA

May 13, 2014 Serum Galactomannan negative NA
HIV 1 and HIV 2 antigen and immunoglobulin negative
Toxoplasma gondii IgG positive, IgM negative
Treponema pallidum immunoglobulin negative

May 13, 2014 Blood (x2) Culture negative for bacteria and fungi NA

May 13, 2014 Urine Culture negative for bacteria and fungi NA

May 19, 2014 Serum Cryptococcus neoformans antigen negative NA

May 26, 2014 Serum Interferon-gamma release assay negative NA

June 02, 2014

Cerebral biopsy

Aspergillus fumigatus

Cerebral material with lytic cell remnants, active
inflammation and presence of fungi (preference for
Aspergillus)

NA, not available.

sampling, CT-guided biopsy, and endobronchial ultrasound with
transbronchial needle aspiration (EBUS-TBNA) revealed no
malignancy and cultures were negative (Table 1). Transthoracic
biopsy of the mass showed fibrosis and a chronic inflammation
with histiocytic reaction. A video-assisted thoracoscopy with
partial wedge resection of the pulmonary nodule was performed

to obtain a definitive diagnosis and to rule out or confirm
malignancy. Pathologic analysis of the resection specimen
showed fibrosis with bronchiectasis, focal inflammation, and
bronchiolisation of the alveoli, but no malignancy or microor-
ganisms (Table 1). With a diagnosis suggestive of cryptogenic
organizing pneumonia, prednisone 0.5 mg/kg/day was initiated,
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although, due to steroid side-effects, limited in dose and dura-
tion (prednisone 0.5 mg/kg/day for 3 weeks followed by gradual
tapering of the dose, total duration of prednisone treatment was
2 months). Despite the steroids, her complaints worsened and
the patient was referred to our tertiary center in January 2014.
A new “FDG-PET-CT showed progression of the *FDG-avid
lesion with extension into the mediastinum and lymph node sta-
tion 4R, with also mass effect on the right pulmonary artery and
invasion of the left superior pulmonary vein (Figure 2). There
was no evidence of extrathoracic lesions. Because of the invasive
growth, malignancy was again in the differential diagnosis. In our
hospital, renewed analysis was performed with bronchoscopy
and mediastinoscopy, both without evidence of malignancy or
infection (Table 1). Cytology of the bronchial aspirate showed
sporadic hyphae (most probable Aspergillus), but without
growth on culture and these were considered contamination
or colonization. In March 2014, a multidisciplinary decision
was made for a treatment with a higher dose of prednisone
1 mg/kg/day in combination with macrolide antibiotic treat-
ment for 3 months (with slow tapering of the steroids) under
suspicion of cryptogenic organizing pneumonia, but without
clinical or radiologic response. Additional diagnostics were
considered for the growing part of the lesion, but a CT-guided
biopsy and surgical sampling were both not possible because of
the risk of a massive bleeding. A follow-up *FDG-PET-CT was
scheduled to evaluate whether in the follow-up lesions would
become better accessible for further diagnostic work-up. During
the pulmonary work-up, in March 2014, the patient developed
new complaints of progressive muscle weakness and sensibility
loss of the right upper arm. She was hospitalized in the referring
hospital. Additional brain imaging with magnetic resonance
imaging (MRI) revealed multiple brain lesions in the cortex and
watershed region, in the left corpus callosum, the left thalamus
and partially in the right semioval center, which were considered
brain metastases by the referring hospital (Figure 3). The MRI
was revised by an experienced neuro-radiologist in our hospital
who withheld a differential diagnosis of ischemia and metastasis.
The brain lesions were not accessible for a biopsy because of the
location and small size. Because of a poor clinical condition
combined with a differential diagnosis of ischemia, no brain
radiation was initiated. Patient was discharged after 1%-week
hospitalization in the referring hospital. The neuro-oncology
multidisciplinary team advised follow-up MRI 3 months later.
On this MRI (May 2014), two lesions had enlarged significantly
with marked perilesional edema but other lesions showed
shrinkage (Figure 4). The radiologic appearance with restrictive
diffusion of these lesions on diffusion-weighted images was sug-
gestive for (atypical) cerebral abscesses rather than metastases.
The FDG-PET-CT showed further growth of the mass in the
right lower lobe but without distant lesions. At the same time, the
patient developed multiple ill-defined skin lesions. Because of
her worse clinical condition, she was hospitalized in our tertiary
hospital and cerebral and skin biopsies were performed: both
showed marked inflammation and fungal hyphae with dichoto-
mous branching, suggestive for Aspergillus, there was no evi-
dence for malignancy (Table 1; Figures 5 and 6). Cultures of the
wound fluid after skin biopsy also revealed Aspergillus (Table 1).

The definitive diagnosis of proven invasive aspergillosis with
pulmonary, mediastinal, cerebral, and skin involvement was
made. Treatment with voriconazole was initiated with monitor-
ing of serum and cerebral spinal fluid (CSF) voriconazole levels.
Because of progressive somnolence caused by hydrocephalus,
repeated CSF drainage was necessary. Eventually, five neurosur-
gical procedures were needed for effective control of the infec-
tion and adequate drainage of the CSF, with in the end placement
of an internal ventriculo-peritoneal drain. During treatment
with voriconazole, there was a slow clinical recovery. Additional
immunological analysis did not reveal an immunity disorder;
there were normal titers of total IgG, IgM, IgG, and IgA, there
were no complement abnormalities, screening for antinuclear
antibodies and antineutrophil cytoplasmic antibodies was nega-
tive. Only the use of prednisone could be identified as immu-
nosuppressant factor which aided the further dissemination of
this opportunistic infection. MRI of the brain performed after
6 months of treatment showed marked improvement without
evidence of hydrocephalus, the chest CT also improved. Patient
was discharged in December 2014, 7 months after admission.
She rehabilitated and made a near complete recovery.

DISCUSSION

We report our experience of the diagnostic dilemma in this patient
with disseminated aspergillosis mimicking metastatic cancer. The

FIGURE 3 | Brain magnestic resonance imaging in March 2014. T1-weighted
image after gadolinium of the brain shows a small right frontal enhancing
cerebral lesion.
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FIGURE 4 | Brain magnetic resonance imaging in May 2014. There is an increase in size of the right frontal lesion with surrounding perilesional edema. T2-weighted
image (left) demonstrates a hypo-intense rim with ring-enhancement after gadolinium (contrast-enhanced T1-weighted middle). At diffusion imaging (right panels)

there is restricted diffusion in a part of the central area.

FIGURE 5 | Skin biopsy with presence of fungal hyphae. Periodic Acid Schiff
stain on skin biopsy with fungal hyphae stained purple. Two fungal hyphae
with dichotomous branching (diagnostic of Aspergillus) are depicted (arrows).

BFDG-avid pulmonary lesions were highly suspicious for malig-
nancy, especially in a patient with a history of breast cancer. Even
in the presence of brain lesions, this suspicion remained high, as
these brain lesions were first thought to be of metastatic origin.
Eventually skin and cerebral biopsies and wound cultures did
reveal the definitive diagnosis of disseminated invasive aspergillosis.
As a tertiary center, patients are frequently referred to our
center with presumed lung cancer. In a retrospective analysis of
a tertiary US hospital, the majority of such patients were proven
to have a neoplastic process, only 1.3% had an infection (1).
Pulmonary aspergillosis mimicking lung malignancy remains
rare and only sporadic case reports are available in literature
(1-7). In addition, symptoms (such as malaise, weight loss,
cough, and hemoptysis) are non-specific and are overlapping
those of a pulmonary neoplasm. Moreover, pulmonary aspergil-
losis can present as an infectious pseudotumour with radiological

FIGURE 6 | Cerebral biopsy with presence of fungal hyphae. Hematoxylin
and eosin stain on cerebral biopsy showing nectrotic tissue with moderate
numbers of septate fungal hyphae with parallel walls. Two fungal hyphae with
dichotomous branching (diagnostic of Aspergillus) are depicted (arrows).

appearance and features similar and indistinguishable from Iung
cancer. When clinical and radiological features are suspected for
malignancy, it is of utmost importance to strive for a definitive
histopathological diagnosis. Many minimal invasive techniques
such as bronchoscopy, CT-guided biopsy or EBUS-TBNA are
available today to obtain this histopathological diagnosis. If not
amenable or feasible or histopathological diagnosis cannot be
obtained, a surgical approach might be necessary. The differential
diagnosis can be very challenging and perseverance for diagnostic
accuracy can be a hard and exhaustive exercise, which is dem-
onstrated in our case. Despite several attempts with noninvasive
and invasive procedures to obtain a histopathological diagnosis,
there was no clear evidence for malignancy or infection. Maybe in
retrospect, the hyphae in the bronchial aspirate could have raised
the suspicion for invasive aspergillosis, although this is very rare
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in an immunocompetent host such as our patient. In retrospec-
tive studies with immunocompromised patients with a diagnosis
of invasive aspergillosis, cytological examination of bronchial
washings had a sensitivity of 64.0%, specificity of 99.1%, and
positive predictive value of 88.9% (8), However, predictive values
depend upon the prevalence of disease in the population tested
and our patient did not have an impaired immunity. Moreover,
various species of Aspergillus spp. can colonize the airways,
especially in patients with a chronic pulmonary disease, without
any pathogenic consequences (as was thought to be the case in
our patient), but they are also capable of causing several and
severe types of disease as has been described in patients with
bronchiectasis (9). Pathological features in the surgical specimen
suggestive for cryptogenic organizing pneumonia made this
case more complex. Furthermore, the suspicion of malignancy
remained high, with further growth of her thoracic disease and
development of brain lesions, suspicious for brain metastasis.
Indeed, cerebral abscesses caused by Aspergillus spp. can also
mimic cerebral metastasis. Contrast-enhanced CT and MRI are
the modalities of choice for imaging of the brain when brain
metastasis is suspected, with MRI more appropriate in character-
izing lesions (10-13). Although many MR features have been
described, the differentiation between abscesses and necrotic
brain tumors cannot be made in many cases with conventional
MR imaging since its signal appearance can be similar to that
of a cystic or necrotic tumor on conventional series (14, 15).
A combination with diffusion-weighted MRI has been shown to
be useful in the diagnosis of acute cerebral ischemia, malignancy,
abscesses, cysts, and various forms of white matter disorders
(16). In our case, the dissociated response, the hypo-intense rim
at T2-weighted imaging and the diffusion-weighted MRI aided
toward an infectious diagnosis. Previous reports in literature of a
cerebral Aspergillus abscess mimicking a solid tumor are sparse;
we could only identify two case resports (15, 17).

Coexistence of infectious pseudotumours and solid tumors
at initial diagnosis have previously been reported (18), but are
rather rare, especially in an immunocompetent patient. However,
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Brain metastases (BM) frequently occur in non-small cell lung cancer (NSCLC) patients.
Most patients with BM have a limited life expectancy, measured in months. Selected
patients may experience a very long progression-free survival, for example, patients with
a targetable driver mutation. Traditionally, whole-brain radiotherapy (WBRT) has been the
cornerstone of the treatment, but its indication is a matter of debate. A randomized trial
has shown that for patients with a poor prognosis, WBRT does not add quality of life (QoL)
nor survival over the best supportive care. In recent decades, stereotactic radiosurgery
(SRS) has become an attractive non-invasive treatment for patients with BM. Only the
BM is irradiated to an ablative dose, sparing healthy brain tissue. Intracranial recurrence
rates decrease when WBRT is administered following SRS or resection but does not
improve overall survival and comes at the expense of neurocognitive function and QolL.
The downside of SRS compared with WBRT is a risk of radionecrosis (RN) and a higher
risk of developing new BM during follow-up. Currently, SRS is an established treatment
for patients with a maximum of four BM. Several promising strategies are currently being
investigated to further improve the indication and outcome of SRS for patients with BM:
the effectivity and safety of SRS in patients with more than four BM, combining SRS with
systemic therapy such as targeted agents or immunotherapy, shared decision-making
with SRS as a treatment option, and individualized isotoxic dose prescription to mitigate
the risk of RN and further enhance local control probability of SRS. This review discusses
the current indications of SRS and future directions of treatment for patients with BM of
NSCLC with focus on the value of SRS.

Keywords: brain metastases, non-small cell lung cancer, stereotactic radiosurgery, isotoxic dose prescription,
shared decision
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INTRODUCTION

Brain metastases (BM) are the most frequent intracranial malig-
nancies and originate mainly from lung cancer (1). In patients
with driver mutations of non-small cell lung cancer (NSCLC),
systemic therapies have become more effective in patients with
metastatic disease, resulting in longer overall survival (OS). Due
to the screening for BM, the longer OS, and the often poor drug
penetration through the blood-brain barrier (BBB), more and
more patients are diagnosed with BM. BM may cause neurologic
symptoms, a decrease in quality of life (QoL), and are often
associated with poor OS (2).

Overall, patients with BM are treated with the intention to
maintain QoL during their remaining lifespan. Traditionally, the
treatment consists predominately of radiotherapy, mainly whole-
brain radiotherapy (WBRT), but in selected patients, surgery, sys-
temic therapy, or a combination of treatment modalities is used.
Depending on the prognostic subgroups, the OS after WBRT in
patients with BM of NSCLC without systemic treatment remains
poor with an estimated survival of weeks or months (3-5). For
instance, for patients treated with WBRT and optimal supportive
care in the QUARTZ trial, the median survival was 8.5 weeks, and
there was no OS benefit (4). Physicians are increasingly reluctant
in the use of WBRT, as the results of the QUARTZ trial did not
show a benefit of WBRT in NSCLC patients over steroids alone in
patients with an intermediate or unfavorable prognosis [recursive
partitioning analysis (RPA 2-3)] (4).

It is increasingly important to accurately estimate the prog-
nosis after all treatment options, to support decision-making of
both patients and physicians. OS of patients with BM of NSCLC
ranges from several weeks to several years depending on relevant
prognostic factors, such as performance status, age, control of
extracranial disease, number of BM, and the presence of driver
mutations. Gaspar et al. published a report in 1997 on a prog-
nostic index for patients with BM, the RPA based on patients
mainly treated with WBRT. The RPA was externally validated,
and the favorable prognostic RPA score had a median survival
of 7.1 months. The unfavorable RPA score had a survival of
only 2.3 months (6, 7). The weakness of the RPA score is that
the majority of the patients are classified into the intermediate
prognostic class, and for clinical decision-making the favorable
and unfavorable prognostic classes are the most important ones
Also, the RPA score was developed in the pre-immunotherapy
era, and cancers other than NSCLC were included into this score
which limits its utility in patients with BM of NSCLC. Therefore,
the Graded Prognostic Assessment (GPA) was developed from a
database of almost 2,000 patients with BM, validated and refined
with diagnosis-specific (DS) indices based on a second retrospec-
tive analysis of 4,259 patients with BM (8-10). For patients with
BM of NSCLC and an unfavorable DS GPA score, the median
survival time is 3 vs 15 months for patients with a favorable
DS-GPA score (11). Recently, a refined Lung-molGPA score
was developed and validated specifically for patients with BM of
NSCLC. molGPA integrates molecular features such as epidermal
growth factor receptor (EGFR) and anaplastic lymphoma kinase
(ALK) alterations (12, 13). The overall median survival for the
cohort was 12 months, and those patients with a Lung-molGPA

score of 3.5-4.0 had a median survival of almost 4 years. It is
for these reasons that lung-moGPA is the most useful prognostic
tool for clinical practice in the era of personalized medicine and
targeted agents.

In the last decades, a local alternative treatment became widely
available, stereotactic radiosurgery (SRS). SRS has the advantage
of achieving higher local tumor control while sparing healthy
brain tissue, which results in less severe side effects such as
neurocognitive damage and hair loss (14). SRS is currently a well-
established treatment modality for patients with a maximum of
four BM. SRS is also a more complex and costly treatment which
may not be available in every radiotherapy department. Other
disadvantages of SRS compared with WBRT are a higher risk of
new BM during follow-up (e.g., distant brain recurrences), and
an increased risk of radionecrosis (RN) depending on the volume
of healthy brain tissue which is irradiated to a relatively high
dose, tumor biology factors, and the location of the tumor. RN
is focal damage of the nearby brain tissue caused by a high dose
of radiation. The result of RN can be temporary or permanent
neurologic symptoms. These symptoms can be treated with ster-
oids, but steroids have several side effects such as obesity, sleeping
disorders, hyperglycemia, and muscle weakness (15-17). The risk
of RN is mainly correlated with the SRS dose in the brain and the
size of the lesion, for example, if the volume of brain tissue which
receives >12 Gy is more than 10 cm’, the risk of RN increases to
above 10% and can go as high as 25%. However, other factors may
contribute. The risk of distant brain recurrences is mainly cor-
related with the number of SRS treated BM and varies between 40
and 90% if SRS is applied as a single treatment modality (14, 18).
From all patients treated with SRS as a single treatment modality
for a maximum of three BM, 25% of patients will receive WBRT,
because a significant proportion of patients die from extra cranial
disease progression. It should be stated that almost all long-term
survivors will undergo WBRT at some time point (14, 19, 20).

For small BM, SRS is equally effective as surgical resection
(21). SRS is typically delivered in one to five fractions of multiple
photon beams, but more recently even multiple, i.e., more than
four, BM can be treated with a single fraction (22). For patients
with more than four BM, the current Dutch guidelines advises
WBRT as standard of care, but trials are ongoing and already
conducted to investigate the value of SRS in patients with more
than three BM (23-26).

The aim of this review is to discuss the current evidence of SRS
for BM of NSCLC, potential improvements in patient information
with focus on shared decision-making (SDM), and promising
future treatment strategies to improve the clinical outcome.

CURRENT EVIDENCE FOR SRS AS A
SINGLE TREATMENT MODALITY

As mentioned previously, the indication of WBRT is currently
a matter of debate: according to the QUARTZ trial, there was
no beneficial effect of WBRT over steroids, in NSCLC patients,
most with an RPA class 2-3, with respect to QoL or survival (4).
There are several remarks with respect to clinical application
of the results: patients were only included if the patient or the
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multidisciplinary team had doubts if WBRT should be applied,
favorable prognostic patients (RPA class I) did have a survival
benefit of WBRT, and the effect on symptom control such as
seizures or headache were not described in detail. The latter is
relevant, because the reason for applying WBRT is sometimes
symptom control, prevention of neurologic symptom progres-
sion, or prevention of dying due to a neurologic cause. The avail-
ability of drugs used to target different areas for these patients is
constantly increasing which may influence their outcome. Taking
into account the limitations of the study which is conducted in a
poor prognostic population, physicians should be more reluctant
to apply WBRT (RPA class 3).

As an alternative to SRS, patients with small asymptomatic
BM of NSCLC can be treated with systemic therapy (chemo-
therapy, targeted therapy, or immunotherapy in the second line).
Targeted therapy can be considered if there is a driver mutation
(27, 28). Cranial radiation can be considered if a low response
rate is to be expected from systemic treatment or if neurological
symptoms are to be expected in the event of disease progression.

Nowadays, the preference for either SRS or WBRT depends
on the size and number of BM, but only if patients are in a good
physical condition (Karnofsky performance status 70 or more).
Patients with a maximum of four BM are usually treated with SRS,
and patients with more than four BM are treated with WBRT. The
size and location of the lesions are decisive factors: a very large
BM with a diameter of 6 cm is inappropriate for treatment with
SRS or a large brainstem metastasis, whereas five minor lesions
located in the cerebral hemispheres are technically less challeng-
ing for treatment with SRS. In patients with a poor performance
status (Karnofsky performance status of less than 70) are usually
treated with supportive care. Patients treated with SRS despite a
poor physical condition still have a very poor prognosis with a
median survival of around 3 months (2).

The treatment of patients with asymptomatic BM from non-
squamous NSCLC depends on molecular diagnostics, but
primary systemic treatment with deferral of radiotherapy is a
treatment option that could be considered (29, 30). For NSCLC,
Lim et al. randomized 105 patients with 1-4 asymptomatic BM to
receive SRS followed by chemotherapy or upfront chemotherapy
alone (31). The trial closed early due to slow recruitment and
was therefore underpowered. SRS followed by chemotherapy did
not improve the OS compared with upfront chemotherapy (14.6
vs 15.3 months, p = 0.418). The time to central nervous system
(CNS) progression was not significant different between the two
arms [9.4 months (SRS) vs 6.6 months (upfront chemotherapy),
p=0.248].

Also for patients with asymptomatic BM SRS is an attractive
first line of treatment. Approximately 25% of the patients with
an EGFR-mutated NSCLC have BM at first presentation. For
patients with an EGFR targetable mutated NSCLC, an alternative
first line of treatment consists of an EGFR inhibitor like erlotinib,
gefitinib, osimertinib, or afatinib with a response rate of approxi-
mately 60-70% (30, 32). Only a small percentage passes through
the BBB and the penetration is different between the treatment
options whereas osimertinib has a greater penetration. However,
the response probability is equal to the extra-cerebral response
probability (33, 34). Approximately 24% of ALK translocated

NSCLC patients have BM at presentation (35). In case of an
ALK translocation the treatment consists of alectinib, ceritinib,
or crizotinib, with an expected response rate of approximately
50-60%, whereas alectinib has a superior CNS activity compared
with crizotinib (36). If cerebral progression occurs during treat-
ment with an EGFR or ALK inhibitor, SRS is considered, or a
second line of systemic therapy. A recent study provides evidence
for upfront SRS in patients with asymptomatic BM. Patients who
are tyrosine kinase inhibitors (TKI) naive and have an EGFR
mutation had a better survival than patients who were treated
with primary systemic therapy (37). This study was limited by its
retrospective nature. Prospective randomized studies are needed
to investigate if upfront SRS without TKI, directly followed by
TKI or even concurrent, is beneficial over primary systemic treat-
ment without SRS in TKI naive patients.

SRS for a Maximum of Four BM

The definition of limited BM traditionally consisted of patients
presenting with a single BM, often treated with surgery. This
definition has evolved to encompass patients presenting with up
to three metastasis for treatment with SRS (38-41). The manage-
ment of patients presenting with a limited number of BM and a
good performance status has developed from WBRT alone to a
more aggressive approach consisting of WBRT in combination
with SRS (41-43). The necessity of WBRT was evaluated via
clinical trials, which compared SRS alone to SRS with adjuvant
WBRT (44-48).

Aoyama et al. reported the first randomized control trial
comparing SRS alone with SRS plus WBRT, randomizing 132
patients with 1-4 BM from histologically confirmed systemic
cancer, mainly NSCLC (67%) (46). The primary endpoint was
cranial recurrence. Although the 1-year local control rate was
higher in the SRS plus WBRT group (88.7 vs 72.5%, p = 0.002),
there was no OS difference between the two study arms (trial
was underpowered for the secondary endpoint survival). There
was also no advantage with respect to cognition based on Mini-
Mental Status Exam (MMSE) for patients receiving SRS plus
WBRT. It should be taken into account that the MMSE is a crude
measurement for neurocognition compared with a standardized
test such as the Hopkins Verbal Learning Test (HVLT) or other
neurocognitive tests proposed by the European Organization
for Research and Treatment of Cancer (EORTC), for example
(49-51). A secondary analysis of the JROSG 99-1 randomized
clinical trial investigated the feasibility of SRS alone for
patients with different prognoses defined by the DS-GPA (24).
Significantly better OS was observed in the DS-GPA favorable
group (scores 2.5-4.0) in WBRT + SRS vs SRS alone. However, it
is questionable if the side effects of adding WBRT to SRS, justify a
potential limited survival benefit in favorable prognostic patients.

Chang et al. also randomized patients into SRS alone or SRS
plus WBRT treatment arms, but they took a different approach
by evaluating patients’ neurocognition using the HVLT-revised
(HVLT-R) as the primary endpoint (47). Patients presenting with
1-3 BM from different primary cancers, mainly NSCLC (55%),
were randomized, 30 patients to SRS alone and 28 to SRS plus
WBRT. The trial was prematurely stopped because at the interim
analysis, patients in the SRS plus WBRT arm were more likely to
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have a decline in neurocognitive function 4 months posttreat-
ment. They found an unexpected survival advantage (secondary
endpoint) in the SRS alone arm, with an OS of 15.2 vs 5.7 months
in the in the SRS alone, and SRS plus WBRT arms, respectively.
The reasons for higher survival rates in the SRS alone arm were
unclear. It may be explained by a higher rate of salvage cranial
treatment. Moreover, chemotherapy was administered to more
patients with a longer duration in the SRS group compared with
the SRS plus WBRT group (52). The authors concluded that the
management for patients presenting with one to three BM with
SRS alone is the optimal treatment.

The EORTC evaluated SRS alone vs SRS plus WBRT with
the primary endpoint of functional outcomes, using the World
Health Organization (WHO) performance status scale, in
patients with one to three BM from mainly NSCLC (53%) (44).
They concluded that WBRT did not improve the duration of
functional independence (WHO < 2, SRS alone 10.0 months
vs SRS plus WBRT 9.5 months). SRS plus WBRT reduced the
incidence of radiological endpoints, such as distant brain failure
and 2-year local control failure rate (radiosurgery group: 31-19%,
p = 0.040). Despite the secondary outcomes, the QoL was worse
in several domains for patients who received WBRT (31, 44).
A secondary analysis of the EORTC 22952-26001 trial inves-
tigated the impact of WBRT on patients with a favorable GPA
prognostic score. The primary endpoint was OS (45). There was
no significant survival benefit for NSCLC patients with a favora-
ble GPA score of WBRT + SRS over SRS alone. There was also no
survival benefit for patients with controlled extracranial disease.
This secondary analysis supports the practice of treatment with
SRS alone for patient with limited BM.

Recently, Brown et al. reported the results of the North Coast
Cancer Treatment Group (NCCTG) phase III study in patients

with one to three BM, mainly from lung cancer, treated with SRS
alone or SRS plus WBRT (53). Regarding the primary endpoint of
neurocognitive function, the trial is comparable with Chang et al.,
except that Brown et al. randomized 208 patients (47). Cognitive
progression, defined as a decline of >1 SD from baseline on >1 of
the cognitive tests 3 months post-SRS, was higher in the SRS plus
WBRT arm compared with SRS alone (91.7 vs 63.5%, p < 0.001),
and cognitive deterioration was more frequent in long-term
survivors (living 12 months or more) receiving WBRT plus SRS
compared with SRS alone (94.4 vs 60%). The 1-year intracranial
disease control was 50.5% in the SRS alone arm and almost 85% in
the SRS plus WBRT arm. The secondary survival analysis showed
a median OS of 10.4 months for SRS alone vs 7.4 months for SRS
plus WBRT. The authors concluded that SRS alone is preferred for
patients presenting with one to three BM, supporting the results
of Chang et al.

A secondary analysis of the NCCTG randomized control trial
from Brown et al. was performed by Churilla et al. to determine
whether WBRT is associated with improved OS among NSCLC
patients with favorable prognoses (DS-GPA > 2.0 or >2.5)
at diagnosis (53, 54). They used two separate cut-points of
DS-GPA, >2.0 vs <2.0 and >2.5 vs <2.5 in a study population
consisting of 126 NSCLC patients with 1-3 BM. For patients
with DS-GPA > 2.0 treated with SRS alone, the median survival
was 17.9 vs 11.3 months in the SRS plus WBRT arm (p = 0.63),
and 6.6 vs 3.7 months for patients with DS-GPA < 2.0 (p = 0.85).
They observed no significant differences in survival analysis in
favorable-prognosis NSCLC patients treated with SRS, with or
without WBRT, which further supports the approach of SRS
alone. The above trials, summarized in Table 1, demonstrate
that adjuvant WBRT results in reduced QoL and neurocognitive
function without improvement of OS.

TABLE 1 | Summary of selected trials evaluating the role of SRS + WBRT for patients with limited brain metastases.

Trial Patient selection Primary endpoint

Local control os

Functional outcome

1-4 metastases, Cranial recurrence
KPS > 70,

lesion diameter <3 cm

Aoyama et al. (46)
SRS N = 67
WBRT + SRS N = 65

1year: 72.5vs
88.7% (p = 0.002)

1 year: 28.4 vs 38.5%
(p=0.42)

No difference in cognition based
on MMSE

Aoyama et al. (24)
SRS N =45
WBRT + SRS N = 43

1-4 metastases, OS according DS-GPA -
NSCLC patients score

DS-GPA favorable: 10.6 vs  No difference in neurocognitive
16.7 months (p = 0.04) function based on MMSE
DS-GPA unfavorable: 6.5

vs 4.75 months

Chang et al. (47)
SRS N =30
WBRT + SRS N = 28

1-38 metastases,
KPS > 70

Neurocognition (using
HVLT-R)

1 year: 67 vs 100%
(p=0.012)

15.2 vs 5.7 months HVLT-R decline

52 vs 24%

Kocher et al. (44)
SRS N =100
WBRT + SRS N =99

1-3 metastases,
WHO <2

Functional independence
(WHO > 2)

2 year: 69 vs 81%
(p=0.04)

10.9 vs 10.7 months
(p =0.89)

No difference
10.0 vs 9.5 months

Brown et al. (51)
SRSN =111
WBRT + SRS N =102

1-3 metastases,
diameter < 3 cm, ECOG
performance score <2

Cognitive deterioration

3 months: 75.3 vs
93.7% (p< 0.001)

10.4 vs 7.4 months
(p=0.92)

Higher deterioration in verbal fluency
and delayed/immediate memory in
SRS + WBRT arm

Churilla et al. (53) 1-8 metastases, OS according DS-GPA -
SRS NSCLC patients score
WBRT + SRS

10.8 vs 7.5 months No difference in survival in favorable-

prognosis NSCLC patient

KPS, Karnofsky performance status;, WBRT, whole-brain radiotherapy; SRS, stereotactic radiosurgery; WHO, World Health Organization; HVLT-R, Hopkins Verbal Learning Test
revised; OS, overall survival. NSCLC, non-small cell lung cancer. MMSE, Mini-Mental State Examination; DS-GPA, diagnosis-specific Graded Prognostic Assessment.
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The current available evidence supports the use of SRS as a
single treatment modality in patients with a maximum of three
BM. This is supported by the American Society for Therapeutic
Radiation Oncology (ASTRO).

SRS for More Than Four BM

For patients presenting with >4 metastases, traditionally WBRT
has been the standard of care. In patients with >4 metastases,
the application of SRS is controversial, because the currently
discussed randomized trials were done in patients with a limited
number of BM. The additional palliative value of SRS over WBRT
in patients with four or more BM remains to be determined. An
international practice survey reported in 2010 showed the differ-
ence in consensus on SRS. In a responder-population consisting
of SRS-specialists, 83% would consider patients >4 brain metas-
tasis as potential candidate for SRS. By contrast, only 7% of a
responder-population consisting of radiation oncologists agreed
for SRS in patients with >4 BM (55). Physicians that support
SRS in patients with >4 metastases indicate that in the past there
where technical issues concerning the long treatment times and
safety of the radiation doses (56-59).

The multi-institutional prospective study from Yamamoto
et al. was the first evaluating SRS alone for four and more BM
(22). The trial population consisted of favorable prognostic
patients with low volume BM, three-quarters originate from
primary lung cancer, the majority had an RPA 2 and KPS > 80
(largest tumor <10 mL in volume, <3 c¢cm in longest diameter;
total cumulative volume <15 mL). This study included 1,194
patients with 1-10 metastases and where treated with SRS, split in
to three cohorts: 208 patients with 5-10 metastases, 531 patients
with 2-4 metastases, and 455 patients with a single metastasis.
The intention was to determine non-inferiority in the cohort
with 5-10 BM compared with 2-4 BM with OS as the primary
endpoint. The OS did not differ between patients with 5-10 BM
or 2-4 BM (HR 0.97, p = 0.78). As well as local control rates,
distant brain relapses were not significantly different between
both cohorts. This suggests that SRS without WBRT in patients
with 5-10 BM is non-inferior to patients with 2-4 BM. SRS may
be an alternative for WBRT as SRS is minimally invasive and has
fewer side effects.

A second case-matched, retrospective cohort trial from
Yamamoto et al. compared treatment results for patients with 10
or more BM vs 2-9 metastases (60). The primary endpoint was
OS, whereas the secondary endpoints consisted of neurological
death and deterioration, local recurrence and repeat SRS, and
major complications of SRS. The median survival time between
the two arms did not differ significantly, 6.8 months for patients
with 2-9 BM vs 6.0 months for patients >10 BM (p = 0.10).
Considering the incidence of neurological deterioration (defined
as any brain disease-caused neurological worsening), there was
no difference between the groups, including radiation-related
complications. They concluded that treatment results after SRS
were not inferior for patients with 10 or more BM than for
patients with 2-9 metastases.

Serizawa et al. conducted a small retrospective study to
compare the effectiveness of SRS (N = 62) with WBRT (N = 34)
for multiple cranial metastases from non-small-cell lung cancer

(61). They included patients with 1-10 BM with a life expectancy
of more than 2 months, lesions >3 cm were surgically removed.
The OS time and the neurological survival in the SRS arm were
significantly longer. The risk of neurologically impaired QoL was
also lower in the SRS arm.

The results of these studies support the hypothesis that SRS
is a viable treatment option in patients with four or more BM.
The main question if SRS is beneficial over WBRT with respect
to QoL, survival, and maintenance of neurocognitive function,
needs to be answered in randomized trials (25).

There are no published randomized trials evaluating the role
of SRS in patients with >4 BM. In the Netherlands a randomized
phase IIT trial (NCT02353000, https://clinicaltrials.gov/show/
NCT02353000) is enrolling patients with 4-10 BM, KPS > 70,
and any primary solid tumor including NSCLC. The standard
treatment WBRT is compared with SRS for all lesions, with the
primary endpoint being of QoL at 3 months after radiotherapy
(25). Another randomized phase III trial (NCT01592968) at the
MD Anderson Cancer Center is randomizing patients with 4-15
BM to SRS alone vs WBRT alone. The primary endpoints are
cognitive function and local tumor control at 4 months. If these
trials are successful, SRS will replace WBRT as the standard treat-
ment for patients with more than four BM. Several other trials are
currently being initiated to evaluate the role of SRS in patients
with multiple BM, such as Heidelberg (NCT0329778) and Boston
(NTC03075072), among others.

Another treatment option for patients with multiple BM, espe-
cially in patients with asymptomatic BM of a driver mutation, is
to only treat the larger and worrisome BM with SRS (Figure 1).
This strategy is of specific interest in subgroups of patients who
may survive over several years due in part to several lines of
targeted agents and to postpone the radiotherapy (either SRS or
WBRT) until progression of intracranial disease.

IMPROVING INDICATION OF CRANIAL
IRRADIATION AS A TREATMENT OPTION
FOR PATIENTS WITH BM DURING SDM

Especially in the palliative setting of BM, it will be increasingly
important to better inform the patient about the available treat-
ment options, such as SRS, to individualize the multimodality
treatment of patients with BM of NSCLC.

Shared decision-making is based on the principle of the per-
son’s autonomy and to improve the participation of patients in
making decision concerning their personal health and treatment.
It can be divided into four parts: the health-care professional
needs to inform the patient that a decision needs to be made and
that the opinion of the patient also important is, the explanation
from the health-care professional to the patient about the dif-
ferent options inclusive of advantages and disadvantages of the
different treatment options, a discussion between the health-care
professional and the patient about their preferences, and finally to
make a decision about the chosen treatment (62).

Traditionally, physicians had a more paternalistic approach
with respect to treatment choices based on national guidelines.
However, for patients with BM with incurable cancer, it is of
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S o

specific relevance to consciously make choices between treatment
options taking into account all advantages and disadvantages.
With the availability of an increasing number of treatment
options, SDM is challenging and complex, and work is in progress
to make SDM tools available for the patient and caretakers.

Decision Support Systems (DSSs)
Including SRS as a Treatment Option

A DSS is a direct aid in clinical decision-making, in which
characteristics of individual patients are used to generate patient-
specific assessments or recommendations that are then presented
to clinicians for consideration (63).

In radiotherapy oncology, the DSSs use advanced and
innovative information technology, combined with available
medical data to achieve the highest possible accuracy in the
prediction of everything from the response of the tumor, to
the treatment response and toxicity of normal tissue (64). The
base of SDM is individualized prognostic models for outcome
prediction per patient. Individualized prognostic models use
machine learning algorithms to learn from patients treated in
the past to make predictions for patients we currently see in

the clinic. Traditionally, outcome was calculated per group of
patients, such as the RPA (65).

Recently, individualized prognostic models became avail-
able for patients treated with SRS for a limited number of BM
of NSCLC (66). These two models can predict individualized
chances of both early death (<3 months), and long-term survival
(>12 months), after SRS for BM of NSCLC, with an area under
the curve (AUC) for early death of 0.79 with a 95% confidence
interval (CI) of 0.72-0.86, and an AUC for long-term survival
of 0.77 with a 95% CI of 0.70-0.84. The nomograms were more
accurate in the prediction of early death and long-term survival
than commonly used prognostic scores after SRS for a limited
number of brain metastasis of NSCLC. Examples of commonly
used prognostic scores are the RPA, the Golden Grading System,
DS-GPA, and Score Index for Radiosurgery in brain metastasis
(SIR) (66). Other than the increased accuracy of prediction, these
nomograms are also easy to use in routine clinical practice and
are available at www.predictcancer.org (66). Other tumor-specific
individualized models are necessary for more relevant clinical
endpoints, such as the occurrence of distant brain recurrences,
local control probability, and the risk of RN or cognitive toxic-
ity. The current individualized prognostic models are relatively
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simple and may become more accurate in outcome predic-
tion if more patient-, treatment-, and tumor characteristics are
added into these models. With respect to the latter genomic and
radiological factors with biomarkers, radiomics, and deep learn-
ing are of specific interest (64, 67-70). Model performance is in
part, dependent on the volume of patient data used on which to
base these models (71). Unfortunately, sharing of data between
hospitals is hampered by ethical, political, administrative, and
legal barriers (72). Efforts have been made to learn from multiple
hospitals while avoiding the hurdles associated with sharing data.
The EuroCAT project is an example of one such effort, in which the
distributed learning approach is championed (see the animation
at https://www.youtube.com/watch?v=nQpqMIuHyOk) (73).
Distributed learning is defined as learning from data stored at
the hospital without the data leaving the hospital. As only model
coeflicients are transmitted, patient privacy is preserved while the
data can still be used for teaching models. Models for survival
and treatment-related side effects have been learned using this
approach (64, 73-75).

Patient Decision Aids Including SRS as a

Treatment Option

Patient decision aids are based on prognostic models which can
be individually adapted to the characteristics of the patient and
their disease. The model consists of two key steps: information
exchange and deliberation between the health-care professional
and the patient (76). The goal of these tools is to achieve an
optimal individualized treatment strategy. The patient benefits of
SDM have been proven with level 1 evidence on more than 30,000
patients, and yet clinical decision-making remains complex;
patients must not only weigh several treatment options in terms
of benefits and harms but also absorb a large amount of technical
information while dealing with the emotional burden of their
disease (25, 77). Lack of awareness about treatment options can
lead patients to choose treatments that are more expensive or not
aligned with their values. To improve patients’ QoL, health-care
quality, and to reduce unnecessary procedures, it is crucial to
empower patients with solid decision support. Evidence shows
that patients who use decision aids are better informed about
their treatment options, and experience less decisional conflict,
and less anxiety about their care. Despite the evidence, patient
decision aids are not routinely applied in practice (77). The
shared decision tools are focused on the patient, which means
that the level of these tools is also adjusted to the average patient.
Medically complicated terms will be avoided as much as possible
(78). An example of a potential patient decision aid is a tool which
will be designed for SRS treatment in NSCLC patients consists of
several headings: who is the main health-care professional dur-
ing the treatment, what is the path during the diagnosis to brain
metastasis, what makes the treatment eligible for the patient,
what does the treatment consist of, what are the advantages of the
treatment, what are the disadvantage of the treatment including
possible adverse events, what is the influence of the treatment
on the life of the patient, and what does the follow-up consist of.
Ideally, every treatment option will be incorporated within this
decision aid.

When the patient has run through this decision tool, the
patient and the health-care professional will discuss this tool, and
the patient has the opportunity to ask questions about the content
and the information in this tool. After this discussion, the patient
and the health-care professional will determine, together, if the
SRS treatment is the best treatment option for this patient. The
goal of this SDM is to obtain an optimal individualized treatment
strategy by making use of the shared decision tool in which there
is a deliberation between the health-care professional and the
patient (78).

FUTURE DIRECTIONS OF SRS FOR BM
OF NSCLC TO FURTHER IMPROVE
OUTCOME

Combining Systemic Therapy With SRS for
BM of NSCLC

To further improve the clinical outcome of SRS in patients with
BM of NSCLC, it can be considered to combine targeted therapies
with either SRS or WBRT. The hypothesis is that systemic thera-
pies have a superior penetration through the BBB after radio-
therapy leading to a better response in the brain of the systemic
agent. Considering multiple reports on the efficacy of targeted
therapy on BM, it is interesting to investigate if the combination
of SRS with systemic treatment improves efficacy above systemic
treatment only (79, 80).

A few trials combined cranial radiation with targeted therapies
in patients with BM from primary NSCLC. Lee et al. randomized
80 NSCLC patients with KPS > 70 and multiple BM to erlotinib
or placebo arms, both concurrent with WBRT (81). Patients con-
tinued with treatment of erlotinib or placebo until progression of
disease. The neurological progression-free survival (nPFS) and
median OS are not significantly different with an equal nPFS in
both treatment arms of 1.6 (p = 0.84), and a median OS of 2.9
and 3.4 months in the placebo and erlotinib arms, respectively
(p =0.83). More grade 3/4 toxicity was found in the erlotinib arm
compared with the placebo arm for fatigue and rash and there was
no reported difference in the QoL. They concluded that there was
no improvement of nPFS or OS for erlotinib concurrent to WBRT
for patients with EGFR wild-type NSCLC and multiple BM.

A phase III trial from Sperduto et al. randomized 126 NSCLC
patients with 1-3 BM into WBRT plus SRS vs WBRT plus SRS
plus erlotinib or temozolomide (82). Erlotinib or temozolomide
could be continued up to 6 months after radiation. The trial
closed early because of slow accrual. There was no statistically
difference between the groups concerning OS and time to CNS
progression. The performance status was inferior in the group
with erlotinib or temozolomide compared with the group treated
with WBRT plus SRS. They found more grade 3-5 toxicity in the
patients treated with targeted therapy concurrent with radiation.
The trial did not support the concurrent use of systemic treatment
with WBRT plus SRS. The question remains if SRS only combined
with erlotinib or temozolomide provides benefit over either SRS
or systemic treatment only, in these patients.

Another phase II trial from Welsh et al. enrolled patients
with BM from NSCLC who received erlotinib concurrently
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with WBRT, followed by maintenance erlotinib (83). The overall
radiologic response rate was 86% and there was no increase in
neurotoxicity and no grade >4 toxicity. The median survival was
9.3 months for EGFR wild-type patients and 19.1 months for
patients with an EGFR mutation. The addition of erlotinib to
cranial radiation was well tolerated, but there was no control arm.

Magnuson et al. preformed a multi-institutional analysis with
351 EGFR-mutant NSCLC patients who developed BM with no
prior treatment with EGFR-TKI (37). Patients received EGFR-TKI
followed by SRS or WBRT at intracranial progression (N = 131),
WBRT followed by EGFR-TKI (N = 120), or SRS followed by
EGFR-TKI (N = 100). The analysis demonstrated that the use
of upfront EGFR-TKI, and deferral or radiotherapy is associated
with inferior OS. SRS followed by EGFR-TKI resulted in the
longest OS (46 vs 25 months for the EGFR-TKI arm). The high
effective doses of SRS may ablate BM, whereas systemic therapy
simultaneously controls the extracranial diseases and possibly
intracranial micro metastatic disease. A prospective trial compar-
ing SRS followed by EGFR-TKI vs EGFR-TKI only is urgently
needed.

Hendriks et al. published a systematic review to address the
toxicity of combining cranial radiotherapy (SRS, WBRT, or
SRS + WBRT) with TKI such as erlotinib and gefitinib, focusing
on neurological toxicity (84). Fifteen articles were included, with
only one phase III randomized trial. The authors concluded that
there are arguments that TKI can safely be combined with WBRT,
lacking high-level evidence. Grade 3 or higher toxicity may
increase combining TKI with SRS and WBRT. The systematic
review emphasizes the need for further investigation. Two ret-
rospective studies analyzed patients with concurrent crizotinib,
an ALK inhibitor, and SRS for cranial and extracranial metastatic
NSCLC patients. They concluded that SRS can be used safely in
patients receiving crizotinib. When SRS was administered to the
patient, crizotinib could be longer admitted to the patient, lead-
ing to alonger 2-year OS (72% duration of crizotinib >12 months
vs 12% when duration of crizotinib <12 months) (85, 86). For
ALK-rearranged patients, minimal data are available, further
high quality studies evaluating the use of ALK inhibitors concur-
rent with SRS are needed.

Combining SRS With Immunotherapy
A potential radiobiological advantage of SRS is an enhanced anti-
tumor immune response after radiation of the tumor as mediator
of systemic effects, better known as the abscopal effect (87, 88).
Radiotherapy changes the tumor environment resulting in the
release of tumor antigens and therefore increases the antitumor
effect of immunotherapy. For example, IL2 is a cytokine, which
plays a role in the activation of the immune response against
tumor cells. L19 targets the extra domain B of fibronectin, which
is a marker for tumor neoangiogenesis and is, among others,
overexpressed in NSCLC. L19 can significantly increase the
immune response. Zegers et al. provide evidence for an increased
therapeutic potential due to the combination of radiation therapy
with L19-IL2 (89).

Reynders et al. published an overview of preclinical and
clinical data about the abscopal effect, resulting in 37 articles.
They found a median time to abscopal effect of 5 months, and an

ongoing median time of abscopal response of 13 months before
disease progression (88). The included data point toward a syn-
ergy between immune treatment and radiotherapy, but further
research is needed before the abscopal effect can become relevant
in clinical practice.

The abscopal effect is well discussed in the literature con-
cerning patients with BM of metastatic melanoma. Schoenfeld
et al. reviewed 16 patients with BM of melanoma treated with
ipilimumab and cranial radiation to evaluate the abscopal effect.
They found a superior OS for patients who received SRS before
ipilimumab compared with patients receiving ipilimumab before
SRS (26 vs 6 months, p < 0.001) (90). Also, Knisely et al. found an
increased survival rate for patients with BM of melanoma treated
with SRS in addition to ipilimumab, with a median survival of
21.3 months in the SRS plus ipilimumab group vs 4.9 months in
the ipilimumab group and a 2-year survival of 47.2 vs 19.7% (91).
Both trials suggesting a role for radiation therapy in enhancing
immunotherapy.

This phenomenon was also demonstrated in a case report
regarding a patient with metastatic lung adenocarcinoma treated
with ipilimumab concurrent with radiation (92). A complete
response was received at the initial site and all metastatic sites.
Posttreatment, an increase in tumor-infiltrating cytotoxic lym-
phocytes and tumor regression was seen. They concluded that
this approach in NSCLC may establish clinical trials for patients
with advanced metastatic disease in the future. Combining immu-
notherapy with SRS in patients with BM of NSCLC to induce
an abscopal effect and improve outcome is a strategy which is
currently being investigated in clinical trials, NTC02086721, for
example.

Individualized Isotoxic Dose Prescription
(IDP) With SRS for Avoidance of RN and

Improvement of Local Control

A disadvantage of SRS is the risk of RN with current SRS dose
prescription. The SRS dose is prescribed based on the size of the
planning target volume (PTV) of the BM and ranges between
15 and 27 Gy in one or three fractions. In larger BM, the dose is
hypofractionated and lowered to avoid the risk of RN. Despite this
strategy, the risk of RN is still increased in BM with a diameter
of more than 2 cm as the volume of healthy brain tissue which is
irradiated to a high dose remains relatively high (93).

A relatively new possible strategy to mitigate the risk of RN
and to increase the local control probability is IDP (94). The
idea of IDP is to prescribe the dose based on the normal tissue
tolerance level instead of the size of the PTV so that the risk of
complications is always minimized or even avoided. The dose in
the PTV is escalated until the highest dose which is technically
achievable. If the local control probability is unsatisfactory for
the patient, the number of fractions can be increased to com-
pensate. In the literature fractionated stereotactic radiotherapy
(FSRT), approaches have been described to improve the local
control in large BM (95, 96). These studies use a fixed prescribed
dose, for example, 25 Gy in five fractions. FSRT has the increased
risk of observing RN with increasing size of the BM due to the
fixed prescribed dose, while IDP has the advantage that the
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tolerance level of the healthy brain tissue is always respected.
IDP will increase the local control probability of patients with
a diameter of less than 2 cm compared with current SRS dose
prescription and decrease the risk of RN in BM with a diameter
of more than 2 cm. IDP, therefore has the potential to increase
the therapeutic ratio, e.g., ratio local control/RN, for all sizes of
BM (94). IDP is expected to yield the best results as the margins
used are minimized or even avoided, with an optimal beam
arrangement (non-coplanar vs coplanar SRS beams). Predictive
studies for IDP have already been published, such as an in silico
study for NSCLC patients (97). Individualized IDP, compared
with conventionally prescribed fractionated radiotherapy,
enabled a therapeutic gain in almost 80% of the patients. In
a predictive modeling study, a 25% increase in the estimated
tumor control probability was expected with IDP for patients
with NSCLC (98). Nowadays IDP is not yet in active clinical
use, clinical studies are needed to validate the results achieved
with this in silico study.

CONCLUSION

In recent years, the management of lung cancer has changed
dramatically. At present, patients having NSCLC with driver
mutations are treated with multiple lines of systemic therapy
leading to an increasing importance of the management of BM.
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As the prognosis of metastatic non-small cell lung cancer (NSCLC) patients is constantly
improving with advances in systemic therapies (immune checkpoint blockers and new
generation of targeted molecular compounds), more attention should be paid to the
diagnosis and management of treatments-related long-term secondary effects. Brain
metastases (BM) occur frequently in the natural history of NSCLC and stereotactic
radiation therapy (SRT) is one of the main efficient local non-invasive therapeutic
methods. However, SRT may have some disabling side effects. Brain radiation necrosis
(RN) represents one of the main limiting toxicities, generally occurring from 6 months
to several years after treatment. The diagnosis of RN itself may be quite challenging,
as conventional imaging is frequently not able to differentiate RN from BM recurrence.
Retrospective studies have suggested increased incidence rates of RN in NSCLC
patients with oncogenic driver mutations [epidermal growth factor receptor (EGFR)
mutated or anaplastic lymphoma kinase (ALK) positive] or receiving tyrosine kinase
inhibitors. The risk of immune checkpoint inhibitors in contributing to RN remains
controversial. Treatment modalities for RN have not been prospectively compared. Those
include surveillance, corticosteroids, bevacizumab and local interventions (minimally
invasive laser interstitial thermal ablation or surgery). The aim of this review is to describe
and discuss possible RN management options in the light of the newly available literature,
with a particular focus on NSCLC patients.

Keywords: complication, stereotactic radiotherapy, radiosurgery, vascular endothelial growth factor (VEGF), lung
cancer, immunotherapy

INTRODUCTION

Due to its incidence and specific brain tropism, non-small cell lung cancer (NSCLC) represents
the most common source of brain metastases (BM) (1). Given advances in systemic treatments
with prolonged overall survival and better imaging [brain magnetic resonance imaging (MRI)]
detection, BM incidence rate is increasing. The prognosis of BM NSCLC patients with targetable
mutations has improved (2, 3), and recently available immune checkpoint blockers (ICI) provide
promising prolonged outcome in non-mutated patients (4, 5). Altogether, up to 22% of NSCLC
patients may have BM at the time of initial diagnosis, and BM will develop in approximately half of
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patients during their disease (6, 7). The BM rate may then be even
higher in molecularly selected groups, such as epidermal growth
factor receptor (EGFR) mutated or anaplastic lymphoma kinase
(ALK) positive NSCLC patients (8).

The main focal treatment options for BM include surgery,
stereotactic radiosurgery (SRT), and whole brain radiation
therapy (WBRT). In the past decade, SRT has become the
most frequently delivered focal treatment in patients with good
prognosis criteria, and a limited number (<4) of BM (9-11).
Frameless SRT delivers “ablative” dose, in a single or multiple
course, as a definitive or postoperative treatment (12, 13). Focal
high dose irradiation, as compared with neurosurgery, has the
ability to treat inoperable sites, several lesions, and has the
advantage to be less invasive. WBRT alone or in combination
with SRT has been challenged in randomized trial, and its role
is now limited to selected patients with multiple BMs ineligible
for SRT (12, 14, 15). SRT is now often favored over WBRT due
to a lower rate of adverse neurocognitive side effects. It has also
been suggested that SRT without WBRT was feasible as the initial
treatment for patients with 5-10 BMs (16). Local control at 1
year is generally high (88% in recent series), and SRT is generally
considered as a cost-effective treatment (12, 17).

However, rare but potentially debilitating secondary late
effects (3 months to several years post-irradiation) have been
described after SRT. The most common delayed complication
SRT is brain radiation necrosis (RN). RN may be particularly
challenging in terms of diagnosis and treatment. Few studies have
highlighted that RN may be more frequent in NSCLC patients
harboring an oncogenic driver mutation. Within this review we
aimed to describe and discuss the current knowledge regarding
RN, with a special attention to NSCLC patients.

PATHOBIOLOGY

The physiopathology of radiation necrosis is still elusive and
several hypotheses have been proposed. Implicated mechanisms
in delayed RN include vascular injury, immune-mediated
mechanisms and direct neural effects.

The vasculature damages are characterized by an increased
permeability and a disruption of the blood brain barrier
(BBB). High dose focal radiotherapy induces an endothelial
cell loss through acid sphingomyelinase-dependent apoptosis
(18) leading to vasogenic edema and ischemia. Tissue ischemia
and vasogenic edema induce hypoxia, leading to reactive
oxygen species production, affecting many cellular functions,
and produce an increase of the hypoxia inducible factor (HIF-
la). HIF-1a subsequently upregulates the vascular endothelial
growth factor (VEGF) secreted by astrocytes and endothelial
cells. Immunohistochemistry of surgical samples of RN showed
increased levels of VEGF in reactive astrocytes surrounding the
core of necrotic tissue. VEGF exacerbates edema by increase
of vascular permeability (19). These data indicate a crucial role
of VEGF in the development and progression of RN and its
inhibition could decrease the vascular permeability and therefore
edema. Following these observation, anti-VEGF therapy has been
one of the most tested compounds in the preclinical setting, and

the sole pharmacological agent translating to clinical efficacy in
the treatment of RN (cf. below, chapter on VEGF inhibition)
(20, 21).

The immune system and peri-necrotic inflammation are also
implicated in RN formation. Local infiltration of immune cells
likely aggravates RN. VEGF induces the expression of adhesion
proteins such as ICAM-1 on endothelial cells, and trigger
pro-inflammatory cytokines [e.g.,: interleukin (IL)-1a, IL-6 and
tumor necrosis alpha (TNF)-a] in animal models (18). Yoritsune
et al. have also shown in human RN specimens, that astrocyte
cells expressing the chemokine CXCL12 might attract CXCR4-
expressing immune cells into the perinecrotic area, which in turn
aggravates the local hypoxia (18, 22). The introduction of ICIs
has significantly modified the therapeutic landscape of advanced
NSCLC. As those agents are immunostimulatory, they could
potentially exacerbate a preexisting inflammatory reaction in the
context of RN.

Radiation induces white matter necrosis and oligodendrocytes
demyelination. In the periphery of this necrotic zone, astrocytes,
microglial cells and oligodendrocytes produce factors promoting
cytokine release. A decrease of oligodendrocytes with incomplete
neural stem cells or neuroblasts repopulation has been
described (23, 24). Remyelinisation after human embryonic
stem cell-derived oligodendrocyte progenitors transplantation is
subsequently also assessed in preclinical models (25). Following
these observations, many other agents than anti-VEGF have
been tested in the experimental setting, but without reported
favorable clinical effects (18).

CLINICAL SPECIFICITIES OF BRAIN
RADIONECROSIS

The diagnosis of RN may be challenging. The main issue is
to distinguish between RN and local recurrence (LR). When
analyzing epidemiology or predictive factors of RN, one should
keep in mind the possible subsequent bias related to diagnosis
difficulties, as described below.

Epidemiology and Predictive Factors
Reported clinical rate of RN is approximately 10%, with or
without prior surgery (Table 1) (32, 35, 37). However, the rate
of asymptomatic radiographical RN is higher: up to 25-30%
in some series (29, 31). The cumulative incidence of RN is
increasing over time after SRT. As an example, in a series from
the Memorial Sloan Kettering, the actuarial incidence of RN was
5.2% at 6 months, 17.2% at 12 months, and 34% at 24 months
(31). In another Japanese series, 16 patients with MRI contrast
enhancement >18 months following SRT were identified. With
a median follow-up of 48.2 months, 12 adverse radiation events
(suspected radiological or pathological confirmed RN) occurred
in a median follow-up of 33.2 months (38).

Predictive risk factors associated with the development of RN
cited in the literature link to BM, and treatment characteristics.
Main accepted ones are a larger BM size, reirradiation, and
higher total delivered radiotherapy dose (39, 40). Others criteria
including BM features (location and deepness), radiotherapy
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parameters (high dose per fraction, volume of irradiated normal
brain parenchyma [generally total volume of irradiated brain
at a dose 12Gy or more]), and the use concurrent systemic
therapy (including ICI) have been evocated but not systematically
described (29, 41-45). In any case, fractionation (i.e., to increase
the number of radiotherapy fractions), or the use of formulas for
optimal individual SRT dose based on BM volume is encouraged
to prevent RN (46).

Some authors advocated that RN occurrence might be more
frequent in NSCLC patients (Table 1). In a NSCLC cohort of
836 patients (2,276 lesions), Miller et al. showed that lung
adenocarcinoma histology (1-year incidence of 5.9% vs. 3.1-3.9%
for other histologies), and ALK (HR 6.36, p < 0.001), but not
EGEFR lesions had increased rates of RN. The 1-year cumulative
incidences of RN among EGFR+, ALK+, and ALK/EGFR
wild-type lesions were 7.6, 17.3, and 3.7%, respectively. EGFR
or ALK inhibitors, as compared to conventional treatments,
were not associated with the occurrence of RN (32). Another
series included 699/1,650 (42%) NSCLC patients who underwent
SRS, with or without WBRT. Patients also received systemic
treatments, including targeted therapies. NSCLC patients who
received concurrent EGFR tyrosine kinase inhibitors (TKIs) had
an increased of 12-month cumulative incidence of RN (15.6
vs. 6%, p = 0.04) as compared to other patients. This was
more specifically observed in patients that received SRT+WBRT
(p = 0.02) as compared with those receiving SRT without WBRT
(p = 0.45) (34). It should anyway be emphasized that BM NSCLC
patients with an oncogenic driver mutation generally receive
more intensive local treatment, partly explaining the excess risk
of toxicity (47).

The risk of ICI in contributing to RN is controversial.
Prospective data is lacking and most retrospective series included
melanoma patients (48). A retrospective SRT series reported a
higher incidence of symptomatic RN for patients who received
ICI as compared to those who did not. Among 480 patients
with BM (289 [61%] of 480 NSCLC) who had been treated
with SRT, 115 (24%) received an anti-PD1 (nivolumab or
pembrolizumab) or an anti-cytotoxic T-lymphocyte associated
protein 4 (ipilimumab). Patients treated with ICI had a
significantly higher rate of symptomatic RN after adjustment for
tumor type (HR: 2.6; p = 0.004). The risk of neurotoxicity was
however highest for melanoma patients treated with ipilimumab
(36). Other retrospective studies focusing on the outcome of
patients with NSCLC with BM who received both cranial RT and
an ICI did not report RN increase (49-52). However, it should be
emphasized that pseudoprogression, observed with ICI may be
difficult to be distinguished from RN or brain progression (53).

Challenges in RN Diagnosis
Radiographic changes (grade I, approximately 50%) from the
symptomatic RN (grade II-IV) should be distinguished. In the
latter case, an intervention may be required whereas a simple
surveillance is sufficient for the former case. The symptoms
depend on the location of the lesion, but manifest usually with
focal neurologic signs and symptoms related to cerebral edema.
The main difficulty is to distinguish between RN and LR.
Histology is the gold standard for a confirmed diagnostic. A

recent series of BM patients who had a brain biopsy for RN or
LR suspicion on MRI included 11/34 (31%) lung cancers patients.
Most biopsies (24/35; 69%) showed RN only, and time from SRT
to biopsy was significantly longer (>9 months) in the RN group
(p = 0.004) as LR seemed to occur earlier than RN (54). On the
other hand, brain biopsies are invasive and may not be accessible
for all patients. Histopathologic interpretation of brain specimens
could also be challenging due to heterogeneity of the lesion
mixing irradiated residual tumor cells of indeterminate viability
with RN that can be missed by the sampling, and some authors
suggested that excision of the lesion only is able to determine its
true histological nature (55).

More often, non-invasive (clinical and radiographic) criteria
are used, but the distinction between the RN and tumor
can be particularly challenging. In most cases, conventional
MRI shows a contrast-enhancing mass lesion with central
necrosis and reactive edema contiguous to the site of the
initial BM. “T1/T2 mismatch” (ie., larger mass lesion seen
in T2 sequence as compares with the T1 contrast-enhanced
residual lesion) may favor RN (56). Dynamic (perfusion-
and diffusion-weighted) MRI (Figure 1), and spectro-MRI (or
magnetic resonance spectroscopy: MRS) have extensively been
assessed to differentiate RN from LR. Dynamic susceptibility
contrast-enhanced (DSCE) MR perfusion decreased parameters
such as relative cerebral blood volume (rCBV) and relative
peak height (rPH) or percentage of signal-intensity recovery
(PSR) increase correlate with RN (57). On diffusion-weighted
MR, decreased signal on diffusion-weighted imaging (DWI)
and increased apparent diffusion coefficient (ADC) maps
values reflect tumor control (58). MRS is an analytical
technique that can be used to complement MRI in the
characterization of tissue. Low lipid peak or high choline-to-
creatine ratio and high choline-to-N-acetylaspartate (NAA) ratio
on MR spectroscopy suggest tumor recurrence (59). Regarding
positron emission tomography (PET), lower uptake with
various radiotracers [fluorodeoxyglucose (FDG), methionine,
fluorodihydroxyphénylalanine (Fdopa), fluoroéthyl-L-tyrosine,
fluorocholine or thallium chloride-201 single-photon emission
computed tomography (SPECT)] suggests necrosis. FDG has
been the most commonly studied radiotracers but specificity
is low, and the use of the couple dynamic MRI/PET is
encouraged (60-64). Altogether, these imaging studies underline
the difficulties to diagnose RN. Finally, the beneficial effect of
steroids has also been incorporated to the diagnosis strategy, as
depicted in the existing proposed algorithm to diagnose and treat
RN (37, 64).

TREATMENT OPTIONS OF RADIATION
NECROSIS

RN can generally be managed conservatively without
intervention. In symptomatic patients, moderate dose of
glucocorticoids may produce prompt symptomatic improvement
by reducing cerebral edema. Corticosteroids can then be
gradually tapered. If not sufficient, RN management consists
of VEGEF inhibitors or laser interstitial thermal therapy (LITT).
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FIGURE 1 | A 66-year-old man with history of brain metastasis of
non-mutated NSCLC and treated by surgical resection and postop SRT.

(A) Axial T2w FLAIR sequence showed a hyperintense signal appeared around
the treated region 13 months after SRT. (B) T1w contrast sequence showed
an inhomogeneous ring enhancement within the treated region. (C) DWI
showed a low signal within the enhanced margin, with a high ADC (not
shown). (D) Dynamic susceptibility contrast-enhanced perfusion weighted
imaging showed a low hyperperfusion with a relative cerebral blood volume of
1.5, suggesting absence of tumor recurrence. Surgical resection confirmed the
diagnosis of cerebral RN.

NSCLC, non-small cell lung cancer; T2w, T2 weighted; T1w, T1 weighted;
DWI, diffusion weighted imaging; ADC, apparent diffusion coefficient; SRT,
stereotactic radiotherapy; RN, radionecrosis.

Ultimately, surgery may be required in patients who are resistant
to other treatments, and/or to obtain a definitive diagnosis if a
LR is suspected. Alternative approaches have been reported in
some cases (therapeutic anticoagulation, antiplatelet therapy,
and hyperbaric oxygen therapy), but may not be currently
recommended.

VEGF Inhibition

As previously described, VEGF plays a critical role in the RN
pathogenesis. Bevacizumab is the most commonly used anti-
VEGF monoclonal antibody, and was prospectively evaluated
in only one small prospective trial in the context of RN.
Fourteen patients were randomized 1:1 to receive four cycles of
intravenous (IV) bevacizumab at a dose of 7.5 mg/kg every 3
weeks vs. IV saline placebo. The primary endpoint was the change

in edema volume on MRI (T2 FLAIR images) from baseline to the
first evaluation at 6 weeks. Of note, there were no BM patients
included but only prior irradiated primary central nervous
system or head and neck tumors. Crossover was permitted, and
the sample size was estimated to 16 patients. The 7 patients in the
bevacizumab arm had a decreased volume of FLAIR edema with
clinical amelioration whereas placebo arm patients demonstrated
an increase in the volume of T2 weighted FLAIR edema (—59
vs. +14%, respectively; p = 0.01). Similarly, in patients receiving
bevacizumab, a median decrease in the T1 weighted gadolinium
enhancement (—63 vs. +17%; p = 0.006), and of the endothelial
transfer constant (K-trans; a measure of capillary permeability
in DCE MRL; —99 vs. +49%; p = 0.02) were reported. Six of 11
patients receiving bevacizumab had adverse events, with 3 serious
adverse events: one aspiration pneumonitis, one pulmonary
embolism secondary to deep vein thrombosis and one superior
sagittal sinus thrombosis (65). Other retrospective series also
reported a clinical benefit of bevacizumab, including reduction
in steroid requirement (66-68).

Those promising results should nevertheless be tempered.
One should not forget that bevacizumab has a certain activity
on BM in NSCLC patients, especially when we know that
LR and RN can be associated in a significant proportion of
cases (69). Development of RN was also observed among
24/271 (9%) patients receiving SRT with concurrent bevacizumab
(31). Worsening of symptoms may occur, and RN recurrences
after bevacizumab withdrawal have been described (70). In a
series including a majority (11/14; 79%) of BM from primary
lung cancer, clinical improvement was seen in 13/14 cases
(92.9%), but the 10/13 responsive patients (76.9%) exhibited a
recurrence of brain necrosis after bevacizumab discontinuation
(71). Bevacizumab is a promising treatment option for RN, but
needs to be validated in larger prospective studies.

Invasive Interventions

LITT is a stereotactic-guided minimally invasive ablative
technique that generates high temperature, resulting in tissue
coagulation necrosis, angiogenesis eradication, and cellular
apoptosis. The use of LITT-guided MRI allows to control
accurately the delivery, and to spare the surrounding healthy
tissues. LITT has been used in several situations in neurology,
including RN. Most of the available data come from small
retrospective studies. Rao et al. reported the results of MRI-
guided LITT for 12/15 (80%) NSCLC patients with suspected RN
or LR after SRT for BM. On average, the lesion size measured
3.7 cm. Authors were able to perform 3.3 ablations per treatment,
in a total ablation time of 7.5 min. The local control was high
(76%) at a median follow-up of 6 months, with two patients
experiencing recurrence at 6 and 18 weeks after the procedure
(72). The largest series, from the University of Arizona, consisted
of 25 patients with suspected RN, occurring after treatment for
18 primary brain tumors and 7 BM. Progression free and overall
survival rates in patients with BM were 11.4 and 55.9 months,
respectively. The quality of life analysis showed an improvement
on mental health and vitality at 12 months (73). One of the
advantages of this technique is the possibility to perform a biopsy
prior to treatment to confirm the diagnosis of RN. Moreover,
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LITT is a reasonable option in case of LR, considering the
efficacy and secondary effects of other treatment modalities (i.e.,
reirradiation).

Surgery allows pathological confirmation, and the rapid relief
from mass effect and brain edema. In a series of 15 patients
with RN, the surgery improved the neurological symptoms in
14 cases. Pure RN was histologically determined for 50% of
operated patients. In the algorithm proposed by the authors,
patients with significant increased edema volume with mass
effect, or becoming symptomatic despite steroids trial should
undergo surgery (37). Another surgical series for patients with
RN reported that 9 had a steroid dose reduction, 4 improved
their performance status score (4 stable and 3 deterioration), and
neurologic deficits were ameliorated in 4 (4 stable). Nonetheless,
2 worsened their neurologic deficit and one patient developed
a new neurologic deficit after surgery. This study highlights the
potential morbidity of surgical resections of RN, and suggests
reserving surgery for symptomatic patients in whom medical
treatment has failed (74).

PERSPECTIVES AND CONCLUDING
REMARKS

Newer generation TKIs will possibly modify the therapeutic
sequences in advanced mutated NSCLC patients. In retrospective
studies, the deferral of radiation therapy (SRT or WBRT) was
usually associated with inferior survival rates in oncogenic driver
mutation patients (75, 76). However newer generation TKI
such as first-line alectinib (ALK+ patients) and osimertinib
(EGFR mutated patients) provided superior intracranial control
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Lung cancer remains a leading cause of mortality with 1.69 million deaths worldwide.
Activating mutations in epidermal growth factor receptor (EGFR), predominantly exon
19 deletions and exon 21 L858R mutations, are known oncogenic drivers identified in
20-40% of non-small-cell lung cancers (NSCLC). 70% of EGFR-mutant NSCLC patients
develop brain metastases (BM), compared to 38% in EGFR wild-type patients. First-
generation tyrosine kinase inhibitors (TKIs), such as erlotinib and gefitinib have proven to
be superior to chemotherapy in the front-line treatment of EGFR-mutant NSCLC, as has
afatinib, a second-generation TKI. The most common acquired resistance mechanism is
the development of a gatekeeper mutation in exon 20 T790M. Osimertinib has emerged
as a third-generation EGFR TKI with proven activity in the front-line setting as well as in
patients with a T790M acquired resistance mutation with remarkable CNS activity. As
long-term survival outcomes in EGFR-mutant NSCLC continue to improve, the burden
of BM becomes a greater challenge. Here, we review the literature related to the man-
agement of BM in EGFR-mutant NSCLC including the role of the three generations of
EGFR TKis, immunotherapy, and brain radiation.

Keywords: epidermal growth factor receptor, non-small-cell lung cancer, brain metastases, targeted therapy,
osimertinib

OVERVIEW OF BRAIN METASTASES IN EPIDERMAL GROWTH
FACTOR RECEPTOR (EGFR) MUTANT NON-SMALL-CELL LUNG
CANCER (NSCLC)

Epidemiology and Molecular Alterations in EGFR Mutant NSCLC
Lung cancer remains a leading cause of mortality with 1.69 million deaths worldwide (1). An esti-
mated 234,030 new cases will occur in the United States in 2018 with a median age at diagnosis of 70
and 64% predominance for males (2). Approximately 84% of these lung cancers are non-small cell
lung cancers (NSCLC) (3). NSCLC has traditionally been classified by histology (adenocarcinoma,
squamous, and large cell) but the classification paradigm has evolved to incorporate molecular
subtypes that guide treatment decision making.

Epidermal growth factor receptor (EGFR) is a transmembrane tyrosine kinase receptor which
activates Jak, PI3K, ROS, and RAS pathways leading to cell survival (4, 5). The most common
activating mutations are exon 19 deletions or point mutations in exon 21 via Leu858Arg (L858R)
(6, 7). Reports of the prevalence of EGFR mutations in NSCLC ranges from 46.7% in the East
Asian population as reported by Liu et al. (8) to 38.4% (range 36.5-40.3%) in China and 14.1%
(range 12.7-15.5%) in Europe seen in Zhang et al. (9) and 22% in African Americans enrolled in
the Lung Cancer Mutation Consortium (10). The landmark BR21 trial demonstrated the survival
advantage in chemo-refractory NSCLC with the use erlotinib, a first-generation EGFR inhibitor (11).
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Subsequently, three additional drugs (gefitinib, afatinib, and
osimertinib) have now been approved to treat newly diagnosed
EGFR-mutated advanced NSCLC. Among NSCLC patients who
progress on first- or second-generation EGFR TKI therapy, most
do so through a unique gatekeeper mutation, viz. the exon 20
point mutation Thr790Met (T790M) in the ATP-binding site of
EGEFR (12). Incidence of the T790 gatekeeper mutation has been
reported to be between 49 and 63% (13, 14). The methionine side
chain acts as a “gatekeeper” residue causing steric hindrance thus
decreasing hydrophilicity and preventing tyrosine kinase binding
(15). The T790M mutation also increases ATP affinity (16). Other
rare mechanisms of TKI resistance include MET amplifications
or mutations, HER2 amplifications, and rarely BRAF mutations
(12). Additionally, transformation to small cell histology is
another possible mechanism of EGFR TKI resistance (13).

Prevalence of Brain Metastases (BM)
in EGFR-Mutant NSCLC

Among NSCLC patients, those with BM have an increased
frequency of EGFR mutations than those without brain metas-
tasis and conversely, among EGFR mutant NSCLC patients the
incidence of BM (70%) greatly surpasses the incidence of BM in
wild-type (wt) EGFR NSCLC patients (38%) (17). Approximately,
one-third of EGFR-mutant NSCLC patients develop central
nervous system (CNS) progression during the course of their
illness (18). Among Asian populations, the prevalence of EGFR
mutations in NSCLC BM ranges from 39 to 63% (19, 20). Among
North American and European populations this ranges from 2
to 40% (21, 22). At initial diagnosis, EGFR mutation discordance
estimates between primary and BM range are minimal (23).
Prevalence of T790M mutations in CNS lesions among EGFR
mutant NSCLC patients with TKI failure is much lower than
anticipated at around 17% (24). This may reflect a pharmacoki-
netic failure of the first-generation EGFR TKIs to penetrate the

brain and thus induced acquire resistance via the gatekeeper
T790M mutation. Case reports have detailed patients on gefi-
tinib and erlotinib, first-generation TKIs with modest brain
penetrance, who have developed T790M-mediated resistance at
primary tumor locations but not in the brain metastasis (25, 26).
CNS progression appears to be higher in those with L858R point
mutations (18). Interestingly, a retrospective radiologic analysis
of 57 NSCLC patients suggested that exon 19 deleted patients may
have more of a miliary pattern of BM (27). Table 1 summarizes
the prospective trials of three generations of EGFR tyrosine
inhibitors in EGFR-mutant NSCLC with BM.

FIRST-GENERATION TYROSINE KINASE
INHIBITORS (TKis)

Erlotinib

Erlotinib is a first-generation (EGFR) tyrosine kinase inhibitor
(TKI) (28). The drug reduces EGFR autophosphorylation in
intact tumor cells at a median inhibitory concentration of 20 nM
although this ranges from 5 (nM) and 6 (nM) in exon 19 deletion
and L858R cell models respectively to >2,000 (nM) in T790M
models (29, 30). High-performance liquid chromatography
studies have shown that erlotinib penetrates the cerebrospinal
fluid (CSF) at a rate of between 2 (67 nM) and 4% (31, 32).
Radiolabeled "C-erlotinib injected to one NSCLC patient was
shown to accumulate in brain metastasis (33). Additionally, the
average concentrations of erlotinib in CSF appear to be higher in
those with partial responses (PRs) (35 ng/ml) compared to those
who have progressive disease (16 ng/ml) (32).

Several studies have evaluated the effect of erlotinib in NSCLC
patients with BM. Deng et al. reported on six unselected NSCLC
patients with BM treated with erlotinib and noted that four of the
six harbored an EGFR mutation in the tumor; two PRs and two
stable diseases (SD) were noted in EGFR mutant patients (32).

TABLE 1 | Prospective studies in epidermal growth factor receptor (EGFR) mutant non-small-cell lung cancers (NSCLC) patients with brain metastases (BM).

Study Phase Tyrosine kinase EGFR mutant NSCLC patients = Response rate (%) Survival (months)
inhibitors therapy  with BM (unless specified)
Park 2012 Il Erlotinib or gefitinb 28 Partial Response (PR): 83 Progression-free survival
Stable Disease (SD): 11 (PFS): 6.6
Overall Survival (OS): 15.9
Yu 2017 Pulsatile erlotinib 34 (only 32% had brain mets) Complete Response (CR): 2 PFS: 9.9
PR: 70
luchi 2013 I Gefitinib 41 Objective response rate (ORR): 88 PFS: 14.5
0S:21.9
Yang 2017 (BRAIN) 1l Icotinib 85 - Intracranial PFS: 10.0
Schuler 2016 (LUX-Lung 3/6) Il Afatinib 25/46 - PFS: 11.1/8.2
Park 2016 (LUX-Lung 7) I Afatinib 26 - 8.4
Mok 2017 (AURA 3) Il Osimertinib 144 (T790M mut) - PFS: 8.5
Goss 2017 (AURA/AURA2) Il Osimertinib 50 (T790M mut) Central nervous system (CNS) ORR: 54  —
Yang 2017 (BLOOM) | Osimertinib 32 (LM, 11 T790M mut) ORR: 43 -
Soria 2017 (FLAURA) Il Osimertinib 53 ORR: 75 PFS: 15.2
CNS PD: 6
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Porta et al. retrospectively reviewed 69 NSCLC with BM patients
treated with erlotinib (34). 17 patients had EGFR mutations,
82% of whom had an objective response rate (ORR) to erlotinib
including eight complete responses (CRs) as well as a median
time to progression of 11.7 months compared to 5.8 in EGFR
wt patients and an overall survival of 12.9 months versus 3.1,
respectively (34). Moreover, no patients without EGFR mutations
had an objective response (34). A phase II study prospectively
evaluated EGFR mutant NSCLC patients treated with erlotinib or
gefitinib and noted that 83% achieved a PR and 11% SD without
a statistically significant difference in progression-free survival
(PFS) (6.6 months) or overall survival (OS) (15.9) between the
two TKIs (35).

Dose escalation has also been examined as a potential strategy
to increase CNS permeability and overcome resistance. In a small
but compelling retrospective case series of nine EGFR mutant
lung cancer patients with brain or leptomeningeal metastases
that occurred despite conventional dosing of an EGFR inhibitor,
patients were treated with high dose “pulsatile” erlotinib (1,500 mg
weekly) and a CNS partial response rate of 67% (6 of 9 patients)
was noted; however, median time to CNS progression was only
2.7 months (36). Following this, a phase 1 study in 34 patients
with EGFR mutant lung cancer treated with escalating pulse doses
of erlotinib found the maximum tolerated dose to be 1,200 mg
given on days 1 and 2, with 50 mg given on days 3-7 weekly and
it should be noted that 32% of patients had BM at study entry
and none of these patients had progression of an untreated CNS
metastasis or new CNS lesions while on study (37).

The role of erlotinib in leptomeningeal disease has also been
examined. A retrospective review of 25 NSCLC (9 with exon
21 EGFR mutation and 8 with exon 19 deletion) patients with
leptomeningeal (LM) carcinomatosis treated with either erlotinib
or gefitinib demonstrated that those treated with erlotinib had
a cytologic conversion rate of 64.3% compared to 9.1% with
gefitinib (38), suggesting greater activity of erlotinib over gefitnib
in the setting of LM disease. In another series of NSCLC patients
with leptomeningeal metastasis who had failed gefitinib treat-
ment, all 6 patients with an EGFR mutation-derived clinical
benefit with 3 PRs and 3 with SD (39). 1 patient whose tumor did
not harbor an EGFR mutation developed progressive disease as
the best response.

Gefitinib

Gefitinib, another first-generation EGFR TKI, is a substrate
for the P-glycoprotein efflux pumps and the drug has a brain
penetration rate of only 1% (40, 41). There have been many
retrospective reviews of NSCLC patients with BM treated with
gefitinib. An old retrospective study of 14 NSCLC patients with
BM observed 1 CR (6%) and 5 PRs (33%); this was done prior
to the understanding of the role of EGFR mutation status on
response to targeted therapies (42). Another report on 15 patients
found an ORR of 60% (43). In 2009, a retrospective study of 23
Korean never-smoker patients with lung adenocarcinoma and
brain metastasis without prior whole brain radiotherapy (WBRT)
found that gefitinib or erlotinib without WBRT resulted in an
intracranial response rate of 73.9%, noting that the prevalence

of EGFR mutations in Korean non-smoker NSCLC population
is high (44). Following this, Zhang et al. retrospectively reviewed
43 Chinese EGFR mutant NSCLC patients with BM treated
with gefitinib or erlotinib until extracranial lesion progression;
an intracranial lesion ORR of 57% and PFS of 9.3 months was
observed, with no statistically significant difference in OS
between gefitinib versus erlotinib (45).

Multiple prospective studies have also shown efficacy of gefi-
tinib in NSCLC patients with BM. In 2004, Ceresoli reported on
41 NSCLC patients with BM treated with gefitinib including 18
patients with prior WBRT and observed a partial response rate
of only 10% (46). Chiu et al. conducted a prospective study in
57 unselected NSCLC with BM patients observing an ORR of
33% and PFS of 5 months (47). Similarly, a 2007 study by Wu
et al. examined 40 unselected NSCLC with BM patients (23 with
prior WBRT) and found a 32% ORR and PES of 9 months (48).
However, a phase I study in 21 Chinese NSCLC patients with BM
treated with prior WBRT reported a much higher 81% ORR and
a PFS of 10 months (49).

Subsequent studies focused on gefitinib’s efficacy in NSCLC
with BM patients who harbored EGFR-activating mutations.
Iuchi reported in 2013 on a phase II trial of 41 Japanese lung
adenocarcinoma patients with BM showing a brain metastasis
ORR 0f 87.8% with 13 CRs (50). Stereotactic radiation and WBRT
were required in 20 patients (50). Patients with exon 19 deletions
had a statistically significant PFS and OS advantage compared to
L858R mutations (50). While the results of many of these stud-
ies appeared to be promising, the results and thus, the potential
efficacy of first-generation EGFR TKIs in patient with BM, need
to be interpreted with caution given the small numbers of patients
in these predominantly retrospective reports.

Icotinib

Icotinib, a first-generation TKI approved in China, has a median
CSF penetration rate of 6.1% (51). The BRAIN study was a multi-
center, open-label, parallel randomized controlled trial of 176 Asian
EGFR mutant NSCLC patients with at least three brain lesions;
patients treated with icotinib had a median intracranial PFS of
10.0 months compared to 4.8 months in those treated with whole
brain irradiation plus concurrent or sequential chemotherapy,
translating to a 44% risk reduction from intracranial progression
or death, and making this a potentially promising option (52).

SECOND-GENERATION TKis
Afatinib

Afatinib is an oral second-generation TKI which selectively
and irreversibly blocks EGFR, HER2, and HER4 kinase activ-
ity (53-55). The LUX-Lung 3 was a phase III trial of front-line
afatinib in EGFR mutant advanced or metastatic NSCLC (56).
Subgroup analysis of 35 patients with asymptomatic BM showed
a PFS of 11.1 months versus 5.4 months with cisplatin and
pemetrexed (57). The LUX-Lung 6 study was an open label ran-
domized, multicenter phase III trial of Asian patients with EGFR
mutant advanced or metastatic lung cancer (58). Prespecified
subgroup analysis of 46 asymptomatic BM patients revealed that
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PFS was improved from 8.2 to 4.7 months in those treated with
gemcitabine and cisplatin (58). Those who received whole brain
radiation therapy appeared to have better PFS benefit than those
who did not receive radiation; however, among BM patients, rates
of CNS progression were similar to chemotherapy in both the
LUX-Lung 3 (45 vs 33% chemotherapy) and LUX-Lung 6 (21.4
vs 27.8%) (58).

Another study through the afatinib compassionate use program
examined 100 NSCLC patients with BM and/or leptomeningeal
disease who had progressed on platinum chemotherapy and a
first-generation EGFR TKI, 74% of whom had a documented
EGFR mutation (59). Median time to treatment failure was
3.6 months and was similar to a matched group of 100 patients
without CNS metastasis; 35% had cerebral response and one heav-
ily pretreated patient with impressive leptomeningeal response
and neurological recovery had a CSF concentration of nearly
1 nM (59).

The LUX-Lung 7 study, which was an international, open
label, randomized phase II trial comparing afatinib to gefitinib
in EGFR mutant advanced or metastatic NSCLC patients, noted
that PFS was longer with afatinib (11 months) than gefitinib
(10.9 months) but not statistically significant among the sub-
group of 26 patients (16%) with asymptomatic brain metastasis
(60). Thus, despite its promise as a second-generation irreversible
EGEFR targeted agent, afatinib did not pan out to be significantly
superior to the first-generation agents in systemic disease (or
CNS disease) and its use is limited by its greater toxicity profile,
except in some of the less common EGFR mutations where data
suggest better efficacy.

Dacomitinib

Dacomitinib, another second-generation TKI with activity against
EFGR, HER2, and HER4 was studied in two double blind, mul-
ticenter, randomized phase III trials: BR.26 and ARCHER 1009
(61, 62). In BR.26, dacomitinib did not improve OS in patients
who had previously received gefitinib or erlotinib; routine brain
imaging was not done in this study (61). Similarly, in Archer
1009, dacomitinib was not superior to erlotinib in advanced or
metastatic NSCLC and only 2% of patients in this trial had brain
metastasis at baseline (62).

THIRD-GENERATION TKis

Osimertinib
Osimertinib is an oral, irreversible EGFR TKI that targets the
classical activating mutations as well as the gatekeeper resist-
ance mutation, i.e., T790M (63). Preclinical models showed that
osimertinib had greater penetration of the murine blood-brain
barrier (BBB) than gefitinib, rociletinib, or afatinib and incr-
eased exposure by labeled radiography in cynomolgus monkey
brains (64).

AURA 3 was a randomized, international, open-label, phase
II trial of T790M positive advanced NSCLC patients who had
progressed on front-line EGFR TKI therapy (63). 144 patients
had CNS metastases and those who received osimertinib had
a longer median PFS (8.5 months) than platinum-pemetrexed

chemotherapy (4.2 months) with a hazard ratio of 0.32 (63).
A pooled analysis of AURA extension and AURA?2 trials in 50
patients with asymptomatic BM found a CNS ORR of 54% to
osimertinib treatment with 12% having complete CNS response,
with benefit also noted in patients who had not received prior
radiotherapy to the brain (65).

The BLOOM study was a phase I trial of patients with CSF
cytology confirmed leptomeningeal disease (66). Preliminary
results of 32 treated patients (23 evaluable) found 10 had radio-
graphic improvement and 13 with SD; additionally 7 of 8 symp-
tomatic patients improved and, the geometric mean decrease in
CSF EGFRm DNA copy was 57% (66).

The FLAURA study is a phase III study in 556 EGFR mutant
(exon 19 del or L858R) advanced NSCLC patients which rand-
omized patients 1:1 to a standard of care EGFR TKI (erlotinib or
gefitinib) or osimertinib (67). Patients with neurologically stable
CNS metastases were allowed on this study, accounting for 21%
of patients on this study (67). Front-line treatment with osimer-
tinib resulted in improved median PFS (18.9 months) compared
to standard EGFR TKI therapy with erlotinib or gefitinib
(10.2 months); median OS data were not mature at the time of the
PES analysis (67). It should be noted that ORR of known/treated
CNS metastasis at trial entry was 77% in the osimertinib-treated
patients compared to 63% in the standard EGFR TKI patients
(68). Response duration lasting >or = 6 months was noted in 88%
of patients on the osimertinib arm, with a CR rate of 18%, while
no CRs were observed in the arm with standard EGFR TKI. This
has led to the FDA approval of osimertinib in the United States as
an option for the front-line treatment of EGFR-mutated NSCLC
harboring exon 19 deletions or exon 21 L858R mutations.

Rociletinib

Rociletinib (CO1686) was a unique, oral, irreversible TKI designed
for NSCLC patients with activity against activating EGFR muta-
tions (L858R and Del 19) and the gatekeeper resistance mutation
T790M. The CNS activity of rociletinib was poor compared to
systemic disease (69, 70). Camidge et al. reported that 22 of 42
patients continued rociletinib for an average of 120 days after
CNS disease progression, treated with brain radiation (70). The
development of this drug has since been halted given the high
risk-to-benefit ratio related to the hyperglycemia resulting from
blockade of the insulin growth factor receptor. Importantly, roci-
letinib appears to have poor brain penetration with most patients
on rociletinib coming off the drug for CNS progression. In a
study of the clinical activity of osimertinib in 45 EGFR-mutant
NSCLC patients previously treated with rociletinib, subsequent
treatment with osimertinib still achieved a brain disease control
rate (response + SD) of 88% (71).

MISCELLANEOUS TKis

AZD3759

AZD3759 in an oral EGFR TKI designed for CNS penetration
with a ratio of unbound brain to unbound plasma concentration
0f0.65(72,73). AZD3759 caused tumor regression in leptomenin-
geal and brain metastasis mouse models (73). Preliminary results

Frontiers in Oncology | www.frontiersin.org

57

July 2018 | Volume 8 | Article 208


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive

Kelly et al.

Management of BM in EGFR Mutant NSCLC

of the phase I BLOOM study of 38 EGFR-mutant NSCLC with
BM or leptomeningeal metastasis (LM) treated with AZD3759
showed an intracranial ORR of 63% and extracranial ORR of 50%
(74). Trough CSF concentrations were above the IC90 for pPEGFR
(74). Further development of this drug is on hold given the highly
promising results with osimertinib in the FLAURA trial.

Tesevatinib

Tesevatinib (KDO019) is a novel, oral, reversible TKI, which
inhibits EGFR, HER2/neu, and Src family nonreceptor tyrosine
kinases. Preclinical studies demonstrated good blood-brain
penetration of tesevatinib with brain/blood radioactivity of 1 at
6-24 h and brain/plasma ratio of 2.3-4.4 from 1 to 24 h after
a dose of tesevatinib (75). The studies also reported good anti-
tumor activity with extended median survival time by 20% in
preclinical mice models. Considering the preclinical results, Berz
D et al. enrolled NSCLC pts with EGFR activating mutation and
BM (n = 4) or leptomeningeal metastases (LM) (n = 3) which
had progressed after prior EGFR TKI therapy (76). The authors
used RECIST 1.1 for BM measurement and response evaluation.
Symptomatic LM disease was diagnosed with CSF cytology or
MRI finding and response was measured by improvement in
symptoms, CSF cytology, and/or MRI findings. One patient with
BM had 19% reduction of target lesion on day 23, and another
patient had 57% reduction of target BM with resolution of LM
symptoms and MRI findings on day 41. Grade > 3 AEs were
QTc prolongation, hypokalemia, dehydration, UTI, and ALT
elevation.

COMBINATORIAL/ALTERNATIVE
TREATMENT APPROACHES

Combination EGFR TKI and Radiotherapy

Brain metastasis are resistant to systemic chemotherapy due to
the BBB which restricts passage of small, non-polar molecules,
or those with receptor-mediated transport (77). Thus research
has investigated whether radiation can enhance TKI efficacy.
In preclinical models, EGFR TKIs have been shown to increase
radiation responses by promoting radiation-induced apoptosis as
well as inhibiting cellular cycling, DNA damage repair, acceler-
ated repopulation, and angiogenesis (78-80).

Concurrent use of EGFR TKIs during radiotherapy remains
in question. A retrospective study of 44 EGFR-mutant NSCLC
treated with concurrent radiotherapy evaluated adverse events
(AEs) (81). The most common AEs were rash (50%), anorexia
(18%), and diarrhea (15%) with two patients having grade > 3 rash
(81). Radiation-related AEs included hydrocephalus (2 patients),
pneumonitis (3 patients, one grade > 3), myocarditis (1 patient),
radiodermatitis (3 patients), laryngopharyngitis (2 patients),
esophagitis (2 patients), and enteritis (1 patient) (81). A meta-
analysis of 9 retrospective studies and 1 randomized controlled
trial examining WBRT with EGFR TKI versus WBRT alone or
EGFR TKI therapy alone included 1,041 unselected NSCLC
patients with BM (82). In comparing combination therapy versus
EGEFR TKI alone the hazard ratios showed improved intracranial
PES with EGFR TKI alone (82). In comparing combination

therapy versus WBRT alone the combination therapy had sig-
nificantly improved OS (HR 0.52), intracranial PFS (HR 0.36),
and extracranial PFS (HR0.52) (82). In addition, another meta-
analysis of 15 studies including 3 phase II and 1 phase II trials in
1,552 unselected NSCLC patients with BM found that combina-
tion radiotherapy and EGFR TKI had improved response rate and
disease control rate than radiotherapy alone or chemotherapy
(83). Combination therapy significantly prolonged time to CNS
progression (HR 0.56) and median OS (HR 0.58) but increased
AE including rash (83).

A 2015 meta-analysis examined 12 observational studies that
exclusively included EGFR-mutant NSCLC patients with brain
metastasis (84). The analysis found that upfront cranial radiation
improved intracranial PFS and 2-year OS but more neurological
AEs were noted (84). One retrospective review by Gerber et al.
examined 222 EGFR-mutant NSCLC BM patients treated with
erlotinib, or WBRT or stereotactic radiation (SRS) (85). Patients
treated with SRS had an OS of 64 months which was statisti-
cally significantly longer than the erlotinib group with median
OS of 26 months (85). The results are likely biased due to the
selection of patients with lower intracranial disease burden for
the SRS approach. The median time to intracranial progression
was understandably longer in the WBRT arm than the upfront
erlotinib arm (24 vs 16 months; p = 0.04) (85). Another multi-
institutional analysis of 351 EGFR-mutant NSCLC patients with
BM compared treatment with SRS followed by EGFR TKI, WBRT
followed by EGFR TKI, or EGFR TKI followed by radiotherapy
(SRS or WBRT) at intracranial progression (86). Those receiving
SRS upfront had improved OS (46 months) compared to those
receiving upfront WBRT followed by TKI (30 months), or upfront
EGEFR TKI (25 months) (86).

Immunotherapy

PD-1 blockade has revolutionized the treatment of lung cancer
and has been shown to have intracranial responses. However,
many of the landmark immunotherapy studies have excluded
EGFR-mutant NSCLC patients or patients with BM. Early analy-
sis from a non-randomized, open-label, phase II trial showed
33% brain metastasis response rate among 18 NSCLC with BM
(87). However, only one patient in this study had EGFR mutation
(87). In vitro studies have shown that PD-L1 protein expression
is higher in EGFR-mutant NSCLC cell lines than in EGFR wt
and expression of mutated EGFR can induce PD-L1 expression
(88, 89). In NSCLC, estimates of brain metastasis PDL1 positivity
(PDL1 tumor cell expression exceeding 5%) have ranged from 12
to 52% (90-92) but this has not been well characterized in the
EGFR-mutant population.

Given the potential for intracranial activity the question
may arise if checkpoint inhibition has a role in EGFR-mutant
NSCLC with BM. While there is a paucity of data for checkpoint
inhibitors in this population, some extrapolation from EGFR-
mutant NSCLC is possible. A meta-analysis of Checkmate 057
(nivolumab), Keynote 010 (pembrolizumab), and POPLAR
(atezolizumab) showed that immune checkpoint inhibition
prolonged OS over docetaxel in EGFR wt but not EGFR-mutant
NSCLC (93). As checkpoint inhibition does not appear superior
to chemotherapy EGFR-mutant NSCLC, immunotherapies use in
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the EGFR-mutant NSCLC with BM population is likely equally
reserved. Nevertheless, one should consider immunotherapy in
later lines of therapy.

Combinational EGFR TKI and Anti-

Angiogenic Therapy

Several studies have looked at combining EGFR TKI with vas-
cular endothelial growth factor directed monoclonal antibody
therapy (94). The BELIEF trial was an international, multicenter,
single-arm phase II trial of 109 treatment-naive, advanced
or metastatic, EGFR-mutant, lung adenocarcinoma patients
treated with the combination erlotinib and bevacizumab (95).
37 patients (33%) harbored T790M mutations and 21 (19%) had
brain metastasis; the median PFS was 13.2 months overall and
8.8 months for patients with brain metastasis (95). One of the
greatest concerns with bevacizumab use among brain metastatic
patients has been CNS hemorrhage. While CNS hemorrhage
carries high morbidity and mortality, the incidence of CNS
hemorrhage among bevacizumab-treated patients is less than
0.2% (96). Ongoing studies are investigating the combination of
osimertinib and bevacizumab in EGFR-mutant NSCLC with BM
(NCT02971501).

CONCLUSION

In conclusion, patients with EGFR-mutant NSCLC are continu-
ing to live longer with median overall survival of 30.9 months
and nearly 15% of patients are alive at 5 years (97). As patients
live longer, most of these patients are likely to develop BM and
we will need optimal therapies with low toxicity to manage the
BM. Based on the summary of literature to date (Table 1), it is
the expert opinion of the authors that a CNS-active TKI such
as osimertinib is the EGFR TKI of choice in newly diagnosed
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Brain metastases (BM) are common in non-small cell lung cancer patients including in
molecularly selected populations, such as EGFR-mutant and ALK-rearranged tumors.
They are associated with a reduced quality of life, and are commonly the first site of
progression for patients receiving tyrosine kinase inhibitors (TKIs). In this review, we sum-
marize incidence of BM and intracranial efficacy with TKI agents according to oncogene
driver mutations, focusing on important clinical issues, notably optimal first-line treatment
in oncogene-addicted lung tumors with upfront BM (local therapies followed by TKI vs.
TKI monotherapy). We also discuss the potential role of newly emerging late-generation
TKIs as new standard treatment in oncogene-addicted lung cancer tumors compared
with sequential strategies.

Keywords: brain, metastases, non-small cell lung cancer, EGFR, ALK

INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths worldwide (1). Because of the lack of screen-
ing programs in most countries, more than half of non-small cell lung cancer (NSCLC) patients
are diagnosed at an advanced stage'. The brain is a common metastatic site in this population, with
30% of patients developing brain metastases (BM) during the course of their disease, with the brain
being the only site of metastatic disease in 51% of these cases. Median delay between diagnosis of
the primary tumor and development of BM is 11 months. Up to half of cases, patients present with
synchronous diagnosis of BM at the time of diagnosis of the primary lung tumor (2). Ironically, the
lifetime incidence of BM is increasing due to prolonged survival seen in NSCLC patients thanks
to new systemic therapies and improved neuro-imaging techniques (3). Unfortunately, prognosis
associated with BM remains poor with reports of median overall survival (OS) between 3 and
14.8 months (4), and compared to other metastatic sites, BM are responsible for a major decrease in
quality of life (5).

The discovery of targetable genomic alterations in approximately 30% of advanced NSCLC
tumors, mainly adenocarcinomas, has altered the therapeutic landscape and outcome of many of
these subgroups of NSCLC patients (6, 7). In the recent era of personalized treatment targeting
these alterations, prognosis of NSCLC patients with BM has improved significantly achieving
a median OS of nearly 4 years (8). The question whether BM harbor distinct genetic alterations
beyond those observed in primary tumors has not been definitively addressed. Recent data with

! Available from: www.seer.cancer.gov (Accessed: March 23, 2018).
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whole-exome sequencing in 86 patient-matched BM (includ-
ing 38 NSCLC patients) reported 53% of cases with potentially
clinically informative alterations in BM that were not detected in
the matched primary-tumor sample (9). However, these findings
have a number of technical limitations and are yet to be supported
by clinical evidence. On the other hand, response rates (RR) to
targeted therapies in molecularly defined NSCLC patients are
typically similar in central nervous system (CNS) and extra-CNS
disease, arguing for fewer molecular discordances between the
primary tumor and CNS metastases, at least for actionable muta-
tions. This is an important issue to resolve for determining the
best treatment strategies for managing BM.

One important consideration, when interpreting CNS
efficacy with tyrosine kinase inhibitors (TKIs) in molecularly
selected NSCLC patients, is the inherent limitation of the
standard RECIST criteria for the measurement of baseline CNS
disease and response (10). This assessment does not account
for potential pseudo-progression correlating with radionecrosis
and non-viable tumors in patients who have received brain
radiotherapy (11). New imaging tests might offer better charac-
terization of CNS progression vs. pseudo-progression (12). While
the systemic efficacy of TKI in oncogene-addicted NSCLC has
been well established, their intracranial efficacy is today less well
validated for a number of reasons. Brain imaging during follow-
up is often optional in clinical trials, MRI is not commonly used
compared to the less sensitive CT scan, and patients with BM are
often excluded from NSCLC trials, and when they are accepted,
BM is not a stratification criteria. The CNS is shielded by the
blood-brain barrier (BBB) and is considered a “pharmacological
sanctuary” The key molecular properties that influence the BBB
are the P-glycoprotein (P-gp) or breast cancer resistance protein
substrate nature of the TKIs, their molecular weight, polar surface
areaand lipophilicity index (LogP) (13). These factors may explain
why only 2% of small-molecule drugs are able to effectively cross
the BBB (14), likely explaining why the CNS is a frequent site of
failure after clinical benefit with some TKIs.

In this review, we summarize the incidence of BM in onco-
gene-addicted NSCLC patients and CNS efficacy for personalized
treatment in these different sub-populations. We also evaluate
new challenges such as the value of upfront personalized treat-
ment vs. radiotherapy in oncogene-addicted NSCLC patients
with BM at baseline, and administration of more potent drugs
upfront vs. sequential treatment.

EGFR-MUTANT NSCLC PATIENTS

Within the lung cancer population, activated epidermal growth
factor receptor (EGFR) mutations occur in 10% of Caucasians and
50% of Asians (15). There are several classes of activating somatic
EGFR mutations, with in-frame deletions in exon 19 (ELREA,
Del19) and single-point mutations in exon 21 (L858R) being the
most common. These mutations predict sensitivity to first- and
second-generation EGFR TKIs, such as erlotinib, gefitinib, or
afatinib. RRs and progression-free survival (PFS) with EGFR
TKIs have proven superior to standard first-line platinum doublet
chemotherapy, making them the current upfront standard of care
(16). Recently, osimertinib a third-generation EGFR TKI, showed

a significant improvement in PFS compared with standard of care
(erlotinib or gefitinib) as first-line treatment, making it a new
treatment option in the first-line setting (17).

Incidence of BM in EGFR-Mutant NSCLC
The baseline incidence of BM in EGFR-mutant NSCLC is similar to
that of other oncogenic driver mutations, ranging from 23 to 32%
(18-20). The cumulative incidence increases over time (19, 21),
with a 2-year actuarial risk of CNS progression of approximately
15-20% when patients received standard of care EGFR TKIs
(21,22). BM development on EGFR TKI treatment is significantly
more common among patients with baseline BM (2-year cumu-
lative incidence of 47% among patients with pre-existing BM
compared to 11% among those with no prior BM; p = 0.003) and
correlates with a worse outcome (21, 23, 24). Literature reporting
the risk of cumulative incidence of brain progression according to
EGFR mutation subtype is contradictory, some studies reporting
higher cumulative risk among Dell9-mutant tumors (21), and
others among L858R-mutant tumors (22, 24).

Although, it has been suggested that EGFR mutations appear
early during multistep carcinogenesis and may even be associated
with an increased propensity for metastatic cell to spread into
the brain (25), the lifetime risk is confounded by this molecular
subgroup’s longer survival. However, some reports suggest that
the incidence of BM is higher in EGFR-mutant patients compared
to EGFR-wild type (31.4 vs. 19.7%, odds ratio 1.86, 95% CI:
1.39-2.49; p < 0.001) (18), but it could be explained by inability
of first-generation EGFR TKIs to cross BBB, reported in up to
60% of patients (26, 27). The high incidence and significant rate
of CNS failure highlights the need for additional strategies to
prevent CNS progression.

Treatment With EGFR TKIs

First- and second-generation EGFR TKI brain penetration poten-
tial, measured by the unbound brain-to-plasma ratio, termed
Kpuw is very low (28), indicating that penetration into the brain is
diffusion-limited or low passive BBB permeability (13). However,
the importance of the BBB for intracranial tumors is debated.
Retrospective observational and phase II studies have reported
activity with erlotinib and gefitinib in EGFR-mutant patients
with BM (29-34). Two studies with erlotinib showed intracranial
RRs of 58 and 82% and intracranial PFS of 10.1 and 11.7 months
(29, 30). Gefitinib achieved an intracranial RR of 88% and intrac-
ranial PFS of 14.5 months, with a time to salvage brain radiation
from diagnosis of 17.9 months (32) (Table 1).

Invivo studies in NSCLC mice showed that afatinib penetrated
the BBB and cerebrospinal fluid (CSF) levels correlated with
plasma levels (35). In a compassionate-use program including 31
patients, afatinib demonstrated a 35% CNS response in molecu-
larly non-selected patients who had previously failed TKI therapy,
with a median time to treatment failure of 3.6 months (36). In a
combined dataset post hoc analysis in 81 EGFR-mutant NSCLC
patients with BM (30% had received brain radiotherapy) in the
first-line LUX-Lung 3 and LUX-Lung 6 phase III clinical trials,
afatinib significantly improved PFS (8.2 vs. 5.4 months, hazard
ratio (HR) 0.50, p = 0.0297) and RR (21 vs. 5%, p = 0.0027),
although without a significant difference in OS (22.4 vs.
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TABLE 1 | Efficacy of EGFR tyrosine kinase inhibitors (TKls) in EGFR-mutant
non-small cell lung cancer (NSCLC) patients and brain metastases (BM).

Drug Trial N icRR icDOR icPFS
(%) (months) (months)
Erlotinib Retrospective (29) 17 82 NA 11.7
Ph Il (30) 8 584 NA 10.1
Gefitinib Phl (32) 41 88 NA 14.5
Retrospective (34) 14 43 7.7 9.1
Afatinib Pooled analysis (37) 81 212 NA 8.22
Icotinib® Ph 1l (38) 85 65 NA 10.0
AZD3759 Ph1(28) 18 83 NA NA
Osimertinib ~ AURA + AURA2 128 54¢ NR 1 year: 56%
(49, 50)
AURA3 (51) 116 70¢ 8.9¢ 1.7
FLAURA (17) 128 66 NA NR

icDOR, intracranial duration of response; icRR, intracranial response rate; icPFS,
intracranial progression-free survival; NA, not available; NR, not reached.
aSystemic RR and progression-free survival (PFS).

bPatients should have at least 3 metastatic brain lesions.

°In 50 evaluable patients.

9In 30 evaluable patients with osimertinib.

25.0 months; HR 1.14, p = 0.64) compared with platinum-based
chemotherapy (37). The magnitude of the PFS benefit was sug-
gested being increased, for patients who had received prior whole
brabin radiotherapy (WBRT, n = 24; 13.8 vs. 4.7 months; HR 0.37,
p = 0.07). Evaluation of intracranial response was not assessed
as a separate endpoint in these trials (37), however, these results
suggest that asymptomatic BM are not a limitation for upfront
treatment with an EGFR TKI (Table 1).

Icotinib, another EGFR TKI only available in Asia, gave an
intracranial RR of 65% and median PFS of 10 months in treatment-
naive EGFR-mutant patients with at least three BM (38). AZD3759
is a novel reversible EGFR TKI, only active against sensitizing
EGFR mutations, which was designed to effectively cross the BBB
and achieves high drug-free exposure in the brain. In a phase I
trial, it achieved an intracranial RR of 83% among 18 EGFR TKI
treatment-naive patients with evaluable BM (28) (Table 1).

The substitution of threonine to methionine at amino acid
position 790 (T790M) in exon 20 of the EGFR gene reduces first-
generation EGFR TKI binding by enhancing the ATP binding
affinity of the kinase domain of the EGFR-mutant receptor (39).
It accounts for acquired resistance in approximately 50-60% of
patients (40, 41). Knowledge of acquired resistance mechanisms
to EGFR TKIs was one of the triggers behind the development
of third-generation EGFR-TKIs, such as osimertinib, which are
active against exonl9 and 21 mutations as well as the T790M
mutations. Osimertinib was the first such agent to receive FDA
and EMA approval (in November 2015 and February 2016,
respectively) for metastatic EGFR-mutant and acquired EGFR
T790M-mutant NSCLC patients progressing on or after EGFR
TKI therapy*.

?Available  from:  http://www.fda.gov/MedicalDevices/ProductsandMedical-
Procedures/InVitroDiagnostics/ucm301431.htm (Accessed: March 23, 2018).
*Available  from: http://www.ema.europa.eu/docs/en_GB/document_library/
EPAR_-_Product_Information/human/004124/WC500202022.pdf (Accessed: March
23,2018).

The rate of acquired T790M mutations is discordant between
intracranial and extracranial metastases. In a study of 78 EGFR-
mutant patients who had undergone re-biopsy after TKI failure,
only 17% of CNS lesions were T790M mutated compared to 41%
of systemic lesions (42), suggesting that the selection pressure is
lower intracranially owing to the lower EGFR TKI concentrations
in CSF compared to serum concentrations (42, 43). Preclinical
data demonstrated greater penetration and brain exposure with
osimertinib than with gefitinib, rociletinib, or afatinib (44).

Central nervous system activity of osimertinib was reported in
pretreated T790M-positive NSCLC patients in the AURA study
phase II extension component (45), the phase II AURA2 trial (46),
and was recently confirmed in the phase III AURA3 trial (47)
and the first-line FLAURA trial (17). In the pooled analysis of
the two phase II trials (N = 411), osimertinib demonstrated an
overall RR of 66% and median PFES of 11 months (48). In the
pre-specified subgroup analysis of CNS response in this pooled
analysis among 128 patients with CNS metastases at baseline,
50 were evaluable for CNS response. CNS response and DCR
were 54 and 92%, respectively, and CNS response was observed
regardless of prior radiotherapy. Median CNS duration of
response (DOR) was not reached and at 9 months 75% of patients
were estimated to remain in response. Median CNS PFS was not
reached (49), with 1-year PFS of 56% (50). In the AURA3 trial,
osimertinib demonstrated significantly greater efficacy in RR
(71 vs. 31%) and PFS (10.1 vs. 4.4, HR 0.30, 95% CI: 0.23-0.41,
p < 0.001) than platinum-pemetrexed chemotherapy, in 419
T790M-positive NSCLC patients who had progressed on first-
line EGFR TKIs (47). Among 116 patients from the AURA3 trial
with BM (measurable or not), PFS was longer with osimertinib
compared to chemotherapy (11.7 vs. 5.6 months, HR 0.32; 95%
CI: 0.15-0.69) and cumulative incidence of CNS progression at
6 months was lower with osimertinib compared to chemotherapy
(11.5vs.28.2%) (51). Among 46 patients with evaluable BM, the
intracranial RR was 70% with osimertinib compared with 31%
with chemotherapy, with a median DOR of 8.9 vs. 5.7 months,
respectively (51) (Table 1). It has been proposed that BM may
not develop secondary resistance mutations to EGFR TKIs
that develop during extracranial progression, due to reduced
drug penetration of the BBB (52). However, CNS eflicacy with
osimertinib reported in AURA3 trial, appears to contradict this
theory. In the CNS full analysis set (N = 128) from FLAURA trial,
osimertinib reported improved CNS RR (66 vs. 43%) and longer
CNS PES (NR vs. 13.9 months, HR 0.48, 95% CI: 0.26-0.86,
p = 0.04) and reduced the risk of CNS progression compared
with the standard of care. Among evaluable CNS evaluable
patients (N = 41), osimertinib improved the CNS RR (91 vs.
68%) with similar DOR compared with the standard of care (15.4
vs. 18.7 months) (53).

In light of the reduced CSF concentrations of EGFR TKIs,
various studies have examined administration of high doses
in an attempt to achieve therapeutic levels (54-57). “Pulsatile”
erlotinib at 1,500 mg given weekly resulted in an intracranial RR
of 67% with a median time to CNS progression of 2.7 months
in nine patients (55). In a phase I trial, pulse and daily low-dose
erlotinib prevented progression of untreated or new CNS metas-
tases, without improving extracranial outcome compared with
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standard-dose (58). However, the limited number of patients, the
short follow-up period and the fact that half of the patients with
baseline BM had already been treated are confounding factors
that prevent any conclusions being reached regarding efficacy in
the CNS with this strategy.

Combined EGFR TKiIs and Antiangiogenics
Activity and an acceptable safety profile of bevacizumab, an
anti-VEGF monoclonal antibody, have been reported in NSCLC
patients with asymptomatic and untreated BM (59). Moreover, in
a preclinical model of lung adenocarcinoma, bevacizumab pre-
vented BM formation (60). In a phase I trial in 154 Asian EGFR-
mutant NSCLC patients, the addition of bevacizumab to erlotinib
as first-line treatment significantly improved PFS compared to
erlotinib alone (16.0 vs. 9.7 months, HR 0.54; 95% CI: 0.36-0.79,
p=0.0015) (61), leading to EMA approval of the combination in
this population in April 2016. Two ongoing phase III trials evalu-
ating erlotinib combined with ramucirumab (NCT02411448) or
bevacizumab (BEVERLY study, NCT02633189) compared with
erlotinib, will hopefully further validate this strategy.

In the single arm phase II BELIEF trial in 109 Caucasian EGFR-
mutant NSCLC patients, combined erlotinib and bevacizumab
gave median PFS and OS of 13.2 and 28.2 months, respectively.
However, the primary endpoint was only met in baseline 7790M-
positive tumors with a median PFS of 16 months, whereas in
T790M-negative tumors, median PFS was 10.5 months (62). In
the subgroup of patients with pretreated BM (N = 21), median
PFS was 8.8 months. The efficacy of this combination in the BM
population does not appear to be superior to standard EGFR TKI
therapy (37), however only 21 patients with BM were included
in the BELIEF trial. Results from the ongoing randomized phase
IT BRILLANT trial (NCT0265536), testing bevacizumab plus
erlotinib vs. erlotinib in BM EGFR-mutant patients, should
reveal the efficacy of this combination in this population. Also the
combination of osimertinib and bevacizumab in EGFR-mutant
NSCLC patients and BM is currently assessed in a phase II trial
(NCT02971501).

ALK-REARRANGED NSCLC PATIENTS

Anaplastic lymphoma kinase (ALK) rearrangements result from
inversions or translocations on chromosome 2 and are present
in ~5% of NSCLC tumors, with no apparent differences in
incidence according to race. Crizotinib was the first treatment to
be approved in this population achieving a median PFS of 10.9
vs. 7.0 months with platinum-pemetrexed chemotherapy in the
front-line setting in the phase IIT PROFILE 1014 study (63). In
the subsequent phase III ASCEND-4 trial in ALK-positive (by
central immunohistochemistry) NSCLC patients, upfront ceri-
tinib, a second-generation ALK TKI, gave a median PFS of 16.6
vs. 8.8 months with platinum-pemetrexed chemotherapy (64).
Based on these results, the FDA approved ceritinib as first-line
treatment in ALK-positive NSCLC patients in May 2017. More
recently, the phase III ALEX trial demonstrated a significant
improvement in PFS with alectinib (a second-generation ALK
TKI) compared with crizotinib (25.7 vs. 10.4 months, HR: 0.50,
95%CI: 0.36-0.70, p < 0.001) by independent review, and with

a better toxicity profile, as first-line treatment in ALK-positive
NSCLC patients (65). The EMA and FDA approved alectinib as
first-line treatment in 12 October 2017 and in 6 November 2017,
respectively. Treatment strategies in this population are provided
below and in Figure 1.

Incidence of BM in ALK-Positive NSCLC

In ALK-positive NSCLC patients, CNS metastases affect from
24 to 42% of patients (19, 65-68) with risk increasing over time,
reaching 58% at 3 years (19). In this population, median OS
after development of BM was 49.5 months, with no survival
differences detected according the number of BM (single vs.
more than one BM) (69), confirming the prolonged survival of
ALK-positive NSCLC patients with BM. However, the CNS is
a common site of progression with crizotinib; in patients with
known BM (treated or untreated), the CNS was a site of new
lesions or non-target progression in 70% of cases of progres-
sion during crizotinib treatment. In patients without BM at the
time of crizotinib initiation, 20% subsequently experienced
CNS progression (68, 70). It remains controversial whether
this increased risk was an expression of the natural ALK-
rearranged disease course independent of the therapy received,
or if, as in EGFR-mutant NSCLC patients, it is related to low
CSF penetrance of ALK TKIs. Crizotinib is a substrate for the
ATP-binding cassette (ABC) drug efflux transporters, P-gp
and ABC subfamily G member 2, and has been associated with
poor accumulation of the drug in the brain, a CSF-to-plasma
ratio of 0.0026 reported in a case study (71). In support of this,
ABCB1—/— and ABCG2—/— mice had a 25- to 70-fold higher
brain concentration following oral administration of crizotinib
compared to wild type (71).

Nonetheless clinical evidence for crizotinib CNS efficacy
has been reported. A pooled retrospective analysis of crizotinib
efficacy in ALK-positive NSCLC patients with BM from the
PROFILE 1005 phase II and PROFILE 1007 phase III trials has
been reported (68). At baseline, 31% of patients (275 of 888) had
asymptomatic BM. Analytic subgroups were stratified according
to prior brain radiotherapy (60%) or not. The intracranial disease
control rate (DCR) at 12 weeks was similar in these two groups
at 62 and 56%, respectively. Of note, previously treated patients
demonstrated higher CNS objective RR with crizotinib (33 vs.
18%, respectively), as well as prolongation of the median time
to intracranial progression (13.2 vs. 7.0 months, respectively;
Table 2) (68). Intracranial efficacy of crizotinib in treatment-
naive ALK-positive patients was studied in the PROFILE 1014
trial (70). Of 343 patients, 79 (23%) had treated BM at baseline.
Compared to chemotherapy, crizotinib demonstrated longer
PES (9.0 vs. 4.0 months; HR 0.40, 95% CI: 0.23-0.69, p < 0.001)
and a better RR (77% vs. 28%, p < 0.01). Crizotinib achieved
a 12-week intracranial DCR of 85% and median intracranial
time to progression of 15.7 months in patients with treated BM
(Table 2). CNS progression as the only site of progression on
crizotinib was reported in 38% of patients with treated BM at
baseline and 19% without (70). In the randomized phase III
ALEX trial, crizotinib was used as the standard of care in the
control arm and brain MRIs were mandatory at baseline and dur-
ing follow-up (65). Among the 22 patients with measurable BM
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CRIZOTINIB (PROFILE 1014) CERITINIB (ASCEND 1)** pD | | LORLATINIB
PFS: 10.2 mo PFS: 6.9 mo.
CERITINIB (ASCEND 2)**
PFS 5.9 mo.
CERITINIB (ASCEND 5)**
PFS 5.4 mo.
BRIGATINIB (Ph 1, cohort 2)* L TKI?
|
PES: 14.5mo. cT?
BRIGATINIB (Ph 2: 90 mg -> 180)*
PFS$12.9 mo.
PES: 8.3 mo. cr?
* FDA approval; ** FDA & EMA approval | LORLATIN|B“ l TKI?
#52% 2 prior ALK TKI s
PFS 11.4 mo. cT?
CERITINIB (ASCEND 4) |#0 | | LORLATINIB |
PFS: 16.6 mo
?
PFS: 25.7 mo., by independent review committee T
FIGURE 1 | Systematic treatment stratergies in ALK-positive non-small cell lung cancer (NSCLC) patients. TKI, other ALK tyrosine kinase inhibitor;
CT, chemotherapy.

at baseline, crizotinib achieved an intracranial RR of 50% and  patients was tested in the phase I ASCEND-1 trial (73), as well
a median duration of intracranial response of 5.5 months. For as the phase II ASCEND-2 (74), and ASCEND-3 (75) trials
the seven patients previously treated with brain radiotherapy, (Table 2). In the phase III, ASCEND-5 trial in previously treated
crizotinib gave an intracranial RR of 71% and median DOR of  (chemotherapy and crizotinib) ALK-positive NSCLC patients,
17.3 months (72). Despite these data suggesting intracranial  ceritinib compared with chemotherapy significantly improved
efficacy with crizotinib, especially among previously-treated BM  PFS across all patient subgroups, including in 133 patients with
patients, recent data showed that the cumulative incidence rate  BM at baseline (56% previously treated with brain radiotherapy),
of CNS progression at 12 months was consistently higher with  from 1.5 months to 4.4 months (HR 0.54, 95% CI: 0.36-0.80).
crizotinib compared with alectinib (32 vs. 4.6% respectively in ~ Among the 17 patients with measurable BM, ceritinib gave a 35%
patients without BM at baseline; HR 0.14, 95% CI: 0.06-0.33, intracranial RR and median duration of intracranial response of
p <0.0001) (65, 72), suggesting that the risk of BM progression 6.9 months (76). Nonetheless, despite these second-generation
may correlate more closely with ALK TKI subtype and not the ~ more potent ALK TKIs, BM remained the main site of progres-

natural ALK-rearranged disease course. sion among patients with BM at baseline (76). Based on ceritinib

efficacy, an international prospective phase II open-label study is
Treatment With Novel ALK TKiIs ongoing (ASCEND-7, NCT02336451) specifically evaluating the
Ceritinib anti-tumor activity of ceritinib in ALK-positive NSCLC patients

Ceritinib is a second-generation ALK inhibitor that is 20 times ~ with BM or leptomeningeal disease (previously treated with
as potent as crizotinib. It is effective in ALK-positive patients radiotherapy or not).

upfront and patients who progress while on crizotinib, including Gastrointestinal toxicity by ceritinib may reduce treatment
patients with BM (73). In the phase III ASCEND-4 trial, among compliance. The ASCEND-8 (NCT02299505) aimed to evaluate
121 ALK-positive TKI-naive NSCLC patients with BM, first-line ~ whether administering ceritinib, 450 or 600 mg, with a low-fat
treatment with ceritinib improved PFS (10.7 vs. 6.7 months, = meal may enhance gastrointestinal tolerability vs. 750 mg fasted
HR 0.70) compared to chemotherapy. Intracranial RR in 22 while maintaining similar exposure in 267 treatment-naive ALK-
patients with measurable BM at baseline was 73%, with a median ~ positive NSCLC (neurologically stable BM were stable). The study
duration of intracranial response of 16.6 months (64). The CNS demonstrated similar efficacy in terms of ORR and DCR with less
efficacy of ceritinib in crizotinib-pretreated and ALK-naive  frequent dose reductions/interruptions and higher relative dose
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TABLE 2 | Efficacy of ALK tyrosine kinase inhibitor (TKIs) in patients with baseline brain metastases (BM).

Drug Trial (reference) Brain M1 Measurable icRR (%) icTTP s/ic PFS icDOR
Brain M1 (months) (months) (monthss)

Crizotinib PROFILE 1005 + 1007 pooled. ALK-naive (previous CT) (68) 275 22/18° 18/33° 7.0/13.2 NA 26.4,/NRP
PROFILE 1014. Ph lll ALK-naive (70) 79 79 85¢ 15.7 sPFS: 9 NA

Ceritinib ASCEND 5. Ph lll Crizotinib + CT resistant (76) 133 17 35 NA SPFS: 4.4 6.9

72.7 16.6

ASCEND 4. Ph Ill ALK-naive (64) 121 22 62 NA sPFS: 10.7 NA
ASCEND 3. Ph Il ALK TKI-naive® (75) 49 13 39.4 NA sPFS: 10.8 9.2
ASCEND 2. Ph Il Crizotinib-resistant (74) 100 33 63 NA sPFS: 5.4 8.2,
ASCEND 1. Ph | Naive and pretreated (73) 94 36 61d NA NA 11.1d

Alectinib Pooled analysis of ph Il. Crizotinib resistant (85) 136 50 64 9.2 NA 10.8
ALUR ph II. Crizotinib and CT resistant (86, 87) 76 40 54 NA sPFS: 9.6 17.3
ALEX. Ph lll. ALK TKI-naive (65, 72) 122 21 81 NA sPFS: 25.7

Lorlatinib Ph I in ALK-positive (11% crizotinib-naive) (90) 41 19 42 NA sPFS: 9.6 12.4
Ph 1in ROS1-positive (90) 12 5 60 NA sPFS: 7.0 12.0
Ph Il'in ALK/ROS1-positive (91)
ALK TKI treatment-naive 8 8 75 NA NR NA
Prior crizotinib only and crizotinib + 1-2 CT 37 37 68 NA NR NA
No-crizotinib TKI + CT 12 12 42 NA sPFS: 5.5 NA
2-3 ALK TKI + CT 83 83 48 NA sPFS: 6.9 NA
ROS1-positive any prior line 25 25 56 NA sPFS:9.6 NA

Brigatinib Ph | ALK-naive and crizotinib resistant (93) 46 15 53 NA icPFS: 15.6 18.9
ALTA. Ph Il'in crizotinib-resistant (94, 95) 153 18 67¢ NA icPFS: 18.4¢ NRe

icRR, intracranial response rate; icTTF, intracranial time to progression; s/icPFS, systemic/intracranial progression-free survival (PFS); icDOR, intracranial duration of response; CT,

chemotherapy; NA, not available; NR, not reached.

2ALK TKI naive and chemotherapy-naive or up to three lines of chemotherapy with progression during or after the last chemotherapy regimen.

bData reported for previously untreated BM/previously treated BM.

¢12-week intracranial disease control rate.

9Results expressed as ALK inhibitor-naive patients, ALK inhibitor-pretreated patients.
¢Patients receiving 180 mg/day.

intensity. Ceritinib administered at 450 mg fed dose demonstrated
an ORR of 78% and a median PFS of 17.6 months, suggesting this
dose as a potential new treatment regimen. However, fed doses of
ceritinib in patients with BM were not reported to provide a clear
recommendation in this subset (77, 78).

Alectinib

Alectinib is a potent ALK TKI, active against several ALK
mutations that confer resistance to crizotinib (79). It is able to
penetrate the CNS and activity is expected based on animal models
showing high brain-to-plasma ratios (0.63-0.94) and activity
in intracranial tumor implantation models. Unlike crizotinib
and ceritinib, preclinical studies suggest that alectinib is not a
substrate of P-gp, a key drug efflux pump typically expressed in
the BBB, and that it has greater CNS activity than other ALK
TKIs (80). In the clinic, alectinib gave an intracranial RR of 52%
in 21 crizotinib-resistant patients with baseline BM treated in a
phase I trial (81). Alectinib was approved by the FDA in 2015 for
ALK-positive crizotinib-resistant NSCLC patients based on two
phase II clinical trials demonstrating a systemic objective RR of
50-52% (82, 83). A pooled analysis evaluating systemic efficacy
of alectinib in both phase II trials enrolling 225 ALK-positive cri-
zotinib-resistant NSCLC patients has been performed. Alectinib
gave a systemic RR of 51%, and median PFS and OS of 8.3 and
26 months, respectively (84), with 11% of patients having CNS
as the only site of progression (85). Intracranial efficacy of alec-
tinib in this population was assessed in 136 crizotinib-resistant

patients with BM (37% with measurable disease and 70% previ-
ously treated). Intracranial RR in the whole population was 43%
(36% in previously irradiated vs. 59% in patients without prior
radiation) with a median DOR of 11.1 months. For patients with
measurable disease (N = 50), the intracranial RR was 64%, with
complete response in 22%, and median intracranial DOR was
10.8 months (85). The phase IIT ALUR trial comparing alectinib
with chemotherapy in 107 previously treated (chemotherapy and
crizotinib) ALK-positive NSCLC patients, reported improved
outcome with alectinib (PFS 9.6 vs. 1.4 months, HR 0.15; 95% CI:
0.08-0.29; p < 0.001) (86). Among 76 patients with baseline BM,
alectinib achieved an intracranial RR of 36% reaching to 54%
among the 40 patients with measurable BM (87). These results
endorse preclinical data showing promising CNS efficacy profile
with alectinib.

In the phase III ALEX trial, 303 previously untreated ALK-
positive (by immunohistochemistry) NSCLC patients were rand-
omized to receive either alectinib (600 mg twice daily) or crizotinib
(250 mg twice daily). Crossover was not allowed. As mentioned
previously, PFS was significantly longer with alectinib than with
crizotinib and delayed the onset of BM (65). In the ALEX trial,
122 out of 303 (40%) patients had asymptomatic BM at baseline.
Alectinib achieved an intracranial RR of 59% with a systemic PFS
similar to that reported in the whole population (HR 0.40, 95%
CI: 0.25-0.64, p < 0.0001) (65), with a median PFS of 14 months
among patients with BM at baseline who had not received previ-
ous radiotherapy (72). Among the 21 patients with measurable
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BM, alectinib gave an intracranial RR of 81% and median DOR
of 17.3 months (65) (Table 2). Patients with previously-irradiated
BM measurable lesions had higher intracranial RR (86 vs. 79%)
and intracranial DOR (not reached vs. 17.3 months), compared
with patients without prior radiotherapy (72). Similarly, the phase
IIT J-ALEX trial in 207 Japanese ALK-positive NSCLC patients
demonstrated the superiority of alectinib in terms of PFS over
crizotinib (HR 0.34, 95% CI: 0.17-0.71, p < 0.0001), and delayed
risk of CNS progression in patients with BM at baseline (HR
0.16, 95% CI: 0.02-1.28) and those without (HR 0.41, 95% CI:
0.17-1.01). Among 43 patients with BM at baseline, alectinib
significantly improved systemic PFS over crizotinib as first-line
treatment (HR 0.08; 95% CI: 0.01-0.61) (88).

Lorlatinib

Lorlatinib (PF06463922) is a selective, potent, brain-penetrant
next-generation ALK and ROS1 TKI, active against most known
resistance mutations (79, 89). Lorlatinib was tested in a phase I
trial in 54 pretreated or treatment-naive ALK- (N = 41) or ROS-1
(N = 12) positive NSCLC patients (11% treatment-naive, 52%
two or more previous TKIs, and 72% with BM). Patients reached
a RR of 46% in the ALK-positive population irrespective of the
number of prior ALK TKI therapies, and median PFS and DOR of
9.6 and 12.4 months, respectively. Lorlatinib was highly active in
the CNS, including intracranial responses in 8 of 19 (42%) ALK-
positive patients with baseline measurable BM, in over a half of
whom two or more previous ALK TKIs had failed (90) (Table 2).
The recommended dose for the phase II trial was 100 mg/day.

In the phase II trial (91), lorlatinib conferred a clinically
meaningful benefit, including substantial intracranial efficacy
ranging from 42 to 75% in patients with advanced ALK-positive
disease who were treatment-naive or who had received a range
of prior ALK inhibitors and/or chemotherapies (Table 2). In the
treatment-naive cohort (N = 30), lorlatinib achieved an RR of
90%, neither PFS nor DOR were reached, while the intracranial
RR was 75% among eight patients with BM at baseline. Among the
111 heavily pretreated (two or three previous TKI with or without
chemotherapy) patients, lorlatinib reached an overall RR of 39%
with median PES of 6.9 months, and 48% intracranial response
among 48 patients with BM at baseline (91). Lorlatinib received
breakthrough therapy designation in April 2017 for ALK-positive
patients previously treated with at least one ALK TKI. Based on
these results, the ongoing randomized phase III CROWN trial
(NCT03052608) is assessing the efficacy of lorlatinib compared to
crizotinib as first-line treatment in ALK-positive NSCLC patients.
Asymptomatic and pretreated BM are not exclusion criteria.

Brigatinib

Brigatinib is another new ALK TKI (also active against ROSI,
EGFR-T790M, IGFR, and FLT3 mutations) with a broader spec-
trum of preclinical activity than ceritinib and alectinib against
known crizotinib-resistant ALK-mutants (79, 92). Brigatinib
was granted break-through therapy designation by the FDA in
October 2014 on the basis of its early phase I/II trial data (93).
In the phase I trial, among 71 crizotinib-resistant ALK-positive
NSCLC patients treated with brigatinib the confirmed RR was
62% with a median PFS of 13.2 months. Among 46 patients

with BM at baseline, the RR was 53% and 35% for those with
measurable (n = 15) and non-measurable (n = 31) intracranial
metastases, respectively. The median intracranial PFS and DOR
in this population was 15.6 and 18.9 months, respectively. The
recommended dose for the phase II study was determined to be
180 mg/day with a 7-day lead-in at 90 mg to reduce the risk of
pulmonary toxicity (93).

In the phase II trial, 222 crizotinib-refractory ALK-positive
NSCLC patients were randomized to brigatinib 90 mg/day (arm A)
or 180 mg/day with a 7-day lead-in at 90 mg (arm B) (94), and
updated results were recently presented (95). By independent
review, the RR was 51 and 55%, in arms A and B, respectively, and
PFS was 9.2 and 16.7 months, respectively, while OS was not reached
in arm A and was 27.6 months in arm B. This is the longest PFS in
crizotinib-resistant tumors reported with new ALK TKIs. Based on
these results, the FDA approved brigatinib in crizotinib-pretreated
patients in 28 April 2017. Among the 154 patients with BM at
baseline (69%), intracranial RR (by independent-review) in patients
with measurable disease (N = 44) was 50 and 67% in arm A and B,
respectively. For patients with active BM (N = 34) RRs were similar
to those with baseline BM, 47 and 73% in arms A and B, respectively.
Median intracranial PFS was 12.8 and 18.4 months in arms A and
B, respectively (95). The intracranial efficacy of brigatinib com-
pares favorably with other second-generation ALK TKIs (74, 85)
(Table 2). Brigatinib is currently being investigated in a randomized
phase ITT ALTA-1L (NCT02737501) trial comparing brigatinib vs.
crizotinib in ALK-positive TKI-naive patients. Asymptomatic and
pretreated BM are not exclusion criteria. This trial allows crossover
from crizotinib to brigatinib and may help to elucidate whether a
sequential strategy is better than upfront brigatinib.

Ensartinib

Efficacy of ensartinib (X-396) 225 mg/day in an expansion study
has been reported. Forty of the 80 enrolled patients were evalu-
able for response, achieving 58% partial responses (88% in eight
crizotinib-naive patients, and 64% in 22 crizotinib-resistant)
(96). Updated results among 15 TKI-naive patients showed an
80% RR and median PFS of 23.8 months (97). CNS responses
[(60% partial responses) were observed in both crizotinib-naive
and crizotinib-resistant populations, with a median DOR of
5.8 months (98)]. The ongoing phase III XALT3 (NCT02767804)
will compare ensartinib with crizotinib as first-line treatment
(previous chemotherapy allowed).

OTHER MOLECULAR ALTERATIONS:
ROS1, RET, BRAF, AND NTRK

ROS1 Rearrangements
ROS]1 rearrangement occurs in approximately 1 to 2% of NSCLC
patients. Compared with ALK rearrangements, ROSI rearrange-
ments are associated with lower rates of extrathoracic metastases,
including fewer BM at initial metastatic diagnosis (19 vs. 39%,
p = 0.033) (99), however ROSI does increase the likelihood of
BM (100).

In 50 ROSI-positive NSCLC patients, crizotinib achieved an
RR of 72% and median PFS of 19.2 months (101). Based on these
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results, the FDA and EMA approved crizotinib for treatment
of ROSI-positive NSCLC patients in March and August 2016,
respectively. Recently, a phase II trial in 32 Asian ROSI-positive
NSCLC patients, ceritinib gave an RR of 62%, median PFS of
9.3 months (19.3 months among 30 crizotinib-naive patients),
and median OS of 24 months. Among eight patients with BM,
intracranial RR with ceritinib was 63% (102). In a phase I trial
with lorlatinib, 12 ROSI-positive NSCLC patients achieved an
intracranial RR of 50% (80% among five patients with target
lesions) and median systemic PFS and DOR of 7 and 12 months,
respectively (90) (Table 2).

In a phase II study in 47 ROS-positive NSCLC patients (28%
TKI-naive, 64% one previous TKI and 8% two or more previous
TKIs) treated with lorlatinib, the RR was 36%, with a 45% DCR
at 24 weeks, and median PFS and DOR of 9.6 and 13.8 months,
respectively (91). Among the 25 patients with BM at baseline,
intracranial RR was 56%.

Entrectinib is another ROS1 TKI (also active against ALK and
NTRK) specifically designed to cross the BBB. In a phase I/1I trial,
entrectinib (600 mg QD) achieved a RR of 78% and median PFS
0f 29.6 months among 32 treatment-naive ROSI-positive NSCLC
patients. The intracranial RR was 83% among 11 patients with BM
at baseline (103, 104). Pending questions are the best treatment
sequential strategy and whether ROSI-positive NSCLC patients
with BM should be treated upfront with entrectinib. Given the
low ROS-1 incidence, it is difficult to perform a randomized trial
comparing different treatment strategies.

RET Rearrangements

In NSCLC, RET rearrangements occur in 1 to 2% of unselected
cases and 16% of NSCLC tumors that lack other oncogenic
drivers. They are more common in adenocarcinomas and in
never or lighter-smokers (105, 106). RET-rearranged NSCLC
patients benefit from pemetrexed-based chemotherapy to a
comparable extent as ALK- and ROSI-rearranged patients
(107). Multikinase inhibitors, such as cabozantinib (108) and
vandetanib (109, 110) in phase II or retrospective studies (105),
have limited efficacy, with RR between 18 and 53%, median PFS
between 2.3 and 4.5 months (105, 108-110), and median OS of
6.8 months (105). It has been speculated that the type of fusion
partner may play a role in determining treatment response
(109); however, this was not validated in the retrospective
study (105).

Baseline BM incidence in RET-rearranged NSCLC is 27%,
without differences in age, smoking status or fusion-partner type.
Lifetime incidence of BM in RET-rearranged NSCLC patients is
49%. In 37 patients treated with multikinase inhibitors with activ-
ity against RET, there were no significant differences in median
PES (2.1 vs. 2.1, p = 041) or median OS (3.9 vs. 7.0 months,
p=0.10) in patients with BM (N = 10) vs. without (N=27) (111).
In the phase II trial with cabozantinib, baseline untreated BM
were present in five patients. Cabozantinib achieved intracranial
disease control in two patients with measurable disease (—34
and —1%). Brain progression during TKI treatment may be less
common than in other oncogenic alterations. Of 22 patients
who discontinued cabozantinib, BM was the cause in only
10% of cases (111). Similarly, intracranial responses have been

reported with alectinib, one patient responding after escalating
alectinib to 900 mg twice daily (112). The efficacy of alectinib
(900-1200 mg/day) as first-line treatment in RET-positive
NSCLC patients will be assessed in a multi-cohort phase II/III
B-FAST trial (NCT03178552). Treated and asymptomatic BM
will be allowed. LOXO-292, another RET TKI has reported toler-
ability and efficacy in RET-dependent cancers even in progressive
BM after alectinib (113).

In a phase I trial, vandetanib and everolimus showed anti-
tumor activity in RET-positive NSCLC patients with BM (114,
115). The short-term outcomes with multikinase inhibitors with
activity against RET compared to EGFR/ALK TKIs in EGFR-
mutant/ALK-rearranged NSCLC, strongly suggest that there is a
need for more selective and potent RET targeted agents as mono-
therapy or in combination in order to enhance activity (116).

BRAF-Mutants

The combination of the BRAF inhibitor dabrafenib with the
MEK inhibitor trametinib was approved by the FDA and EMA
based on clinical activity in 57 pretreated BRAF-V600E-mutated
NSCLC patients (1-2% of lung adenocarcinoma patients) follow-
ing a phase II trial giving an RR of 67% and median PFS and OS
of 8.6 and 18.2 months, respectively, however no data regarding
CNS efficacy are available (117). Similar outcomes were recently
replicated among 36 TKI-naive BRAF (V600E)-mutant NSCLC
patients (118). In melanoma BM patients, this combination has
reported intracranial responses (119), making it highly probable
that activity will be observed in NSCLC patients, although this
needs to be validated.

NTRK Rearrangements

Fusions involving the genes NTRKI, NTRK2, and NTRK3 are
oncogenic drivers. They encode the proteins TRKA, TRKB, and
TRKC, respectively, and play roles in neuronal development,
cell survival, and cellular proliferation (104). These fusion genes
have been detected in a variety of tumors including lung in up
to 3% of cases, using different assay (NGS or FISH-based) (120).
Entrectinib has reported efficacy in NTRK-positive tumors,
including NSCLC patients, with a median PFS of 15.6 months
(104) and also intracranial activity (104, 120), confirming that
entrectinib crosses the BBB. Larotrectinib (LOXO 101) is a pan-
TRK TKI. In a phase I clinical trial with 55 NTRK-positive solid
tumors (five NSCLC patients), larotrectinib achieved an RR of
78% across a wide range of ages and tumor types (121). CNS
efficacy of this agent remains unknown.

UPFRONT TKis vs. UPFRONT
RADIOTHERAPY IN ONCOGENE-
ADDICTED NSCLC

In oncogene-addicted NSCLC, TKIs have clearly demonstrated
increased CNS efficacy, including with next-generation TKIs,
which are more potent than first-generation TKIs. Most data
have been generated in EGFR- or ALK-positive patients, although
similar outcomes are expected with other druggable alterations.
Nonetheless, alternative treatment options exist in this group such
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as surgery, WBRT or stereotactic radiosurgery (SRS) (122), and
the optimal treatment combination or sequence remains unclear.

Sequential Strategies

A systematic review and meta-analysis of 12 non-comparative
studies in 363 EGFR-mutant NSCLC patients with BM, showed
evidence that upfront radiotherapy (SRS or WBRT) improved
survival outcomes (123). However, this study is based on published
data and not on individual patient data limiting its validation. This
study also reported that radiotherapy caused more neurological
adverse events relative to EGFR TKIs alone. In a retrospective
multi-institutionalanalysisin 351 EGFR-mutant TKI-naive NSCLC
patients with BM, median OS for three alternative strategies, SRS
followed by an EGFR TKI (n = 100), WBRT followed by an EGFR
TKI (n = 120), or an upfront EGFR TKI (n = 131), was 46, 30, and
25 months, respectively (p < 0.001) (124). In a multivariate analysis,
SRS and WBRT vs. EGFR TKI were associated with improved OS,
but not with median time to intracranial progression, suggesting
that an upfront EGFR TKI and deferred radiotherapy is associated
with inferior OS. SRS followed by EGFR-TKI resulted in the long-
est OS and allowed patients to avoid the potential neurocognitive
sequelae of WBRT. However, the retrospective setting meant that
data for quality of life and chronic neurocognitive assessments,
extracranial disease burden were unavailable, and randomized
study design was not used, all of which can be considered as limita-
tions of this analysis. In addition, it is likely that there were a higher
number of oligo-metastatic patients in the SRS arm, in whom there
is not an urgent need for a TKI to control the extracranial disease,
which would generate a major bias.

In a retrospective study (n 97), intracranial PFS was
improved in patients who received upfront radiotherapy followed
by icotinib compared to those receiving icotinib alone, although
without OS improvement (125). However, the absence of rand-
omization makes it difficult to draw a conclusion. On the other
hand, in a phase I trial, upfront icotinib (N = 85) compared with
WBRT (30 Gy) plus chemotherapy (N = 91) in EGFR-mutant
patients with at least three BM significantly improved intracranial
PES (10.0 vs. 4.8 months; HR 0.56, 95% CI: 0.36-0.90; p = 0.014),
intracranial RR (67.1 vs. 40.9%, p < 0.001), and systemic RR (55.0
vs. 11.1%, p < 0.001), with a better toxicity profile. Median OS had
no significant difference between the arms (18.0 vs. 20.5 months;
HR 0.93, 95% CI: 0.60-1.44, p = 0.734) (38).

Any of these studies evaluated radiotherapy strategies
compared to third-generation EGFR TKIs, so, a prospective
randomized trial evaluating intracranial progression after SRS
(to avoid the potential neurocognitive sequelae of WBRT) fol-
lowed by third-generation EGFR TKI vs. third-generation EGFR
TKI followed by SRS is needed. The clinical question has also
been raised as to whether SRS as consolidative treatment in brain
residual disease after EGFR TKI response could improve intrac-
ranial PFS in this population or whether this radiotherapy should
be only administered in cases of progression on an EGFR TKIL

Concomitant Strategies

In a recent meta-analysis, radiotherapy plus EGFR TKIs resulted
in a superior RR and DCR, and markedly prolonged the CNS-
time to progression and OS of NSCLC patients with BM (126),

although patients were not selected according to EGFR status. The
role of combining an EGFR TKI with WBRT was investigated in a
single arm phase II trial of 40 patients (17 EGFR-mutant) (127).
Patients received erlotinib 150 mg/day for 1 week, followed by
erlotinib with concurrent WBRT (2.5 Gy/day, 5 days per week, to
35 Gy) and underwent formal cognitive testing before enrollment
and at each follow-up visit. In the EGFR-mutant subset, patients
had longer OS compared to wild-type EGFR (19.1 vs. 9.3 months,
respectively). Erlotinib was well tolerated in combination with
WBRT with no unexpected cases of neurotoxicity.

In a retrospective study in 133 EGFR-mutant patients with
BM, radiotherapy (WBRT, SRS) and EGFR TKIs (erlotinib,
gefitinib) improved median cranial PFS (16.0 vs. 11.5 moths,
p = 0.017) and median OS (22 vs. 15 months, p = 0.015) com-
pared with EGFR TKIs alone (128). On the contrary, in another
retrospective cohort of 230 EGFR-mutant BM NSCLC patients,
the addition of WBRT to EGFR TKIs compared to EGFR TKIs
alone did not result in significant differences in intracranial PFS
(7.4 vs. 6.9, p = 0.23) or systemic PFS (7.9 vs. 7.5, p = 0.55),
and combined treatment was associated with worse survival
(26.4 vs. 21.6 months, p = 0.049) (129). These results should be
interpreted with caution given the sample sizes, absence of evalu-
ation of side effects and non-randomized study design. While it
can be argued that EGFR TKIs can be safely administered with
concurrent WBRT (although for ALK-positive patients no data
are available), high level evidence to support this is lacking, and
concomitant strategies are not overtly recommended in either
clinical guidelines (122) or in a recent systematic review (130). In
cases of asymptomatic BM patients, given the unclear potential
synergistic cognitive toxicities caused by combined therapies,
WBRT or SRS should be delayed when other effective systemic
therapies are available. A recent systematic literature review about
results of combined irradiation and targeted therapies has been
also recently published (131).

Continuing TKIls With and Without Local

Therapy

Many strategies to treat CNS disease in ALK-positive NSCLC
patients have been reported as case reports, such as high-dose
crizotinib with a limited intracranial PFS of 1 month (132) and
high-dose pemetrexed in combination with high-dose crizotinib
with overall stable cerebral disease for 7 months. However, it
remains unknown whether the response is attributable to one
or both drugs given at high dose (133). In preclinical models,
for enhancing CNS drug penetration, P-gp inhibitors such as
elacridar, increased the intracranial concentration of crizotinib
~70-fold (134).

In 120 ALK-positive NSCLC patients continuing crizotinib
beyond initial progression (51% with brain progression),
longer median survival was reported compared with patients
who received other chemotherapy (16.4 vs. 5.4 months) (135),
although this benefit could also be related to local therapies
and more indolent disease in the crizotinib arm. Treating
isolated CNS progression with local therapies (surgery and/or
radiotherapy) while continuing crizotinib could be viewed as an
acceptable option (136). In the PROFILE 1014 study, among 25
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patients with intracranial progression on crizotinib, 19 received
radiotherapy, while continued crizotinib achieved a median
treatment time beyond progression of 5.1 months, which was
longer than the 2.9 months achieved with crizotinib beyond
progression among patients with extracranial progression (70).
In a retrospective single-institution study, local therapy (either
surgery or radiotherapy) for BM in EGFR-mutant (17 treated
with erlotinib) or ALK-rearranged (38 treated with crizotinib)
NSCLC patients and CNS progression allowed continuation of
therapy for an additional 7.1 months (137).

Recent studies have reported that ALK-positive NSCLC
patients with BM treated with SRS and/or WBRT and TKIs have
prolonged survival (68, 69, 138). Given the extended OS for
ALK-positive patients and frequent need for repeated courses of
CNS radiotherapy, SRS is the preferred strategy for minimizing
cerebral toxicity. Synergistic efficacy of crizotinib and radiotherapy
could be explained by increased BBB permeability and decreased
P-gp expression following irradiation (139). These results suggest
intracranial interventions and TKIs beyond progression are of
value in patients with asymptomatic and limited CNS progression
on a TKI. This SRS strategy is being validated in an ongoing phase II
clinical trial (NCT02314364) among oncogene-addicted (EGFR-,
ALK-, ROSI-positive) NSCLC patients with up to four BM.

The promising CNS activity of the next-generation TKIs sug-
gests that switching targeted agents may be a reasonable alterna-
tive to local therapies. However, prospective data are needed to
determine which strategy offers the best OS, intracranial control
rate, quality of life and therapeutic ratio, taking into account the
number of BM and whether patients are symptomatic at the time
of progression.

Second- or Third-Generation TKls Upfront

or Sequentially

In EGFR-mutant NSCLC patients, osimertinib has reported
higher intracranial activity compared with chemotherapy (51)
and first-generation EGFR TKIs (17), and longer delay of onset
of BM (51). However, lack of stratification according the pres-
ence of BM, no reported survival benefit with osimertinib and
no prospective validation of this efficacy, limit interpretation.
Nonetheless, preclinical data strongly support the increased
intracranial efficacy of osimertinib compared with other EGFR
TKIs (44). The ongoing phase II APPLE trial (NCT02856893)
assesses the optimal strategy for delivering osimertinib in EGFR-
mutant NSCLC patients and will prospectively validate the
efficacy of osimertinib among those patients with BM at baseline
(stratification criteria and brain MRI will be performed at base-
line) and also the time to radiological brain progression respect
to with first-generation EGFR TKI (gefitinib) (140).

In ALK-positive NSCLC patients, based on this significant
PES improvement with alectinib and the delay of CNS progres-
sion compared with the current standard first-line crizotinib
in ALK-positive NSCLC patients, alectinib has became a new
standard treatment, and is approved by the EMA and FDA.
However, it has not yet been demonstrated whether upfront treat-
ment with second-generation ALK TKIs impact OS compared
with sequential treatment strategies (Figure 1). In ALK-positive
NSCLC patients, 4-year OS was 57% with upfront crizotinib

in the randomized phase III PROFILE 1014 trial (N = 172),
and was 70% with alectinib (300 mg twice daily) among 43
Japanese patients included in a phase II trial (141). Although
data are immature, no survival benefit has been reported with
upfront alectinib compared with crizotinib in the ALEX trial
(65). Also, in PROFILE 1014, patients who received crizotinib
followed by another ALK-TKI had longer OS compared with
those randomized to chemotherapy followed by no ALK-TKI or
other treatment (who had the poorest OS), suggesting a potential
benefit of sequential strategies (142).

In a multicentre retrospective study, OS in patients treated
with crizotinib followed by alectinib tended to be longer than in
patients treated with alectinib alone (143) and median OS up to
50 months has been reported in patients who receive sequential
strategies with upfront crizotinib (144, 145). A French nation-
wide retrospective cohort (CLINALK study) with 318 ALK-
positive NSCLC patients reported that patients who received
next-generation ALK TKIs after crizotinib progression (ceritinib,
alectinib, lorlatinib; N = 84) had improved OS, reaching a median
of 89.6 months (146). Large-scale prospective studies are needed
to confirm these preliminary observations.

Finally, each ALK TKI is associated with a distinct spectrum
of ALK-resistant mutations, and the frequency of mutations
increases significantly after treatment with second-generation
ALK TKIs (20% with crizotinib vs. 53% with alectinib) (79). It
is important to note that there are few new ALK TKIs that may
overcome alectinib resistance, and efficacy is dependent on the
acquired ALK mutation subtype upon progression on alectinib
(79). Lack of a tissue biopsy for molecular profiling at progres-
sion and limited access to new ALK TKIs worldwide might limit
access to subsequent therapies in alectinib-resistant diseases.
Validation of liquid biopsies for dynamic markers of TKI efficacy
(147) as well as predictive markers for personalized treatment
at progression on ALK TKIs is also a challenge. On the other
hand, the high CNS response and the delay in the onset of BM
with alectinib, which could have a positive impact on patients’
quality of life, might justify first-line treatment with alectinib in
this population.

CONCLUSION

Brain metastases are common in NSCLC including in molecularly
selected populations, and are associated with a reduced quality of
life. A multidisciplinary approach is the optimal strategy in onco-
gene-addicted NSCLC patients with BM. Based on the available
clinical data and long OS in patients with asymptomatic synchro-
nous BM at diagnosis, upfront treatment with TKIs alone should
be considered with close CNS surveillance for early intervention
in patients with an inadequate CNS response. This strategy may
defer CNS radiotherapy and avoid long-term neurologic sequelae
associated with local therapies. For patients with symptomatic BM,
initial TKI therapy is an option, especially in EGFR-mutant and
ALK-positive NSCLC patients treated with new EGFR and ALK
TKIs based on their higher CNS efficacy. In other cases, sequential
treatment initiated with local therapy followed by a TKI is appropri-
ate. For patients who experience CNS progression with controlled
extracranial disease while on TKI treatment, local therapy
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(preferably SRS) followed by the same TKI is an option in patients
with a limited number of lesions or who are asymptomatic. In cases
of multiple CNS progression, a switch to another TKI with higher
CNS-penetration activity with or without WBRT is appropriate.
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Response to HER2 Inhibition in a
Patient With Brain Metastasis With
EGFR TKI Acquired Resistance and
an HER2 Amplification

Arenda D. Meedendorp, Arja ter Elst, Nils A. ’t Hart, Harry J. M. Groen,
Ed Schuuring and Anthonie J. van der Wekken*

University of Groningen and University Medical Center Groningen, Groningen, Netherlands

A 62-year-old man was referred to our university hospital for treatment of advanced
adenocarcinoma of the lung after disease progression on two lines of EGFR TKI and one
line of chemotherapy. Fluorescent in situ hybridization analysis upon progression showed
an HER2 amplification. At our weekly Molecular Tumor Board (MTB), a decision was
made to treat this patient with afatinib, which resulted in a partial response. However,
progression was observed with a facial nerve paresis due to a metastasis in the skull.
A biopsy of a location in the thorax revealed the presence of an EGFR-T790M mutation
associated with acquired resistance, after which treatment with osimertinib was started.
After 6 months, disease progression was observed, and a new biopsy was taken from
the pelvic bone, which revealed the original amplification of HER2 together with the
EGFR-L858R mutation, the EGFR-T790M mutation was not detected. The MTB decided
to treat the patient with trastuzumab/paclitaxel. A partial response was observed in dif-
ferent bone lesions, while the skull metastasis with ingrowth in the brain remained stable
for 6 months. Because of progression of the bone metastases after 6 months, a biopsy
of a lesion in the thorax wall was taken. In this lesion, the EGFR-T790M mutation could
be detected again. The MTB advised to start treatment with a combination of osimertinib
and afatinib. This resulted in an impressive clinical improvement and a partial response
of the bone metastases on the most recent 18-fluorodeoxyglucose positron emission
tomography and computer tomography-scan. In conclusion, adjusting treatment to the
mutational make-up of the tumor is a great challenge. For optimal treatment response
multiple biopsies and re-biopsy upon progression are imperative. As more genes are
investigated, treatment decision becomes increasingly difficult, therefore, expert opin-
ions from an MTB is essential.

Keywords: EGFR, HER2, non-small-cell lung carcinoma, TKIl, brain metastasis, Molecular Tumor Board

INTRODUCTION

Treatment of driver mutations cannot be based on large clinical trials or high levels of evidence at all
times. However, a Molecular Tumor Board (MTB) can help in making treatment decisions based on
databases, case reports, xenograft models, and cell lines. Here, we present such a case.
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A 62-year-old man was referred to our university hospital for
treatment of advanced adenocarcinoma of the lung after disease
progression on two lines of EGFR TKI and one line of chemo-
therapy in September 2015 (Figure 1).

Four months prior, in April 2015, he was diagnosed with an
adenocarcinoma of the left lung with multiple bone metastases
in sternum, ribs, and vertebrae. A biopsy from a metastasis in
the left femur showed a mutation in the EGFR gene: ¢.2573T>G;
p-(L858R). He was initially treated with gefitinib. After 2 months,
the patient showed progression of bone metastases; the same
EGFR mutation was found in a biopsy of a rib metastasis, without
additional mutations in other mutational hotspots (e.g., BRAF,
KRAS, HER2, KIT, ALK, NRAS, PDGFRA, PIK3CA, and MET).
Therefore, at that time, carboplatin and pemetrexed were provided
and because of pain, local irradiation of a sternal metastasis was
applied. After two cycles of chemotherapy, the patient showed
disease progression and was referred to our hospital. Because of
lack of new treatment options, this patient was discussed in the
Groningen MTB consisting of pulmonary oncologists, patholo-
gists, clinical molecular biologists in pathology, general oncolo-
gists, and a structural biologist (www.moloncopath.nl). The MTB
advised to determine the HER2-copy number status as a possible
resistant mechanism for EGFR TKI. Fluorescent in situ hybridiza-
tion (FISH) on a biopsy of a subcutaneous thoracic metastasis
revealed HER2 amplification and treatment with afatinib (dual
EGFR and HER?2 inhibitor) 30 mg QD was started in October
2015. Evaluation by 18-fluorodeoxyglucose positron emission
tomography and computer tomography (18-FDG-PET-CT)
showed after 6 weeks a significant partial response with disap-
pearance of the FDG activity of the bone metastases and after
4 months in the left upper lobe a single FDG-positive lesion was
left. This lesion was irradiated by means of stereotactic ablative
radiotherapy (1x 20 Gy), and afatinib was continued. Treatment

with afatinib was well tolerated with minor skin rash; patient
showed clinical improvement: he had less pain and more energy.
Nine months after start of afatinib, progressive disease was again
noticed. Growth of the primary tumor in the left upper lobe, a
new ipsilateral pulmonary lesion and multiple new bone metas-
tases including the skull, with ingrowth into the brain, causing
paralysis of the right facial nerve (Figure 1). Sequence analysis
of a new right-sided rib lesion showed the known L858R EGFR
mutation and an additional T790M mutation.

Because of the novel T790M, afatinib was discontinued and
replaced by osimertinib 80 mg QD (1). Eight weeks after start of
osimertinib a PET-CT showed a response of most lesions except
for a growing lesion in the pelvic region and the skull with
ingrowth in the brain. Clinically there was, however, temporary
improvement of the patient’s ability to move his right eyelid
and right corner of the mouth, which had been paralyzed due
to ingrowth of a skull metastasis into the brain and right facial
nerve. A biopsy was performed of a growing FDG-positive
lesion in the left pelvic bone that showed adenocarcinoma with
the known L858R EGFR mutation, but the previously found
T790M mutation was not present in this location (no biopsy
of the skull metastasis available). The MTB advised to perform
immunohistochemistry on Her2Neu (positive in agreement
with HER2 amplification) and to determine MET amplification
(negative by FISH). Based on these findings, it was decided
to discontinue osimertinib because of the loss of the T790M
mutation and to start a combination of paclitaxel 90 mg/m? on
days 1, 8, and 15, and trastuzumab 4 mg/kg on days 1 and 15,
in cycles of 4 weeks, because trastuzumab is an HER2 antibody.
Radiotherapy 1x 8 Gy was given on the pelvic lesion because of
localized pain. 18-FDG-PET-scan after four cycles, paclitaxel
and trastuzumab showed again a partial tumor response. No
major side effects were observed although symptoms of the

2015 2016

2017

carboplatin
pemetrexed

gefitinib afatinib osimertinib

FIGURE 1 | Computed tomography images showing the thoracic wall lesions of the adenocarcinoma of the lung and MRI images showing the metastasis in the
skull with ingrowth in the brain at different time points in combination with treatment started at those time points. Abbreviation: PD, progressive disease. White

circles indicate lesion, which showed progression.

paclitaxel
trastuzumab

Dec

afatinib

afatinib i -
osimertinib
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paralysis of the right facial nerve did not improve further; it
remained stable during the course of therapy. The patient
underwent plastic surgery on his right eyelid, which improved
the closure of his right eye.

Two months after the fourth and last cycle, the patient pre-
sented with a subcutaneous metastasis on his forehead. Afatinib
30 mg QD was started, because this treatment worked before,
pending results of a new biopsy. The biopsy, however, yielded
insufficient material for mutation analysis, and re-biopsy was
scheduled. In the meantime, 18-FDG-PET-scan showed multi-
ple FDG-positive bone lesions (partly new lesions), some close
to the myelum, and the patient was admitted to the hospital
for radiotherapy on cervical and thoracic vertebrae. Afatinib
was discontinued. Biopsy of a new lesion in the thoracic wall
showed an EGFR-L858R, T790M mutation, and HER2 amplifi-
cation. There were no other hotspot mutations in EGFR, BRAF,
KRAS, ERBB2 (HER2), ALK, PIK3CA, or MET detected. The
case was again reviewed by MTB. It was decided to treat the
patient with afatinib 30 mg QD as well as osimertinib 80 mg
QD at alternating days, to address the T790M mutation as well
as the HER2 amplification resistance mechanism. Since the
start of this latest treatment regimen, the subcutaneous skull
metastasis disappeared, and the patient experienced less pain,
regained his energy, and was able to walk outdoors again. The
most recent 18-FDG-PET-CT-scan, 4 months after the start of
this latest treatment regimen, showed again a partial response of
the bone metastases again. Two months later (December 2017)
progression of disease was observed, and the performance status

deteriorated. Patient insisted to take a new biopsy from a new
thoracic wall metastasis. Mutations analysis showed the known
EGFR L858R and T790M mutations together with a new muta-
tion in HER2: L755S. However, his condition got worse in short
time, and he died in January 2018. An overview of the clinical
findings, the mutational status at different time points and the
given treatment regimens is provided in Table 1.

BACKGROUND
EGFR

The incidence of EGFR mutations in advanced stage adenocar-
cinoma of the lung in Caucasian patients is 10-15 and 40-60%
in Asian patients (2). In the north of the Netherlands, the inci-
dence is 9% (3). L858R mutation in exon 21 of the EGFR kinase
domain is the main hotspot mutation in the EGFR gene and
accounts for 35-45% of EGFR mutations (4, 5). L858R mutation
increases the kinase activity of EGFR, leading to hyperactivation
of downstream signaling pathways improving cell survival and
proliferation (6). An EGFR TKI is the preferred first-line treat-
ment in patients with activating EGFR mutation in non-small-cell
lung carcinoma (NSCLC) (4). Gefitinib and erlotinib are first-
generation TKI and registered as first-line treatment in patients
with metastatic NSCLC with a tumor harboring an activating
EGFR mutation within the European Union and according to
the Dutch guideline for treatment of NSCLC (7). These small
molecules bind competitively and reversibly to the adenosine
triphosphate (ATP) binding site of the tyrosine kinase domain of

TABLE 1 | Overview of clinical and pathological findings and subsequent therapeutic decisions.

Clinical evaluation

Mutational status

CT/MRI evaluation Therapy

Adenocarcinoma of the left lung with multiple bone metastases in Femur: EGFR-L858R April 2015 Gefitinib
sternum, ribs, and vertebrae
Progression of bone metastases (time to progression: 2 months) Rib: EGFR-L858R July 2015 Carboplatinum and pemetrexed
Irradiation on sternum
Progression of bone and subcutaneous metastases (time to Thoracic subcutis: HER2 September 2015 Afatinib
progression: 2 months) amplification 3+
Partial response with disappearance of the FDG activity of the bone  N.a. March 2016 Stereotactic ablative radiotherapy of
metastases. Only 1 FDG-positive lesion in the left upper lobe lesion left upper lobe
Continuation of afatinib
Growth of primary tumor left upper lobe, ipsilateral pulmonary lesion, Rib: EGFR-L858R and T790M July 2016 Osimertinib
and multiple new bone metastases including the skull, with ingrowth
into the brain (time to progression: 9 months)
Mixed response: growing lesion left pelvic bone Pelvic bone: EGFR-L858R, HER2 October2016 Paclitaxel and trastuzumab
amplification 3+, no T790M Irradiation on pelvic lesion
Subcutaneous metastasis on forehead and progression of bone HER2 expression April 2017 Afatinib
metastases (time to progression: 6 months) Irradiation on cervical and thoracic
vertebrae
N.a. Thorax wall: EGFR-L858R and June 2017 Afatinib and osimertinib
T790M mutation and HER2
amplification 3+
Partial response N.a. November 2017 Continuation of afatinib and osimertinib
Progressive disease Thorax wall: EGFR-L858R, December 2017
T790M, and HER2 L755S
Death January 2018
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EGEFR. This prevents the autophosphorylation of the TK, blocks
the activation of the EGFR signal transduction, inhibits tumor
cell proliferation, and induces cell cycle arrest and apoptosis
(8). The majority of patients will progress after 9-12 months of
treatment due to various mechanisms of intrinsic or acquired
resistance to first-generation EGFR TKIs (9).

EGFR T790M

The most common mechanism of acquired TKI resistance is
the acquisition of a single recurrent missense mutation within
exon 20, the T790M mutation (10). This mutation leads to the
substitution of threonine by methionine at position 790, which
encodes part of the kinase domain of the receptor and results
in increased affinity for ATP (11). The T790M mutation can
be detected in about 60% of tissue biopsy samples taken after
acquired resistance (12, 13). As residue threonine at position
790 (T790) is located at the entrance in the back of the ATP
binding cleft, substitution of residue threonine at position 790
with a bulky methionine (resulting in T790M) may cause steric
interference with binding of TKIs (14). Irreversible inhibitors
overcome this resistance simply through covalent binding (15).
Osimertinib is registered for the treatment of NSCLC with
an EGFR T790M mutation. It is a selective third-generation
TKI which targets the ATP binding site of EGFR via irrevers-
ible covalent bond formation. In contrast to many other TKI,
osimertinib penetrates the blood-brain barrier (16, 17).
Osimertinib improves overall survival and progression-free
survival in T790M-positive NSCLC patients with and without
brain metastases (18, 19). Acquired resistance to osimertinib
may be caused by primary coexistence of tumor cell popula-
tions with and without T790M mutation due to EGFR C797S
mutation. Tumor progression can be explained by growth of the
T790M negative population, while the tumor cells expressing
T790M mutation are effectively suppressed by osimertinib (20).

HER2

Overexpression of HER2 induces cell transformation and
tumorigenic growth and is clinically associated with resistance
to erlotinib (21). HER2 amplification is detected in a subset
of EGFR TKI resistant lung tumors. HER2 amplification and
T790M mutation are thought to be mutually exclusive (22).
However, in our patient HER2 amplification as well as T790M
mutation appeared in the same biopsy of a new lesion in the
thorax wall. Afatinib is an ATP-competitive aniline-quinazoline
derivate which covalently binds to EGFR, HER2, and HER4 and
irreversibly inhibits HER-family phosphorylation and signal
transduction (23). As second generation TKI it is highly potent,
irreversible dual EGFR/HER2 tyrosine kinase inhibitor, includ-
ing the oncogenic EGFR-L858R mutation (23, 24). Afatinib is
registered for advanced NSCLC with EGFR mutations. Clinical
benefit of afatinib seems less in patients with de novo T790M
mutations (25). Although afatinib is equally potent against
wild-type EGFR and EGFR harboring the T790M mutation, in
patients the dose is lower due to toxicity constraints (26).

Trastuzumab, a humanized monoclonal antibody against
HER2, has been reported to be effective in HER2-positive NSCLC
in vitro and in case reports (4, 27, 28).

DISCUSSION

Here, we describe a patient with EGFR mutant advanced NSCLC
with recurrent episodes of disease progression due to subsequent
mutant clones. Yu et al. selected 155 patients with lung adenocar-
cinomas and acquired resistance to erlotinib or gefitinib. These
patients underwent a re-biopsy. The most common finding was
a T790M mutation. They also found transformation to small cell
lung carcinoma, MET amplification and HER2 amplification
(10). Sequist et al. described a wide variety of gained and lost
EGFR mutations in a patient population with acquired drug
resistance. They recommended reassessing cancers by taking
new biopsies of growing lesions in patients with progressive
disease after an initial response to TKI treatment (29). Following
this strategy, we observed HER2 amplification and T790M
mutation at different time points under the selective pressure of
different EGFR TKI treatment. Of note, the occurrence of both
aberrations at the same time has not been described earlier.
After discussion in the MTB about the most suitable therapy,
as mentioned in the background, treatment was adjusted accord-
ingly. Case evaluation by a multidisciplinary MTB is important
to benefit from individualized genetic data and maximize clinical
impact (30-32). MTB interprets results of routine molecular
NGS-testing with those of other techniques, for example,
immunohistochemistry, FISH, DNA methylation testing, and
multiplex ligation-dependent probe amplification. NGS testing
is not only performed on biopsies but currently also from tumor
DNA in peripheral blood. The spectrum of molecular markers
is constantly growing. Patients who progress after an EGFR
TKI should undergo a re-biopsy to perform molecular analysis
specifically looking for acquired mechanisms of resistance, such
as EGFR T790M mutation. This approach can influence the
next therapeutic step or reveal alternative EGFR TKI resistance
mechanisms such as transformation to small cell lung cancer or
bypass tracks that could potentially be addressed in clinical trials
(11). Our patient responded well to subsequent treatment based
on aberrations found in NGS, IHC, and FISH after discussion
in the MTB. We observed that a change in treatment gave a
short-lasting clinical improvement of several months and tumor
response of fast growing new metastases. Osimertinib alternating
with afatinib for T790M in EGFR and HER2 amplification was
very effective in decreasing tumor sites. However, we expected
that our patient would have immense toxicity of skin rash and
diarrhea, but toxicity was not more than CTC grade 1. Long-
lasting tiredness grade 1 was the most prominent side effect.

CONCLUDING REMARKS

This case report shows the importance of re-biopsy of growing
lesions in lung cancer patients with metastatic progressive disease
under targeted therapies. Mutation status can vary under selection
pressure of these drugs, and knowledge of these changes makes
it possible to adapt treatments. This patient also exemplifies the
importance of having a multidisciplinary expert team (MTB) to
give rational treatment advice in cancer patients with uncommon
mutations or combinations of mutations causing complex resist-
ance mechanisms.
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Brain metastases in non-small cell lung cancer (NSCLC) patients are more often
detected due to imaging modalities improvements but also emerge because of improved
treatments of the primary tumor which lead to a longer survival. In this context,
development of leptomeningeal metastases (LM) is a devastating complication and its
prognosis remains poor despite advances in systemic and local approaches. Histology
characterization of NSCLC and molecular expression influence LM management. For
those with “oncogene addiction,” new generation epidermal growth factor receptor
(EGFR) and anaplastic lymphoma kinase (ALK) tyrosine kinase inhibitors (TKIs) were
developed to strongly penetrate the blood-brain barrier (BBB) with the aim to prevent
central nervous system cancer dissemination, eventually impacting on LM appearance
and its subsequent management. Systemic chemotherapy, often combined with
intrathecal chemotherapy (when possible), was one of common indications for lung
cancer patients affected by LM, without driver mutations and a good performance status
but currently, with the advent of innovative systemic approaches treatment solutions in
this subgroup of patients are rapidly evolving. Whole brain radiation therapy (WBRT) is
the conventional treatment for patients with brain metastases. Furthermore, modern
radiation techniques, as stereotactic radiotherapy (SRT), improve outcomes in those
cases with a limited number of lesions. However, LM represent a minority of CNS
metastases and few literature data are available to drive the radiotherapy approach.
Considering all relevant progress made in this setting, after a literature review, the aim
of this paper is to discuss about recent developments and therapeutic options in LM
management of non-oncogene addicted NSCLC.

Keywords: non-small cell lung cancer (NSCLC), brain metastases, leptomeningeal metastases, chemotherapy,
intra-thecal chemotherapy, immunotherapy, radiotherapy

INTRODUCTION

Non-small cell lung cancer (NSCLC) is characterized by a high incidence of central nervous system
(CNS) dissemination, with approximately 40% of patients developing brain metastases (BM) in
the course of their disease (1, 2) and leptomeningeal metastases (LM) appearance in a smaller
percentage (3-5%) (3). Particularly, LM incidence among NSCLC patients is 3.8% more frequent
in adenocarcinoma subtype, with about a third of those patients having concomitant BM (4). LM
usually manifest as a late complication, which have been reported to emerge as late as up to 112

Frontiers in Oncology | www.frontiersin.org

84 July 2018 | Volume 8 | Article 278


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2018.00278
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2018.00278&domain=pdf&date_stamp=2018-07-27
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:a.mariamorelli@gmail.com
https://doi.org/10.3389/fonc.2018.00278
https://www.frontiersin.org/articles/10.3389/fonc.2018.00278/full
http://loop.frontiersin.org/people/473566/overview
http://loop.frontiersin.org/people/546805/overview

Turkaj et al.

Management of LM in Non-oncogene Addicted NSCLC

months after initial diagnosis (5). LM cases are increasing
in incidence as a result of improved survival in subgroups
of patients with targetable mutations treated with molecular
therapies, but also because of modern neuro-imaging tools, able
to clearly identify even small foci of meningeal dissemination
(6-8). Median survival of NSCLC patients affected by LM
is particularly poor even with signs of improvement, from a
historical median survival of 1-3 to 3-11 months with novel
therapies and integration of local and systemic treatments (9).
Specific treatments of LM depends on histology characterization
of NSCLC, molecular expression, time of appearance and
patient’s performance status. Molecularly targeted therapies
and immunotherapy showed antitumor activity for brain
metastases although effectiveness in cytologically confirmed and
symptomatic LM is still limited or unknown (3). Systemic and
intrathecal (IT) chemotherapy with site-specific radiotherapy
are usually applied, particularly in non-oncogene addicted
NSCLC, while up to one-third of the patients are treated with
best supportive care alone. Despite the lack of the standard
treatments, active treatments have been associated independently
with longer overall survival (OS) (10). Recent advances in the
understanding of LM biology in NSCLC patients along with the
development of highly active targeted drugs for tumors with
specific genetic alterations, helped to redefine the prognosis in
this subgroup of patients and the same evolution is largely
awaited in those NSCLC patients without oncogene addiction
(5, 11-14). Based on literature review, this paper aims to discuss
about recent developments and therapeutic options of LM in
NSCLC patients without driver mutations.

BIOLOGY OF BLOOD BRAIN BARRIER
AND DRUG DELIVERY

The blood-brain barrier (BBB) is constituted by a continuous
stratum of endothelial cells connected by tight junctions
surrounded by pericytes and perivascular end feet of astrocytes,
thus being a highly selective barrier which separates systemic
circulation from cerebrospinal fluid (CSF) (15).

BBB maintains CNS homeostasis by enabling the transport
of selected substances only, through a combined result of influx
and efflux mechanisms. Therapeutic efficacy in this area is
determined by whether drug concentrations can be achieved in
the CSF and these differ as a result of multiple conditions. The
ability of a drug to cross the BBB is substantially improved by
particular physic-chemical properties, including low potential
for active efflux, few rotatable bonds, small polar surface
area, few hydrogen bond donors (9). For instance, anticancer
therapeutics (tyrosine kinase inhibitors or chemotherapeutic
agents), are substrates of efflux transport proteins, such as P-
glycoprotein, which is responsible for the transport of most
drugs outside the intracranial region. Most chemotherapy
agents have low CSF concentrations, with relevant liquor
permeability reported only for temozolomide, methotrexate
and topotecan (16-19), however predicted CNS penetration
does not necessary correlate with known response rates to
chemotherapeutic agents. Moreover, free diffusion of molecules

across the BBB requires both lipophilicity and low molecular
weight (less than 0.5 kDa): chemotherapy drugs are usually
larger than 150 kDa, hydrophilic and frequently protein-bound
molecules, therefore unable to penetrate an intact BBB (20—
23). In this context, growing scientific evidence highlights that
CNS metastases cause BBB interruption; this process, probably
due to tumor neo-angiogenesis, lead to generate new vessels
lacking of structural and physiological features of normal
BBB, thus favoring the passage of drugs into the brain (24,
25). The same hypothesis emerges after whole brain radiation
(WBRT) approach, thus providing a biologic rationale for using
concomitant or sequential systemic and local treatments in these
cases (26, 27).

DIAGNOSIS OF LEPTOMENINGEAL
METASTASES

LM involve penetration of inner layers of meninges and
subarachnoid space in which CSF circulates. Its diagnosis
is specifically based on three different assessments: clinical
signs and symptoms, CSF cytological examinations and neuro-
radiological imaging.

Early clinical presentation can be subtle and may include
headaches and back pain, cranial nerve deficits, cauda equine
symptoms or signs, visual disturbances, diplopia, hearing loss and
neurocognitive syndromes. In later stages, symptoms related to
elevated intracranial pressure could occur (28, 29). Cytological
identification of malignant cells in CSF is the gold standard for
diagnosis of LM. The sensitivity of the initial lumbar puncture
was reported to be as low as 50%, with a potential increase to
75-85% with a second CSF analysis (30). A meningeal biopsy
is rarely needed to confirm a clinical suspect. A recent study
performed by Jiang et al. demonstrated that the use of next-
generation sequencing (NGS) performed on cerebrospinal fluid
circulating tumor cells (CSF-CTC) may be a more sensitive and
an effective way to diagnose LM, serving also as a liquid biopsy
for gene profiles in NSCLC patients with LM (31). Besides clinical
and cytological diagnosis, brain and spine imaging are able to
identify involved sites, even in cytology-negative cases (32).

Magnetic resonance imaging (MRI), ideally with a 3 Tesla
scanner is the most useful imaging modality for the detection of
LM. Both T1 with and without contrast enhancement and high
resolution T2 fluid attenuated inversion recovery sequences post-
contrast are important in establishing a radiological diagnosis of
LM.

Particularly the disruption of BBB in presence of CNS
metastases is often evidenced by peritumoral edema and
accumulation of contrast during the imaging scans and, as more
recently observed, penetration of CNS metastases is identified by
nuclear medicine tracers, such as 18-Sodium Fluoride (33).

The EANO-ESMO clinical practice guidelines propose to
classify LM by using two major criteria, being “type I” those LM
when the diagnosis has been verified citologically or histologically
and “type II” in the absence of verification. While on the basis of
the neuroimaging findings: linear leptomeningeal disease (type
A), nodular leptomeningeal disease (type B), both (type C) or
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neither nor, e.g., no neuroimaging evidence of LM except possibly
hydrocephalus (type D) (34).

TREATMENT OPTIONS OF
LEPTOMENINGEAL METASTASES

Treatment of LM is preferentially multidisciplinary and mostly
indicated when diagnosis is unequivocal or symptoms are
strongly suggestive, in case of negative cytology.

The goals of treatment in patients with LM are to improve
or stabilize the neurologic status of the patient, maintain or
regain quality of life and optimally to prolong survival together
with marginal toxicity. Limited data are available to establish
treatment recommendations in the management of LM: no
randomized trials proved a survival benefit of a specific treatment
modality and, accordingly, the optimal strategy is still poorly
defined, particularly in non-oncogene addicted NSCLC. In this
last setting of patients, palliative radiotherapy to symptomatic
sites of disease, cytotoxic chemotherapies, intrathecal therapy (or
a combination of these modalities) are traditionally considered,
with the new innovative immunotherapy chance (35-39).

Radiation Therapy

In the era of improved radiation modalities, local treatment of
BM is rapidly improving: a growing amount of data support an
integrate use of WBRT or stereotactic radiosurgery (SRS) with
systemic treatment in a variety of clinical scenarios, together with
alternative radiation approaches, such as intensity modulated
radiation therapy (IMRT) or even proton beam therapy, when
applicable (40-42).

LM represent a minority of CNS metastases (11-20%) (43, 44)
and less data are available to inform decisions about therapy.
RT is mainly administered for symptoms alleviations, CSF flow
correction or for debulking to facilitate chemotherapy.

WBRT is typically used in cases of concurrent brain
metastases or major meningeal cerebral involvement (45).
For BM dose and fractionation scheme is at the discretion
of the treating radiation oncologist, though most commonly
used dose and fractionation schemes are 20 Gy in 5 fractions
of 4Gy (standard schedule in Europe) and 30Gy in 10
fractions of 3Gy (46). For LM focal radiation therapy is
recommended on symptomatic, bulky or obstructive sites and
the dose depends on performance status (20-40Gy in 5-
20 fractions), volume to treat and available techniques (47).
Different studies reported a survival difference in favor of
patients with better performance status after various treatments,
including WBRT (48, 49). Gani et al. evidenced that WBRT
alone in patients with LM from breast and lung cancer is an
effective palliative treatment for patients unfit for chemotherapy
and poor performance status (49). As tumor dissemination
affects the whole CSF compartment, according to some studies,
the complete craniospinal axis should be encountered as target
volume. Favorable results have been reported in small series.
To determine the effects of craniospinal irradiation (CSI) a
retrospective study of 16 patients with LM (mostly from
breast and lung cancer) was conducted by Hermann et al.
In this study, ten patients were additionally treated with

intrathecal methotrexate. The authors conclude that craniospinal
radiotherapy is feasible and effective for palliative treatment of
LM (36).

However, craniospinal irradiation (CSI) 1is generally
not recommended, as it is assumed to cause substantial
myelotoxicity. In fact, in his review, Chamberlain stated that
“whole neuroaxis radiation of the craniospinal axis is rarely
indicated in the treatment of LM in solid tumors” (50).

Conformal radiotherapy may help to limit bone marrow and
neurotoxicity making focal radiotherapy better tolerated. Proton
therapy is only available in a few centers, but this approach
promises further reduction of toxicity and effectiveness from CSI
(51, 52).

Focal RT administration in fractionated regimens, such as
involved-field or stereotactic RT or administered in single
fractions (radiosurgery), can be used to treat nodular disease and
symptomatic cerebral or spinal sites (34). By contrast, stereotactic
radiosurgery (SRS), which is a radiation therapy technique in
which multiple focused radiation beams intersect over a target,
results in delivery of a highly conformal, high-dose of radiation
to the target and minimal radiation to the surrounding normal
tissues. In patients with BM a Gamma Knife Radiosurgery
(GKRS) is typically used, depending upon the volume and
location prescription doses typically range from 15 to 24 Gy for
single fraction session (53). GKRS allow to achieve high rates of
local control, and is able to delay the need for WBRT thus avoid
potential neurocognitive toxicities, although a phase 2 RTOG
study suggested that concomitant administration of memantine
together with WBRT may reduce and delay subsequent cognitive
consequences (54). Few studies have reported on the role of SRS
in the setting of LM (55, 56). In the small and heterogeneous
study by Wolf et al. the prescription tumor margin dose was
a median of 16 Gy (11-20 Gy) to the 50-80% isodose volumes.
The authors suggested SRS capable to provide high rates of
local control for restricted LM with a median survival of 10
months and with 60% of the population alive at 6 months. SRS
for focal LM is preferable in those patients who are eligible
for systemic therapy, including immuno-therapies and targeted
therapies, which can potentially further prolong overall survival.

Involved field radiotherapy (IFRT) is considered to be the
standard of care for palliative treatment of LM. Relevant to
this, the US National Comprehensive Cancer Network (NCCN)
2017 guidelines for management of LM recommend Intrathecal
Chemotherapy (IT) in combination with IFRT in patients with
good prognosis disease (as defined by high performance status,
non-fixed neurologic deficits, minimal systemic disease, and
reasonable options for systemic disease treatment). Patients not
meeting criteria for good prognosis are recommended to undergo
IFRT to symptomatic sites or best supportive care (45). Up
to now, no randomized clinical trial to assess the efficacy and
tolerance of RT in LM have been conducted, however use of
radiation therapy in NSCLC patients with LM, particularly in
those not presenting driver mutations, needs to be better defined
in clinical trials. Concomitant strategies with ITC are currently
not considered as standard care due to the toxicity profile. Phase
IT clinical trial of combination therapy with involved field RT
combined with concurrent intrathecal-MTX or intrathecal-ARA-
C is currently underway (57).
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Table 1 summarize the published studies from 2000: different
types of radiation modality on different histologies in patients
with LM are included (36, 49, 56, 58-61).

In the last few years, understanding of immune system’s role
in the response to ionizing radiation is progressively raising,
novel opportunities to study how to combine immunotherapy
with radiation-induced cell killing are revolutionizing cancer
treatment. Accumulating preclinical and clinical data showed
that combination of radiation techniques with immunotherapy
stimulates immune response, improves locoregional and distant
control finally resulting in better OS. Radiation appears to
stimulate the immune system through multiple mechanisms,
including the increase of the tumor-associated antigens (TAAs)
availability, improving antigen presentation and subsequent
stimulation of effector T cells, and enhancing infiltration of
dentritic cells and T cells into the tumor microenvironment.
The limited evidence for immunotherapy to date in the
treatment of BM and LM stems from the deliberate exclusion
of patients with active brain metastases from many large
randomized trial assessing drug efficacy (61-63). However,
comparable efficacy of immunotherapy agents in the brain
and at extracerebral sites with radiation therapy has been
recently reported by an ongoing study from Goldberg et al.
In this initial analyses 36 cases were considered, 18 with
melanoma and 18 with NSCLC. Patients were treated with
pembrolizumab 10 mg/kg every 2 weeks until progression, no
target lesions were previously resected, 20 patients received
some form of local CNS therapy prior to enrollment (9 and

7 lesions had been treated respectively with WBRT and SRS,
75 lesions were untreated). The primary endpoint was BM
response rate and the initial results presented demonstrated a
systemic benefit from immunotherapy in patients with metastatic
melanoma and NSCLC (61). Combining immunotherapeutic
agents with stereotactic radiosurgery appears to enhance
both local and distant control, and result in better survival
(42).

Finally, other types of RT in patients without obstruction
to CSF flow, as radioimmunotherapy (RIT) consisting of intra
CSF administration of radioisotopes like iodine-131 (!3!I)
and yttrium-90 (°Y) with radiolabeled antibodies as HMFG1,
3F8 and 8H9 have been utilized, but further improvement
in the pharmacokinetic modeling of CNS RIT modality
should refine this emerging therapy to fit the clinical context
(63, 64).

Systemic Therapy

In the last decade, the advent of EGFR- tyrosine kinase inhibitors
(TKIs) has improved the prognosis of NSCLC patients harboring
EGFR mutations on both CNS metastases and extracranial
disease, by contrast non-oncogene addicted NSCLC prognosis
remains extremely poor.

The role of chemotherapy for patients with CNS metastases
from NSCLC has been neglected for years, because of prevailing
belief that chemotherapeutic drugs cannot cross at all the
BBB. A Platinum based-combination (preceded or not by
a local radiation treatment) is the mainstay of treatment in

TABLE 1 | Selected trials published of radiation modality treatment with or without chemotherapy/immunotherapy association in patients with LM/BM [BM, brain
metastasis; LM, leptomeningeal metastasis, Involved-field radiotherapy (IF-RT), Intrathecal chemotherapy (IC), Craniospinal Irradiation (CSI) Methotrexate (MTX), Non

available (NA), Not reached (NR), Patients (pt)].

Author and year Number of Histology CNS Status of EGFR/ALK Treatment Median overall
patients metastasis NSCLC survival (mOS)
(weeks)

Wolf et al. (56) 16 8 NSCLC LM 4 EGFR mutant SRS (5 pt had prior 40
(retrospective) 5 breast cancer 1 ALK-rearranged WBRT)

3 other 3 no mutation
Pan et al. (58) 59 32 NSCLC LM NA Concomitant IF-RT + 26
(prospective phase 10 SCLC 11 IC MTX
2 study) breast cancer

6 Other
Ozdemir et al. (59) 51 30 SCC LM NA WBRT 15,6
(retrospective) 21 Adenocarcinoma
Brower et al. (60) 124 32 NSCLC LM NA Chemotherapy + 9,2
(retrospective) 22 breast cancer WBRT

21 SCLC

49 other
Gani et al. (49) 27 20 breast cancer LM NA WBRT 8,1
(retrospective) 7 lung cancer
Hermann et al. 16 9 breast cancer LM NA Csl 12
(36) (retrospective) 5 lung cancer (10pt CSI + ITC MTX) 8 RT alone

2 other 16 RT-ITC
Goldberg et al. 36 18 melanoma BM KRAS mutant 4 Pembrolizumab Melanoma (NR) NSCLC
(61) (two-cohort 18 NSCLC EGFR mutant 1 20 pt prior CNS therapy 30,8
phase |l trial) ALK-rearranged 1 (9 lesions WBRT 7

PD-L1 positive 18 lesions SRS)
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TABLE 2 | Platinum-based chemotherapy trials for CNS from NSCLC (BM, brain metastasis; LM, leptomeningeal metastasis).

Author and year Number of CNS metastasis Histology Treatment Intracranial RR Median overall survival
patients (IRR, %) (mOS) (weeks)

Robinet et al. (71) 171 BM NSCLC Cisplatin-Vinorelbine 33 24
Franciosi et al. (68) 43 BM + LM NSCLC Cisplatin-Etoposide 37 32
Barlesi et al. (72) 43 BM NSCLC Cisplatin-Pemetrexed 41.9 29.6
Cotto et al. (69) 31 BM NSCLC Cisplatin-Fotemustine 23 16

Fujita et al. (67) 30 BM NSCLC Cisplatin-Ilfosfamide-Irinotecan 50 56
Bailon et al. (73) 26 BM NSCLC Carboplatin-Pemetrexed 40 39
Cortes et al. (65) 26 BM NSCLC Paclitaxel Cisplatin/Vinorelbine- 38 21.4

Gemcitabine

Minotti et al. (66) 23 BM NSCLC Cisplatin-Teniposide 35 21
Bernardo et al. (70) 22 BM NSCLC Carboplatin-Vinorelbine- 45 33

Gemcitabine

advanced non-small cell lung cancer (aNSCLC) with BM and
or LM NSCLC at diagnosis without oncogenic driver mutations
or programmed death-ligand 1 (PD-L1) tumor proportion
score (TPS) values > 50% (65-73). Table2 summarize
platinum-based chemotherapy for NSCLC patients with CNS
(65-73).

Pemetrexed is a compound currently approved both in
combination with platinum in first-line setting and as a
single agent in maintenance or second line setting for the
treatment of non-squamous cell carcinoma (74-77). Although
a penetration of CNS of less 5%, pemetrexed demonstrated a
consistent activity against BM from NSCLC with an intracranial
RR of 30.8—41.9% and an overall clinical benefit of 63%
without specific data for LM (72, 73, 78, 79) Bevacizumab
is an anti-VEGF monoclonal antibody approved in patients
affected by locally advanced or metastatic non-squamous cell
carcinoma (80). Recent reports showed that bevacizumab
improve intra-tumor penetration of other chemotherapeutic
agents, such as carboplatin or paclitaxel by normalizing
angiogenesis at the tumor site with a low incidence of CNS
hemorrhage (81, 82). Additionally, bevacizumab appeared to
alter neuroimaging characteristics of LM, confounded diagnosis
and possibly also influenced the pattern of tumor spread of
LM (83). Bevacizumab is also known as a “steroid-sparing”
drug, that allows reduction in steroid dosage and achieves
reductions in mass effect and peritumoral edema getting better
control of neurological symptoms (84). In those patients with
squamous histology and low PD-L1 expression, gemcitabine
and taxanes are largely prescribed, also in patient with
BM, but no specific data about LM are available (70, 85,
86).

For both squamous and non-squamous cell carcinoma
without oncogene-addiction and TPS > 50%, pembrolizumab
represents the standard of care in the first-line setting.
Data on the efficacy of immunotherapy for BM or LM are
currently limited, because of the exclusion of these patients
from clinical trials (38, 87-89). In the trial by Goldberg
et al, already mentioned above, 36 patients with BM were
treated with pembrolizumab. Among patients with NSCLC, BM
response rate was 33% and treatment-related serious adverse
events were rare. Several aspects of study population need

to be considered looking at the results: patients eligible for
this trial were those with BM < 20 mm, asymptomatic and
not requiring corticosteroids to control neurologic symptoms,
without autoimmune disease and with no prior treatment
with agents targeting PD-1/PD-L1 (61). Only preliminary data
are available on efficacy of anti-programmed cell death 1
(PD-1) agents (nivolumab, pembrolizumab) or anti-PD ligand
1 (atezolizumab) in NSCLC patients with BM. A review on
efficacy and safety of nivolumab conducted by Dudnik in
five patients with aNSCLC with new/progressing asymptomatic
CNS metastasis (including patient with LM) suggested that
immune-check inhibitors might have an intracranial activity.
Two intracranial responses were observed, while stabilization of
LM was achieved in 10 weeks (90). In the Italian Nivolumab
Squamous NSCLC Expanded Access Program, 38 patients
with treated and asymptomatic BM were included, none of
them with LM. In this subgroup of patients immunotherapic
agent obtained a disease control rate equal to 47.3% (91).
On the other hand, Otsubo et al., reported a case report of
the development of LM during a pronounced response of
the primary tumor to pembrolizumab therapy in a NSCLC
patient (92). Relevant to this, in the era of molecular oncology
it will be important to consider genomic differences in
systemic malignancies that can implicate a distinct immune
response.

Looking at other type of compounds, a phase II trial with
abemaciclib (orally bioavailable inhibitor of cyclin-dependent
kinases 4 and 6) (93) is ongoing in patients with LM from NSCLC
and solid tumors (94).

Intra-Thecal Chemotherapy

Intrathecal administration is the most common method to
deliver chemotherapeutic agents in non-nodular and non-
bulky LM in solid tumors, although efficacy compared to
systemic administration and choice of regimen are poorly
understood due to limited randomized controlled trials
(95). Systemic chemotherapy, which may be combined
with intrathecal chemotherapy, remains standard treatment
for lung cancer patients with LM and a good-risk profile
(45).
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Several retrospective studies demonstrated a survival benefit
from IT-therapy. Because of the paucity of available patients,
LM studies often accrue multiple primary histologies. Most
reports of intrathecal LM treatments include patients who
simultaneously receive systemic agents (29, 95-98). Although
the compounds routinely used for intra-CSF treatment do not
have a key role as single agents for systemic treatment of
most common cancers causing LM, three agents are commonly
prescribed for the intrathecal treatment of LM: methotrexate
(98), cytarabine (including liposomal cytarabine) (99, 100) or
thioTEPA (8). Several schedules have been proposed, without
agreement on optimal dose, frequency of administration or
optimal duration of treatment. No intra-CSF agent has shown
a significant survival advantage over another (8, 99, 100). Up to
now most of the patients are treated until progression or for 1
year, if tolerated. In the absence of evidence from appropriate
clinical trials, clinical symptoms, MRI and CSF findings, as well as
tolerance of treatment, guide individual decisions on the duration
of treatment (34). Pemetrexed is a newer generation multi-
targeted anti-folate agent and, compared with methotrexate,
has better tolerability, exhibits a more favorable side effect
profile, and possesses fewer-drug interactions (78). A phase I
trial (NCT03101579) is ongoing to define safety profile and
clinical response rate associated with this specific intrathecal
therapy (101).
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