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Abstract

Lung cancer is the leading cause of cancer-related death globally and poses a
considerable threat to public health. Asia has the highest prevalence of epider-
mal growth factor receptor (EGFR) mutations in patients with non-small cell
lung cancer (NSCLC). Despite the reasonable response and prolonged survival
associated with EGFR-tyrosine kinase inhibitor (TKI) therapy, the acquisition of
resistance to TKIs remains a major challenge. Additionally, patients with EGFR
mutations are at a substantially higher risk of brain metastasis compared with
those harboring wild-type EGFR. The role of radiotherapy (RT) in EGFR-mutated
(EGFRm) stage IV NSCLC requires clarification, especially with the advent of
next-generation TKIs, which are more potent and exhibit greater central nervous
system activity. In particular, the feasible application of RT, including the timing,
site, dose, fraction, and combination with TKI, merits further investigation. This
review focuses on these key issues, and provides a flow diagram with proposed
treatment options for metastatic EGFRm NSCLC, aiming to provide guidance for

clinical practice.

KEYWORDS

1 | INTRODUCTION

Lung cancer has the highest morbidity and mortality."
Epidermal growth factor receptor (EGFR) mutations are
more prevalent in Asian population than in non-Asian
patients,”* which are more likely to have brain metas-
tasis than wild-type counterpart.“’S In China, EGFR
mutations comprise the largest proportion of driver
mutations in lung adenocarcinoma, with a frequency
of 63.1%,° substantially higher than the 17% observed

EGFR mutation, radiotherapy, TKI

in the USA.” EGFR tyrosine kinase inhibitors (TKIs) are
the standard first-line treatment option for advanced
or metastatic non-small cell lung carcinoma (NSCLC)
patients harboring TKI-sensitive EGFR mutations, and
confer a greater progression-free survival (PFS) ben-
efit than treatment with cytotoxic chemotherapy.*™2
Compared with its wild-type counterpart, EGFRm
NSCLC is more aggressive and has a higher likelihood
of metastasizing to the brain and bone."* The resistance
to TKI remains inevitable and the role of radiotherapy
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(RT) in this population has been underestimated yet.
The survival benefit brought by RT to both the primary
tumor and oligometastatic sites, the critical issues such
as RT dose, time, means which can maximize the tumor
control and minimize the treatment toxicity need more
high-quality and evidence-based guidance. Besides, the
central nervous system (CNS) failure is a prominent
problem in oncogene-driven NSCLC entity. With the ad-
vent of brand-new CNS-active TKI, the role of brain RT
will be challenged. Therefore, a systemic review of the
most beneficiary population and the reasonable means
of RT is illustrative.

2 | FAILURE PATTERN OF
ADVANCED EGFRm NSCLC AFTER
TKI

The failure pattern after TKI exposure included solitary
(primary or another site) and multiple lesion progression.
Oya et al. reviewed 181 patients with advanced EGFRm
NSCLC with initial TKI failure (gefitinib, erlotinib, and
afatinib). The failure pattern included solitary lesion pro-
gression in 73 patients (40%) and multiple lesion progres-
sion in 108 patients (60%). The T790M mutation (87/181,
48%) was more prevalent in patients with solitary lesion
progression than in those with multiple lesion progression
(58% vs. 24%; p < 0.0001).* Yoshida et al. reported that
104 patients developed progressive disease (PD) after an
initial response to EGFR-TKI treatment. Twenty-four pa-
tients (23%) harbored solitary failure while 80 (77%) devel-
oped multiple lesions." Brain metastases, EGFR mutation
type, and TP53 status were the main determinants of TKI
response and survival.'® Therefore, thoracic RT (TRT) and
brain RT are two main critical issues in dealing with the
RT role of EGFRm stage IV NSCLC combined with TKI.

3 | TRT COMBINED WITH TKI
Chen MIJ et al. reviewed 316 stage III/IV NSCLC pa-
tients treated with gefitinib between October 2002 and
September 2011. The median PFS was 238 days and the
common failure sites were the lungs (62.34%), followed
by bone (17.72%), the CNS (16.14%), and the liver (9.49%).
Single-site progression accounted for most of the cases
(81.01%)."” Similarly, Tang et al. reported that 41.25% of
patients (105 in total; 14 stage ITIB and 91 stage IV; >5 me-
tastases: 44) treated with EGFR TKIs experienced original
site failure.'® This highlighted that, for locally advanced/
metastatic EGFRm NSCLC, it is critical to strengthen
local control, especially at the primary lung lesion, which
will greatly influence the survival.

3.1 | Upfront TRT with TKI

In 2019, Zheng and colleagues conducted a single-arm
study of upfront TRT concurrently with first-line EGFR
TKI (gefitinib: 1, erlotinib: 9) in 10 stage IV NSCLC pa-
tients with limited metastatic lesions (<10) harboring
TKI-sensitive EGFR mutations (n = 4 exon 21 L858R
mutation; n = 6 exon 19 deletions). TRT was performed
within 2 weeks of EGFR TKI application (54-60 Gy/27-30
F/5.5-6 w). The normal lung irradiation dose was strictly
limited (mean lung dose [MLD] = 525 + 3.75 Gy,
V20 = 12 + 4%). The median time to progression in the ir-
radiated site (iTTP) was 20.5 months, significantly longer
than the 8.4-13.1 months normally required for the onset
of resistance to first-generation EGFR TKIs. Compared
with the ENSURE study,' this combination yielded a
numerically higher 1-year PFS rate (57.1% vs. 43%) and
longer PFS (median: 13.0 vs. 11.0 months). However, 20%
of the patients developed grade >3 radiation pneumonitis
(RP) (including 1 with grade 5 RP), % indicating that, even
with the strict restriction of the normal lung dose, caution
is needed when performing TRT concurrently with first-
line EGFR TKI owing to the relatively high incidence of
RP.

3.2 | TRT applied before TKI
resistance onset

Tang et al. retrospectively reviewed 105 stage IIIB/IV
EGFRm NSCLC patients treated with TKIs. Eighty pa-
tients exhibited disease progression before the cut-off
date, and could be classified into three groups: those with
original site progression (n = 33, 41.25%); those with new
distant site progression (n = 34, 42.5%); and those with
both (n = 13, 16.25%). Additionally, exon 21 mutation
was closely linked with original site failure. The median
time to response to TKI was 2 months. Therefore, the au-
thors proposed that the optimal time for TRT intervention
might be after this time point and before the onset of sec-
ondary resistance to TKIs.'® This paradigm is reasonable
because the primary pulmonary tumor shrank after TKI
exposure and the radiation field was smaller, allowing
dose escalation to the gross tumor volume and avoiding
severe damage to adjacent normal organs. Additionally,
TKI efficacy can be correctly evaluated as TRT is not ini-
tially performed.

In 2018, Xu and colleagues conducted a relatively
large-scale retrospective study on the role of consolidative
local ablative therapy (LAT) in oligometastatic (<5 metas-
tases) stage IV EGFRm NSCLC without progression after
first-line EGFR TKI treatment. The 145 enrolled patients
were divided into 3 groups: an all-LAT group (n = 51), in
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which LAT was applied to both the primary tumor and
metastatic sites; a part-LAT group (n = 55); and a non-LAT
group (n = 39). Patients in the all-LAT group displayed a
markedly improved median PFS compared with those in
the part-LAT (20.6 vs. 15.6 months, p < 0.001) and non-
LAT (20.6 vs. 13.9 months, p < 0.001) groups. The median
overall survival (OS) in the all-LAT group was also supe-
rior to that of both the part-LAT (40.9 vs. 34.1 months,
p = 0.009) and non-LAT (40.9 vs. 30.8 months, p < 0.001)
groups. There was no difference in either PFS or OS be-
tween the part-LAT and non-LAT groups. However, after
propensity score matching to balance the baseline features
(more advanced T/N stage in the part-LAT and non-LAT
groups), the all-LAT group also achieved a survival ad-
vantage (PFS/OS). Multivariate analysis confirmed that
LAT to primary tumor was associated with better PFS
(HR = 0.36, p < 0.001) and OS (HR = 0.45, p < 0.001). LAT
to the primary tumor included surgery (9.2%), stereotactic
radiosurgery (SRS) (16.9%), and external beam radiation
therapy (EBRT) (55-63 Gy) (73.9%). In the non-LAT group
(n =139), 25 patients (64.1%) underwent salvage LAT after
disease progression. This highlighted that deferral of LAT
can impair survival.*!

Similarly, in a retrospective study conducted by Hu
et al., 231 lung adenocarcinoma patients with oligomet-
astatic lesions (1 organ, <5 lesions) and EGFR mutation
were divided into 2 groups, 1 receiving first-generation
EGFR TKI monotherapy (n = 88) and the other local
consolidative therapy (LCT) plus TKI before progression
(n = 143). The addition of LCT conferred benefits for
both PFS (15 vs. 10 months, p = 0.000) and OS (34 vs.
21 months, p = 0.001).>> The NCT03916913 clinical trial
has been launched to evaluate the efficacy and toxicity
of local RT at all EGFRm NSCLC disease sites, including
primary lung tumors and oligometastatic lesions (<3), in
patients who did not experience disease progression after
at least 3 months of TKI therapy.

3.3 | TRT applied at the time of oligo-
progression of thoracic lesions

Despite the good response to TKIs in patients with ad-
vanced and metastatic NSCLC harboring TKI-sensitive
EGFR mutations, the PFS associated with first-
generation EGFR TKI therapy (gefitinib, erlotinib) is
only 8.0-13.7 months.'"'***"%7 Local progression due to
acquired resistance is common. Wang Y and colleagues
retrospectively reviewed 44 NSCLC patients with ac-
tive EGFR mutations who developed local progression
(defined as 1-3 lesions in one organ) after front-line
first-generation TKI therapy. These patients under-
went concurrent local RT to 50 lesions with prior TKI.
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The addition of RT brought both TTP and PFS benefits
(TTP1+TTP2 vs. TTP1: 21.7 vs. 16.0 months, p = 0.01;
PFS1+PFS2 vs. PFS1: 21.3 vs. 16.0 months, p = 0.027).
Additionally, non-smokers over the age of 56 benefited
substantially from local RT. The subgroups with perfor-
mance status (PS) 0-1 or 2 attained prolonged median
TTP from local RT.*®

3.4 | Thelung damage caused by TRT
combined with TKIs

One of the above mentioned 44 patients who received RT
(50-60 Gy/5-30 F for pulmonary lesions) to local progres-
sion lesions with upfront EGFR TKI developed grade >3
RP.*

Zhuang et al. analyzed 24 stage IIIA-IV NSCLC pa-
tients who underwent erlotinib therapy concurrent with
TRT (46-66 Gy). The incidence of grade >2 RP (n = 9)
was 37.5%, including 16.7% grade 2 (n = 4), 8.3% grade 3
(n = 2), and 12.5% grade 5 RP (n = 3). However, the lung
dose parameters of the three patients who died of RP were
acceptable (V20: 20%, 26%, and 26%; V5: 47%, 55%, and
67%; MLD: 1209 cGy, 1446 cGy, 1453 cGy). This highlighted
that erlotinib increases the risk of RP, in agreement with
several reports that have indicated that erlotinib can exert
adverse effects on pulmonary interstitium. Additionally,
the authors reported that the RP-related threshold values
of V5, V10, V15, V20, and V30 were >44%, >29%, >27%,
>22%, and >17%, respectively, while the MLD was >1027
Gy

The third-generation EGFR TKI, osimertinib, has been
reported to induce an especially high rate of RP (grade >2)
in patients with TRT combined simultaneously with osim-
ertinib, despite low lung V5, V20, and MLD values.®

Overall, the first-line EGFR TKI therapy followed
by TRT before the onset of secondary resistance to TKI
showed better efficacies in patients with oligometastatic
EGFRm NSCLC (Table 1), but whether this could bring
survival benefits need to be verified by large-scaled pro-
spective randomized trials. Because of the higher ra-
diosensitivity of EGFRm tumors, the TRT dose can be
appropriately reduced, thereby decreasing the RP risk.
Caution is warranted when administering TRT com-
bined with different TKIs (first, second, third, and next
generation) owing to the risk of lung damage, and strict
restriction of the normal lung dose is necessary. Patient
treatment should be individualized according to the spe-
cific mutation subtype. Patients with mutations in exon
21 might benefit more from TRT as they are at higher risk
of original site failure. Ongoing clinical trials should help
to clarify the role of TRT in EGFRm advanced/stage IV
NSCLC (Table 2).
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4 | BRAIN RT COMBINED WITH

TKI

4.1 | CNS failure in EGFRm NSCLC
patients

Central nervous system failure is a frequent complication
for EGFR-driven NSCLC patients. In the EGFR-TKI era,
the causes of NSCLC-related death have changed. More
NSCLC patients with EGFR mutations die of CNS pro-
gression than those harboring wild-type EGFR (44.8% vs.
8.3%, p < 0.001).> This might be explained by the poor
ability of TKIs to cross the blood-brain barrier (BBB), the
intrinsic resistance of metastatic clones, longer survival,
and the higher tendency of EGFRm patients to develop
brain metastases (BM).>>*

In the BRAIN clinical trial, treatment-naive EGFRm
NSCLC patients with BM of >3 lesions were randomized
into two groups, one receiving icotinib alone and the other
whole-brain irradiation (WBI; 30 Gy/10 F) plus concur-
rent or sequential chemotherapy. Icotinib alone yielded
a markedly improved median intracranial PFS (iPFS)
compared with WBI+chemotherapy (10.0 vs. 4.8 months,
p = 0.014).*” Although WBI+TKI was not used as the con-
trol group, these results clearly indicated that TKIs should
be the first-choice management modality for oncogene-
driven NSCLC with BM, while RT (WBI/SRS/SRT) should
be delayed until intracranial progression, especially in pa-
tients without obvious CNS symptoms.

Overall, first-generation EGFR TKIs are poorly BBB-
permeable, which greatly limits their efficacy in reduc-
ing the CNS tumor burden. Gefitinib and erlotinib CSF
penetration rates are just 1.13 + 0.36% and 2.77 + 0.45%,
respectively.® Icotinib, at a dose of 375 mg tid, attained
a median CSF penetration rate of 6.1%,% while the CNS
penetration rate of 40 mg/day afatinib on day 8 was
2.45 +2.91%.% Kpuuprain (unbound brain-to-plasma drug
concentration ratio) represents a reliable predictor of
BBB permeability, with value >0.3 indicative of good
diffusion across the BBB.*! K, brain in preclinical ani-
mal models for gefitinib, erlotinib, afatinib, osimertinib,
and AZD3759 was 0.02, 0.11, 0.007, 0.39, and 1.3, respec-
tively.*>** Third- and new-generation EGFR TKIs have
greater BBB permeability,® which will influence the
option, timing, and means of cranial RT application.**
The results of AURA3, a randomized phase III trial, in-
dicated that osimertinib monotherapy had greater CNS
efficacy than pemetrexed/platinum chemotherapy in
treating EGFR T790M-positive, TKI-resistant NSCLC
after prior TKI (median CNS PFS: 11.7 vs. 5.6 months,
p = 0.004).** Osimertinib elicited a satisfactory intracra-
nial objective response rate (ORR) of 54% and a disease
control rate (DCR) of 92% in T790M-positive NSCLC

patients (n = 50) who progressed after prior EGFR TKI
intervention.*®

Recently, a meta-analysis was conducted of 12 retro-
spective studies comprising 1553 EGFRm patients with
BM at initial diagnosis. The addition of brain RT greatly
prolonged OS (p < 0.001) and iPFS (p < 0.001) compared
with TKI treatment alone.*’ In an era of ever-improving
systemic treatment strategies, two major challenges re-
main. First, for TKI-naive EGFRm patients with asymp-
tomatic BM, should brain RT be upfront or withheld until
intracranial failure, and which is the optimal cranial RT
module (whole-brain radiotherapy [WBRT], SRS, or WBRT
with a simultaneous integrated boost [SIB])? Second, up
to now, most researches were based on first- or second-
generation EGFR TKIs with limited permeability of BBB.
With the advent of third-/next-generation TKI harboring
better CNS efficacy, what is the role of brain RT?

4.2 | The ideal timing for brain RT
Another single-institution retrospective study enrolled
64 EGFRm NSCLC patients with BM. Thirty-five pa-
tients underwent first-line TKI with concurrent cranial
RT including SRS, WBRT, or WBRT-SIB as determined
by the radiation oncologist. Twenty-nine patients used
TKI alone. All the patients took first-generation EGFR
TKIs (erlotinib, gefitinib, or icotinib). Upfront definitive
brain RT conferred both OS (31 vs. 24 months, p = 0.019)
and iPFS benefits (25 vs. 16 months; p = 0.019).** Saida
et al. conducted a retrospective analysis of 104 EGFRm
NSCLC patients with BM from 10 institutions. Thirty-
nine of the patients underwent upfront brain RT, in-
cluding SRS or SRT (n = 19), WBRT (n = 16), and both
WBRT+SRS or SRT (n = 4). Sixty-five patients used a
first- or second-generation TKI. Despite patients in the
RT group displaying a greater number of symptomatic
and larger BMs, upfront RT still prolonged the time to
treatment failure (TTF) compared with the TKI-only
treatment (11.2vs. 6.8 months, p = 0.038). However, TTF,
CNS-PFS, and OS were similar between the upfront SRS
and WBRT treatment groups.”’ Chen YH reviewed 134
treatment-naive EGFRm NSCLC patients who received
first- or second-generation EGFR TKIs (erlotinib: 49; ge-
fitinib: 62; and afatinib: 23). Thirty-eight (29.1%) of these
patients underwent brain RT before disease progression,
and achieved significant improvements in iPFS.*
Additionally, another small-scale study analyzed 78
EGFRm lung adenocarcinoma patients with BM and cat-
egorized them into 2 groups, namely, a TKI+RT group
(n = 49, including 23 patients with asymptomatic BM; 35
WBRT, 14 SRS) and a TKI-only group (n = 29, including 22
patients with asymptomatic BM). Upfront brain RT greatly
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prolonged iPFS (21.5 vs. 15 months, p = 0.036). In the co-
hort with asymptomatic BM, compared with TKI mono-
therapy, RT+TKI treatment elicited a superior median iPFS
(21.5vs. 14.8 months, p = 0.026) and OS (36 vs. 23 months,
p = 0.041).° Wang et al. analyzed 132 EGFRm NSCLC pa-
tients with asymptomatic BM who all used first-generation
TKIs. Upfront or concurrent RT (n = 46) conferred im-
proved OS when compared with upfront TKI (n = 86) (24.9
vs. 17.4 months, p = 0.035) despite the higher proportion
of >4 intracranial lesions in the upfront or concurrent RT
group (57.8% vs. 39.8%, p = 0.035). Additionally, 74 patients
with asymptomatic BM who underwent brain RT (WBRT:
63, SRS: 11) were grouped into 3 cohorts: upfront RT
(n =13), concurrent RT (n = 33), and RT after TKI (n = 28).
The iPFS and OS of the three groups were 11.3, 11.1, and
8.1 months (p = 0.032) and 26.2, 21.9, and 17.1 months
(p = 0.085), respectively.”” These findings indicated that the
deferral of cranial RT led to an inferior prognosis, even in
the population with asymptomatic BM.

In contrast, in 2016, Byeon et al. performed a single-
institution, retrospective study on 121 newly diagnosed
EGFRm NSCLC patients with BM. Patients in Group A
(n = 59) underwent brain RT followed by TKI (SRS: 32,
WBRT: 26, and both: 1) while those in Group B (n = 62) re-
ceived TKI alone. The patients took first-generation TKIs
(gefitinib: 103; erlotinib: 18). Upfront cranial RT did not
confer any benefit for 3-year OS (A vs. B: 71.9% vs. 68.2%,
p =0.678),iPFS (A vs. B: 16.6 vs. 21.0 months, p = 0.492),
or extracranial PFS (A vs. B: 12.9 vs. 15.0 months,
p = 0.77), but did improve the intracranial DCR (79.7%
vs. 59.7%, p = 0.019). However, the interval of brain eval-
uation in the two groups was not equal, which inevitably
affected the accuracy of the iPFS data.>

He et al. reviewed 104 treatment-naive EGFRm NSCLC
patients with BM. Fifty-six patients underwent concurrent
WBRT (30 Gy/10 F/2 w) and first-generation TKI while 48
took a TKI alone, including 20 who received salvage WBRT
after developing resistance to TKIs. The addition of con-
current WBRT greatly improved iPFS compared with TKI
monotherapy (17.7 vs. 11.0 months, p = 0.015); however,
OS was unchanged. The number of BM was closely associ-
ated with iPFS (>3 vs. <3: 12.5 vs. 18.0 months, p = 0.044).
Upfront WBRT prolonged the iPFS of patients with >3 BM
(17.6 vs. 9.2 months, p = 0.001), but not that of patients
with <3 BM (19.2 vs. 14.5 months, p = 0.526).>*

4.3 | The ideal means of brain RT

431 | WBRT

WBRT can disrupt the BBB, and is expected to in-
crease the CNS permeability of systemic drugs. Chen
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et al. evaluated 141 NSCLC patients with BM harbor-
ing TKI-sensitive EGFR mutations. All the patients
received EGFR TKIs, while 94 (66.7%) also received
WBRT. After a median follow-up of 20.3 months, the
addition of WBRT markedly improved the OS com-
pared with TKI treatment alone (median OS: 14.3 vs.
2.3 months, 1-year OS: 81.9% vs. 59.6%, p = 0.002) de-
spite the presence of more unfavorable baseline fea-
tures in the WBRT arm, such a greater number of BM
(p = 0.043), larger BM (p = 0.046), and neurological
symptoms (p = 0.005). Multivariate analysis also sug-
gested that WBRT was an independent prognostic fac-
tor for prolonged OS. Among this study cohort, 3.5%
used the third-generation TKI, osimertinib.**Another
small-sample retrospective study documented 139
EGFRm NSCLC patients with BM. Seventy-nine used a
first-generation TKI alone, while 60 received TKI plus
WBRT (30 Gy/10 F). The RT group included 10 patients
who underwent delayed RT for intracranial progression
after TKI while others underwent simultaneous WBRT
for BM >3 cm or symptomatic BM. The addition of
WBRT contributed to a prolonged median intracranial
TTP (30.0 vs. 18.2 months, p = 0.001), but not to OS
(48.0 vs. 41.1 months, p = 0.912).%

Similarly, Chen YS and colleagues undertook a
single-institution retrospective study of 132 EGFRm
NSCLC patients with BM. The patients were divided
into two groups—an EGFR-TKI with concomitant
WBRT group (n = 53) and a TKI-only group (n = 79).
The addition of upfront WBRT (30 Gy/10 F) im-
proved both the intracranial ORR (67.9% vs. 39.2%,
p = 0.001) and median iTTP (24.7 vs. 18.2 months,
p =0.004), but not OS (48.0 vs. 41.1 months, p = 0.74).
Primary WBRT manifested iTTP superiority for pa-
tients with symptomatic BM (27.0 vs. 18.2 months,
p = 0.008) but not for those with asymptomatic BM
(24.7 vs. 20.0 months, p = 0.193). In multivariate
analysis for iTTP, WBRT was the only independent
favorable prognostic factor (p = 0.004). Additionally,
a longer iTTP (exceeding 22 months) was associated
with markedly improved OS (58.0 vs. 28.0 months,
p = 0.001). This highlighted that the effective control
of cranial lesions could be converted into an improve-
ment in 0S.>®

The initial WBRT in such a molecularly selected en-
tity was questioned mainly for its neurological toxicity.
However, the uncontrolled intracranial tumor deterio-
rated the normal neurological functions. Li et al. proposed
that satisfactory intracranial DCR gained by RT avoided
the neurological deterioration potently.”’ Therefore, the
optimal timing of WBRT needs to be identified by further
prospective trials especially with the application of CNS-
active EGFR TKIs.
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432 | SRS

Lee et al. reviewed 198 EGFRm NSCLC patients with
BM. The patients were divided into four groups accord-
ing to the timing and type of RT applied, that is, an im-
mediate WBRT group (n = 75), an immediate SRS group
(n = 21), a delayed RT until intracranial progression
group (DRT, n = 27), and a no brain RT group (NRT,
n = 75). The median OS of the four groups was 18.5, 55.7,
21.1, and 18.2 months, respectively (p = 0.008), and the
median PFS was 6.9, 14.0, 7.9, and 8.5 months, respec-
tively (p = 0.001). Immediate SRS elicited the best OS and
PFS effects, whereas WBRT failed. However, these find-
ings were unreliable owing to the unbalanced baseline
features. Patients in the immediate SRS group had the
fewest lesions, both intracranially and extracranially. In
this study, the 27 patients (13.6%) who had received EGFR
T790M inhibitor treatment survived markedly longer than
the other 171 patients who did not (41.1 vs. 19.8 months,
p < 0.001).*

In 2017, Magnuson et al. conducted a retrospective
study of TKI-naive EGFR-mutant NSCLC patients with
BM (n = 351, 6 institutions). These patients were catego-
rized into three groups based on the timing and type of
RT: an upfront SRS followed by TKI group (n = 100), an
upfront WBRT followed by TKI group (n = 120), and a
primary TKI followed by WBRT or SRS for intracranial
progression group (n = 131). A total of 98% of the pa-
tients used erlotinib (n = 344). At baseline, the upfront
WBRT arm had more unfavorable prognostic factors
(p = 0.001), while the other two groups shared similar
characteristics. Upfront RT (SRS or WBRT) conferred a
clear OS benefit compared with the primary TKI setting.
The OS of the three groups was 46, 30, and 25 months,
respectively (p < 0.001). This survival benefit conveyed
by upfront RT was most prominent in the favorable prog-
nosis subgroup (GPA 2-3.5). Moreover, a multivariable
analysis indicated that upfront SRS or WBRT was closely
linked with a lower probability of intracranial failure
(p = 0.062 and p = 0.64, respectively). The median iPFS
for the initial SRS, WBRT, and TKI arms was 23, 24, and
17 months, respectively (p = 0.025).>*Wang et al. evalu-
ated 49 TKI-naive EGFRm NSCLC patients who devel-
oped BM. Forty received WBRT while five underwent
SRS. All the patients received a first-generation TKI (ico-
tinib: 37, gefitinib: 9, and erlotinib: 3). SRS prolonged the
median OS compared with WBRT (37.7 vs. 21.1 months,
p =0.194).%

In a retrospective study involving 145 patients, Xu
et al. reported that consolidative LAT to brain me-
tastasis improved the median OS for patients with
oligometastatic stage IV EGFRm NSCLC without pro-
gression after initial EGFR TKI (38.2 vs. 29.2 months,

HR = 0.48, p = 0.002). The LAT for brain metastasis
included WBRT (n = 17), SRS (n = 27), and surgery+W-
BRT (n = 5).*!

4.4 | The population that benefits the
most from upfront brain RT

For patients with multiple BM and with lung-molGPA
2.5-4.0, upfront whole-brain RT brought significantly
prolonged iPFS (12.8 vs. 10.1 months, p = 0.014) and OS
(23.3 vs. 15.3 months, p = 0.005) when compared with
the TKI-resistant group. This study did not include osi-
mertinib.*® In 2018, Wang CY et al. reported the results
of a meta-analysis of seven retrospective studies (WBRT:
2; SRS/WBRT: 5) involving 1086 patients. Upfront brain
RT was defined as the application of RT initiated before,
or within 4 weeks, of EGFR TKI therapy. The control
group in the seven studies received first-generation
TKI. The addition of upfront brain RT prolonged both
iPFS (p = 0.028) and OS (p = 0.015). Notably, for the
limited BM setting (<3 BM), upfront RT exerted OS
superiority (HR = 0.54, p = 0.000), while for patients
with >3 BM, RT failed to show OS advantage.59 Liu
and colleagues reviewed 113 EGFRm NSCLC patients
with BM. Forty-nine patients underwent upfront brain
RT (WBRT: 37; SRS: 12) within 4 weeks after TKI ini-
tiation, while 64 received TKI alone, including 27 who
underwent salvage brain RT (WBRT: 22; SRS: 5) for BM
progression. Upfront brain RT conferred iPFS superior-
ity (21.4 vs. 15 months, p = 0.001) but without OS ben-
efit. Furthermore, for the population with DS-GPA 0-2,
early brain RT prolonged OS (p = 0.025).°° Miyawaki
et al. reported that treatment-naive EGFRm NSCLC pa-
tients with limited BM (1-4) showed improved OS from
upfront SRS for BM.®*

Zhu et al. evaluated the role of upfront brain RT in 133
patients. Sixty-seven of these patients received TKI plus RT
(WBRT: 63; SRS: 4), while 66 took TKI alone (erlotinib or
gefitinib). For the subgroup of patients with exon 21 mu-
tations, TKI4+RT improved both OS (22.0 vs. 13.5 months,
p = 0.004) and iPFS (14.0 vs. 9.5 months, p = 0.001) com-
pared with TKI monotherapy. However, for the subgroup
of patients with exon 19 mutations, there was no differ-
ence in either OS or iPFS between the two arms.**

4.5 | Third-generation EGFR TKIs and
brain RT

FLAURA Asian subset analysis revealed that osimertinib
exhibits CNS activity. Compared with first-generation
TKIs (gefitinib: 250 mg/day, erlotinib: 150 mg/day),
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80 mg/day osimertinib improved both PFS (16.5 vs.
11.0 months, HR = 0.54, p < 0.0001) and CNS PFS (not
calculable vs. 13.8 months, HR = 0.55, p = 0.118) in pa-
tients with EGFRm advanced NSCLC (2). In the BLOOM
study, osimertinib (160 mg/day) showed meaningful ther-
apeutic efficacy in the CNS as well as manageable safety.®*

In a retrospective, single-institution study conducted
by Xie and colleagues, 40 EGFRm NSCLC patients with
BM and treated with osimertinib were divided into 3
groups (A-C). Group A comprised patients with progress-
ing BM who received osimertinib alone (n = 11); Group B
consisted of patients with progressing BM who underwent
RT when starting osimertinib (n = 9); and In Group C,
patients had stable BM and were treated with osimerti-
nib alone (n = 20). RT before starting osimertinib failed
to prolong TTF, PFS, or OS. This indicated that, to min-
imize the risks associated with radiation-related toxicity,
delaying radiation may be an option for some patients
with EGFRm NSCLC with BM who initially respond to
osimertinib.** Many new EGFR TKIs have potent CNS-
penetrating ability and exhibit satisfactory CNS response
rates of 40%-70%.%° Therefore, upfront WBRT might be
safely postponed once highly CNS-active EGFR TKIs be-
come available.®®

In 2019, an international clinical trial (OUTRUN;
NCT03497767) was initiated to clarify whether upfront
SRS plus osimertinib can improve intracranial disease
control for EGFRm NSCLC patients with <10 de novo or
developed brain metastases after first-generation EGFR
TKI therapy compared with osimertinib treatment alone.
This trial excluded cases with leptomeningeal or brain
stem metastasis. Another trial, NCT03769103, is aimed at
evaluating upfront SRS (1-5 fractions) followed by osim-
ertinib 80 mg daily for treatment-naive EGFRm NSCLC
patients with <10 brain metastases.

Upfront cranial RT seems to show better efficacy, but
whether it can improve the intracranial DCR and pro-
long the iPFS or OS for EGFRm NSCLC patients with BM
treated with first- or second-generation EGFR TKIs needs
further study. Several reports also support that upfront
brain RT improves both iPFS and OS for patients with as-
ymptomatic BM. SRS might be a reasonable RT approach
for prolonging OS and preserving neurological function
(Table 3). The population that is most likely to benefit from
upfront brain RT should be identified through randomized
multicenter prospective clinical trials. Retrospective stud-
ies have shown that subgroups, such as those comprising
patients with exon 21 mutations, controlled extracranial
metastases, and a limited number of BM might benefit
more from upfront cranial RT, especially SRS. With the
advent of EGFR TKIs with greater CNS activity, brain RT
might be deferred to prolong survival and improve qual-
ity of life. The subgroups of EGFRm NSCLC patients with

.. 6175
Cancer Medicine -WI LEYJ—

Open Access,

BM treated with these new TKIs that will be suitable for
upfront brain RT should be determined by national clini-
cal trials (Table 4).

Overall, for this special BM population, treatment is
complex because various clinical situations need to be
considered. At present, for those asymptomatic or symp-
tomatic BM with stable extracranial disease, on the basis
of TKI, early use of local RT before progression could be
recommended in clinical practice. We provide an initial
treatment outline for reference in Figures 1 and 2.

5 | RT TO SPINE/BONE
METASTASES

Anand et al. evaluated the efficacy of hypo-fractionated
stereotactic body RT in spinal metastasis with or without
epidural extension in 52 patients with 76 lesions, prefer-
ably oligo-metastasis. Of these, 20 patients (34.8%) had
malignant epidural compression (MEC). Most of the pri-
maries were breast cancer (30.8%) and lung cancer (19.2%).
One-year local control and overall survival were 94% and
68%, respectively. Complete pain relief was seen in 90% of
patients with MEC and 93.75% without MEC (P = NS) and
60% of patients in both groups had achieved neurological
improvement. Acute side effects were generally mild and
no long-term complications were observed.®’

Chang et al. observed a significant survival benefit
from early addition of multiple-target metastatic RT after
systemic disease controlled during TKI treatment in 25
TKI-sensitive stage IIIB/IV NSCLC patients (9 with oligo-
metastases, 10 patients with bone metastases, 40%), with
an ORR of 84.0%, median PFS of 16.0 months, and 3-year
survival rate of 62.5%.%

Another multi-institutional respective study found that
the median OS in patients with stage IV NSCLC includ-
ing oligo-metastases treated with SRT (stereotactic RT)
(SRT for 27% bone metastasis) concomitant to TKI was
23 months, and both univariate and multivariate analy-
ses showed that SRT and TKI duration were independent
prognostic factors for 0S.%

A prospective phase II trial reported the long-term re-
sults of radical treatment (surgery or RT) for subgroup of
NSCLC patients with synchronous oligo-metastases (18%
bone; all bone metastases were treated with RT: 54 Gy in
30 twice-daily fractions of 1.8 Gy). The primary endpoint
OS was 13.5 months, comparable with other metastatic
locations of adrenal and brain (p = 0.52). The 1-, 2-, and
3-year OS were 56.4%, 23.3%, and 17.5%, respectively. The
secondary endpoint PFS was 12.1 months. The 1-year PFS
was 51.3%. This indicated that radical therapy of NSCLC
patients with synchronous oligo-metastases was associ-
ated with long-term PFS.”
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First-line treatment for NSCLC
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FIGURE 1 Preliminary treatment outlines for driver oncogene-positive NSCLC with brain metastases. ALK, anaplastic lymphoma

kinase; BM, brain metastasis; EGFR, epidermal growth factor receptor; NSCLC, non-small cell lung cancer; PD, progressive disease; ROS1,
c-Ros oncogene 1 receptor tyrosine kinase; SIB, simultaneous integrated boost; SRS, stereotactic radiosurgery; TKI, tyrosine kinase inhibitor;

WBRT, whole-brain radiotherapy
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6 | RT TO OTHER METASTATIC
SITES WITH TKI

Xu et al. evaluated the effect of consolidative LAT on oli-
gometastatic stage IV EGFRm NSCLC without progres-
sion after first-line EGFR TKI, and confirmed that patients

with adrenal metastases gained an OS benefit from LAT
(37.1 vs. 29.2 months, HR = 0.48, p = 0.032). The LAT to
adrenal metastasis included surgery (n = 13, 54.2%), SRS
(n = 5,20.8%), and EBRT (45-50 Gy) (n = 6, 25%).*!
Elamin et al. explored the role of LCT in metastatic
EGFRm NSCLC after initial TKI. A total of 129 patients
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took first-line TKI alone while 12 underwent LCT plus
TKI treatment (oligo-metastasis with <3 metastases: 8;
with >3 metastases: 4). The LCT regimen included SBRT
or hyper-fractionated RT for 11 patients and surgery for
1 patient. The addition of LCT conferred a greatly im-
proved PFS compared with TKI treatment alone (36 vs.
14 months, p = 0.0024). One of the 11 patients received
RT to left iliac bone metastasis and 1 underwent RT to
all 3 bilateral pulmonary nodules.”" Hu et al. further con-
firmed that LCT conferred a survival benefit for patients
with oligometastatic EGFRm NSCLC, an effect that was
observed regardless of oligometastatic sites or mutation
subtype.?

7 | THE POTENTIAL MECHANISM
UNDERLYING THE SYNTHETIC
KILLING EFFECT EXERTED BY RT
AND TKI

7.1 | The EGFRm subtype exhibits
greater radiosensitivity

Dasetal. revealed that NSCLC cell lines that harbored
ionizing radiation-sensitive mutations in EGFR, such
as the L858R missense mutation in exon 21, a dele-
tion in exon 19, and the T790M mutation, demon-
strated a higher degree of radiosensitivity than those
containing wild-type EGFR. This increased radiosen-
sitivity manifested as overtly decreased cell viability,
reduced clonogenic ability, and delayed DNA repair
kinetics.”*”* Nakamura et al. analyzed the failure pat-
tern of definitive chemoradiotherapy in unresectable
stage III non-squamous NSCLC patients (n = 173, in-
cluding 34 with active EGFR mutations and 13 with
positive ALK rearrangement). Patients harboring
EGFR mutations attained a dramatically improved
3-year OS compared with those harboring wild-type
EGFR (75% vs. 46%, p = 0.002). Additionally, EGFRm
cohorts experienced less in-field relapse (p = 0.027).
This might be explained by the fact that patients
with EGFR mutations exhibit higher radiosensitiv-
ity, thereby achieving better disease control with the
same chemoradiotherapy scheme, which is converted
into longer 0S.”*

7.2 | EGFR TKIs reduce radioresistance

Irradiation-induced DNA damage includes single-strand
breaks (SSBs), double-strand breaks (DSBs), and base
damage through direct or indirect effects. Base damage
and SSBs can be effectively repaired through base excision
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repair (BER) mechanisms,” while DSBs are repaired
primarily through two pathways: non-homologous end
joining (NHEJ) and homologous recombination (HR).”
Cell cycle arrest is an important component of the DNA
damage response, facilitating DNA repair and the mainte-
nance of genome stability.””

The EGFR signaling pathway is involved in ionizing
irradiation-induced DNA damage repair. First, EGFR
directly regulates DNA repair. Ionizing irradiation in-
duces EGFR heterodimerization, which results in the
autophosphorylation of its intracellular kinase domain.
Activated EGFR forms a complex with DNA-PKcs in the
cytoplasm and transports it into the nucleus. EGFR subse-
quently combines with DNA-PKcs to participate in NHEJ-
mediated, binds to proliferating cell nuclear antigen and
activates it,”® and binds to and phosphorylates ATM,
thereby activating it.”” Second, signaling downstream
of the EGFR is directly involved in DNA repair. RT acti-
vates the EGFR pathway, which contributes to the prolif-
eration of cancer cells.** Ionizing irradiation induces the
activation of the EGFR/PI3K/AKT pathway. AKT forms a
complex with DNA-PKcs in the nucleus, promotes the re-
cruitment of DNA-PKcs to DSB sites, activates DNA-PKcs,
and participates in NHEJ repair. AKT also upregulates
the expression of MRE11 through the GSK3@/p-catenin/
LEF-1 pathway, thereby also participating in HR-mediated
repair.®! Ionizing irradiation induces the activation of the
EGFR/Ras/Raf/MEK/ERK pathway, activates XRCC1,
PARP, and RADS51 proteins, and increases the expression
of XRCC1 and PARP.**® XRCC1 repairs base damage
and SSBs through BER; PARP assists DNA-PKcs in NHEJ-
mediated repair; and RADS51 fine-tunes HR-mediated
repair.

EGFR TKIs greatly inhibit RT-induced DSB re-
pair, thereby enhancing cancer cell radiosensitivity
(Figure 3).3>8¢

7.3 | RT increases the TKI concentration
in the CNS and reduces the probability of
T790M occurrence

WBRT and/or local RT can disrupt the BBB to a certain
extent, resulting in increased permeability to TKIs.?”™
The T790M mutation is responsible for more than 50%
of the secondary resistance to EGFR TKIs, an effect that can
be reduced by irradiation.”” In a clone formation assay using
the H1975 and H3255 cell lines (double-mutant [L858R plus
T790M] and single-mutant [L858R] for EGFR, respectively),
Li et al. found that the SF2 value for H1975 and H3255 was
0.62 and 0.64, respectively, suggesting that the T790M muta-
tion does not affect the radiosensitivity of NSCLC cell lines.
Without x-ray irradiation, the IC50/H1975 to IC50/H3255



o182 | WILEY-Cancer Medicine LIUET AL

Open Access.

Dimerization
ErbB1(EGFR)

l .
. ¥
/\‘ ?
GSK3p
>
‘

B-catenin
: v
/
Y

“

inactived ATM

O\ O\ AN O\

actived ATM Ligase-IV | XRCC4

Q
,/ﬁ\N:W

EEm EEm
ONONGNONONONONONONO\Y,

\

FIGURE 3 The EGFR signaling pathway is involved in irradiation (IR)-induced DNA damage repair. ATM, ataxia telangiectasia
mutation; ATR, ataxia-telangiectasia and RAD3-related; BER, base excision repair; DNA-PKcs, DNA-dependent protein kinase catalytic
subunit; EGFR, epidermal growth factor receptor; ERK, extracellular-regulated protein kinase; GSK3f; glycogen synthase kinase 3 beta; HR,
homologous recombination; LEF-1, lymphoid enhancer factor 1; MEK, mitogen-activated extracellular signal-regulated kinase; NHEJ, non-
homologous end joining; PARP, poly ADP-ribose polymerase; PCNA, proliferating cell nuclear antigen; PI3K, phosphatidylinositol 3-kinase;
XRCC, x-ray repair complementing defective repair in Chinese hamster cells
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ratio following gefitinib treatment was 85.9; however, this ratio
decreased markedly to 39.2 after irradiation with 2.5 Gy.”

8 | POSSIBILITY OF CONTINUED
TKI BEYOND OLIGO-PROGRESSION

After disease progression on first-line EGFR-TKI, disease
flare may occur when TKI is abruptly discontinued, in-
cluding aggravation of symptoms, an increase in tumor
size, and increased FDG uptake on PET-CT.”' Therefore,
it has been suggested that TKI should be continued after
progression in selected clinical situation in patients who
have previously responded to EGFR inhibitors, which has
been verified in many retrospective studies.’”

In 2015, the ASPIRATION, a phase II, single-arm study
was conducted to study the efficacy of first-line erlotinib
therapy and post-progression erlotinib therapy in patients
with stage IV and EGFR mutation-positive NSCLC. Of 207
intent-to-treat patients, 176 had a PFS1 event (171 progres-
sion and 5 deaths); of these, 93 continued erlotinib therapy
following progression, while 78 discontinued. Median PFS1
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(time to Response Evaluation Criteria in Solid Tumors 1.1
progression or death) was 10.8 months. In the 93 continu-
ing patients, median PFS1 was 11.0 months and PFS2
(time to off-erlotinib progression if erlotinib therapy was
extended beyond progression at patient and/or investigator
discretion) was 14.1 months. The study supported that con-
tinuing treatment of erlotinib beyond RECIST PD is fea-
sible in selected patients such as slow PD.”> However, the
other randomized phase III IMPRESS trial in the same year
which compared continuation of gefitinib plus platinum-
based doublet chemotherapy with switching to chemother-
apy alone did not achieve positive results. PFS in the two
groups has no difference, all of which was 5.4 months.**
Hence, it seems controversial whether this drug is still use-
ful after first-line TKI progression, and it may be beneficial
in certain populations, such as those with slow progression,
asymptomatic, and good ECOG/PS scores.

In the past few years, scholars have realized that the
PD of NSCLC with EGFRm is heterogeneous as well, in-
cluding systemic PD, oligo-PD, and CNS sanctuary PD.”
Oligo-PD represents an inert state which targeted therapy
has resulted in either stable disease or a partial/complete

Stage IV NSCLC with EGFR activating-mutation
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FIGURE 4 Flow diagram with therapeutic options in EGFR-mutated stage IV NSCLC. BM, brain metastasis; ChT, chemotherapy; CR,
complete remission; EGFR, epidermal growth factor receptor; NGS, next-generation sequencing; NSCLC, non-small cell lung cancer; PD,
progressive disease; PR, partial remission; RP, radiation pneumonitis; RT, radiotherapy; SD, stable disease; SRS, stereotactic radiosurgery;
TKI, tyrosine kinase inhibitor; TRT, thoracic radiotherapy; WBRT, whole-brain radiotherapy
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response with progression only in limited number of sites.
In this situation, a majority of diseases may continue to be
controlled by previous TKI, and adding hypo-fractionated
image-guided radiation therapy or SBRT may maintain pa-
tients on their current systemic regimen, delay the time to
change in therapy, and prolong the time to the second pro-
gression, while ablating the few progressive metastases.
For example, in 206 patients with stage IIIB/IV EGFRm
NSCLC who had oligo-PD during the first-line EGFR-TKI
therapy, continuation of TKI with addition of LAT demon-
strates a PFS1 of 10.7 months, PFS2 of 18.3 months, 1-, 2-,
and 3-year survival rates of 94.1%, 78.9%, and 54.7%, re-
spectively. Local ablation for the oligo-progressive lesions
with continuous EGFR-TKI treatment is associated with
additional 18.3 months of disease control.”® Similarly, in
another cohort of 18 patients treated with local therapy
plus continued EGFR-TKI therapy, the median time to
the second progression was 10 months, median time to
change treatment regime was 22 months.”’

ESMO clinical practice guidelines for metastatic
NSCLC in 2018 and Canadian consensus in 2019 recom-
mended that continuous use of current targeted therapy
in combination with local treatment could be consid-
ered as an approach in certain selected patients with
limited extra-CNS oligo-PD in EGFR-mutation positive
NSCLC.*** NCCN guideline in 2021.v2 also suggested
continual EGFR-TKI with or without local therapy in
EGFRm advanced/metastatic NSCLC patients with as-
ymptomatic PD and symptomatic limited PD after first-
line erlotinib, afatinib, gefitinib, or osimertinib therapy,
except for the occurrence of T790M. Overall, compared
with systemic progression, it is possible to consider con-
tinuing EGFR-TKI treatment after oligo-PD, especially in
combination with LAT (Figure 4).

9 | CONCLUDING REMARKS

This review systemically explored the role of RT in EGFRm
stage IV NSCLC. For the oligometastatic setting, RT to both
primary and metastatic lesions might prolong both PFS and
OS. Reduced-dose TRT and critical restriction of the MLD
before TKI resistance onset hold some promise. Although
EGFR TKIs can exert synergistic effects with RT, this regi-
men should be applied with caution owing to the risk of
adverse effects, especially lung damage. In the first- or
second-generation EGFR TKI era, upfront brain RT might
achieve better DCRs and iPFS, even in asymptomatic popu-
lations; however, this is expected to change with the advent
of next-generation TKIs with increased CNS efficacy. The
likely beneficiaries of upfront brain RT, especially SRS, with
the arrival of the new drugs should be identified through
clinical trials. We have provided a flow diagram depicting

the therapeutic options, including RT, for the treatment of
EGFRm stage IV NSCLC (Figure 4), which is expected to be
of considerable help in clinical practice.

CONFLICT OF INTEREST
The authors made no disclosures.

ETHICS APPROVAL AND CONSENT TO
PARTICIPATE

This is a review, and this article does not contain any stud-
ies with human participants or animals.

DATA AVAILABILITY STATEMENT
All data generated or analyzed during this study are in-
cluded in this published article.

ORCID
Min Liu © https://orcid.org/0000-0003-2537-4319
REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal
A. Global cancer statistics 2018: GLOBOCAN estimates of inci-
dence and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2018;68(6):394-424.

2. Cho BC, Chewaskulyong B, Lee KH, et al. Osimertinib versus
standard of care EGFR TKI as first-line treatment in patients
with EGFRm advanced NSCLC: FLAURA Asian subset. J
Thorac Oncol. 2019;14(1):99-106.

3. ZhangYL,YuanJQ, WangKEF, etal. The prevalence of EGFR mu-
tation in patients with non-small cell lung cancer: a systematic
review and meta-analysis. Oncotarget. 2016;7(48):78985-78993.

4. LiLN, Luo SM, Lin H, et al. Correlation between EGFR muta-
tion status and the incidence of brain metastases in patients with
non-small cell lung cancer. J Thorac Dis. 2017;9(8):2510-2520.

5. Tuchi T, Shingyoji M, Itakura M, et al. Frequency of brain me-
tastases in non-small-cell lung cancer, and their association
with epidermal growth factor receptor mutations. Int J Clin
Oncol. 2015;20(4):674-679.

6. Wang R, Zhang Y, Pan YJ, et al. Comprehensive investigation
of oncogenic driver mutations in Chinese non-small cell lung
cancer patients. Oncotarget. 2015;6(33):34300-34308.

7. Kris MG, Johnson BE, Berry LD, et al. Using multiplexed assays
of oncogenic drivers in lung cancers to select targeted drugs. J
Am Med Assoc. 2014;311(19):1998-2006.

8. Sequist LV, Yang JCH, Yamamoto N, et al. Phase III study of afatinib
or cisplatin plus pemetrexed in patients with metastatic lung adeno-
carcinoma with EGFR mutations. J Clin Oncol. 2013;31(27):3327.

9. Rosell R, Carcereny E, Gervais R, et al. Erlotinib versus stan-
dard chemotherapy as first-line treatment for European pa-
tients with advanced EGFR mutation-positive non-small-cell
lung cancer (EURTAC): a multicentre, open-label, randomised
phase 3 trial. Lancet Oncol. 2012;13(3):239-246.

10. Mitsudomi T, Morita S, Yatabe Y, et al. Gefitinib versus cispla-
tin plus docetaxel in patients with non-small-cell lung cancer
harbouring mutations of the epidermal growth factor receptor
(WJTOG3405): an open label, randomised phase 3 trial. Lancet
Oncol. 2010;11(2):121-128.


https://orcid.org/0000-0003-2537-4319
https://orcid.org/0000-0003-2537-4319

LIU ET AL.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Maemondo M, Inoue A, Kobayashi K, et al. Gefitinib or che-
motherapy for non-small-cell lung cancer with mutated EGFR.
New Engl J Med. 2010;362(25):2380-2388.

Zhou CC, Wu YL, Chen GY, et al. Erlotinib versus chemother-
apy as first-line treatment for patients with advanced EGFR
mutation-positive non-small-cell lung cancer (OPTIMAL,
CTONG-0802): a multicentre, open-label, randomised, phase 3
study. Lancet Oncol. 2011;12(8):735-742.

Guan J, Chen M, Xiao NJ, et al. EGFR mutations are associated
with higher incidence of distant metastases and smaller tumor
size in patients with non-small-cell lung cancer based on PET/
CT scan. Med Oncol. 2016;33(1). https://doi.org/10.1007/s1203
2-015-0714-8.

Oya Y, Yoshida T, Kuroda H, et al. Association between EGFR
T790M status and progression patterns during initial EGFR-
TKI treatment in patients harboring EGFR mutation. Clin Lung
Cancer. 2017;18(6):698-705.

Yoshida T, Yoh K, Niho S, et al. RECIST progression patterns
during EGFR tyrosine kinase inhibitor treatment of advanced
non-small cell lung cancer patients harboring an EGFR muta-
tion. Lung Cancer. 2015;90(3):477-483.

Christopoulos P, Kirchner M, Roeper J, et al. Risk stratification
of EGFR(+) lung cancer diagnosed with panel-based next-
generation sequencing. Lung Cancer. 2020;148:105-112.
ChenMJ, ZhongW, Zhang L, ZhaoJ, Li LY, Wang MZ. Recurrence
patterns of advanced non-small cell lung cancer treated with
gefitinib. Chinese Med J-Peking. 2013;126(12):2235-2241.

Tang Y, Xia B, Xie RF, et al. Timing in combination with radio-
therapy and patterns of disease progression in non-small cell
lung cancer treated with EGFR-TKI (vol 140, pg 65, 2020). Lung
Cancer. 2020;142:142.

Wu YL, Zhou C, Liam CK, et al. First-line erlotinib versus gem-
citabine/cisplatin in patients with advanced EGFR mutation-
positive non-small-cell lung cancer: analyses from the phase
III, randomized, open-label. ENSURE study. Ann Oncol.
2015;26(9):1883-1889.

Zheng LP, Wang YM, Xu ZH, et al. Concurrent EGFR-TKI
and thoracic radiotherapy as first-line treatment for stage IV
non-small cell lung cancer harboring EGFR active mutations.
Oncologist. 2019;24(8):1031.

Xu QH, Zhou F, Liu H, et al. Consolidative local ablative therapy
improves the survival of patients with synchronous oligometa-
static NSCLC harboring EGFR activating mutation treated with
first-line EGFR-TKIs. J Thorac Oncol. 2018;13(9):1383-1392.
Hu F, Xu J, Zhang B, et al. Efficacy of local consolidative ther-
apy for oligometastatic lung adenocarcinoma patients harbor-
ing epidermal growth factor receptor mutations. Clin Lung
Cancer. 2019;20(1):e81-€90.

Costa C, Molina MA, Drozdowskyj A, et al. The impact of EGFR
T790M mutations and BIM mRNA expression on outcome in
patients with EGFR-mutant NSCLC treated with erlotinib or
chemotherapy in the randomized phase III EURTAC trial. Clin
Cancer Res. 2014;20(7):2001-2010.

Chen G, Feng J, Zhou C, et al. Quality of life (QoL) analyses
from OPTIMAL (CTONG-0802), a phase III, randomised,
open-label study of first-line erlotinib versus chemotherapy in
patients with advanced EGFR mutation-positive non-small-cell
lung cancer (NSCLC). Ann Oncol. 2013;24(6):1615-1622.
Fukuoka M, Wu YL, Thongprasert S, et al. Biomarker anal-
yses and final overall survival results from a phase III,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

.. 6185
Cancer Medicine “WI LEYJ—

Open Access.

randomized, open-label, first-line study of gefitinib versus car-
boplatin/paclitaxel in clinically selected patients with advanced
non-small-cell lung cancer in Asia (IPASS). J Clin Oncol.
2011;29(21):2866-2874.

Han JY, Park K, Kim SW, et al. First-SIGNAL: first-line single-
agent iressa versus gemcitabine and cisplatin trial in never-
smokers with adenocarcinoma of the lung. J Clin Oncol.
2012;30(10):1122-1128.

Park K, Tan EH, O'Byrne K, et al. Afatinib versus gefitinib
as first-line treatment of patients with EGFR mutation-
positive non-small-cell lung cancer (LUX-Lung 7): a phase
2B, open-label, randomised controlled trial. Lancet Oncol.
2016;17(5):577-589.

Wang Y, Li Y, Xia L, et al. Continued EGFR-TKI with con-
current radiotherapy to improve time to progression (TTP) in
patients with locally progressive non-small cell lung cancer
(NSCLC) after front-line EGFR-TKI treatment. Clin Transl
Oncol. 2018;20(3):366-373.

Ren SH, LiY, Li WW, Zhao ZW, Jin CX, Zhang DK. Fatal asym-
metric interstitial lung disease after erlotinib for lung cancer.
Respiration. 2012;84(5):431-435.

Tsubata Y, Hamada A, Sutani A, Isobe T. Erlotinib-induced
acute interstitial lung disease associated with extreme elevation
of the plasma concentration in an elderly non-small-cell lung
cancer patient. J Cancer Res Ther. 2012;8(1):154-156.

Zhuang HQ, Yuan ZY, Chang JY, et al. Radiation pneumonitis
in patients with non-small-cell lung cancer treated with erlo-
tinib concurrent with thoracic radiotherapy. J Thorac Oncol.
2014;9(6):882-885.

Zhuang HQ, Hou HL, Yuan ZY, et al. Preliminary analysis of
the risk factors for radiation pneumonitis in patients with non-
small-cell lung cancer treated with concurrent erlotinib and
thoracic radiotherapy. Oncotargets Ther. 2014;7:807-813.

Jia WX, Guo HB, Jing W, et al. An especially high rate of ra-
diation pneumonitis observed in patients treated with thoracic
radiotherapy and simultaneous osimertinib. Radiother Oncol.
2020;152:96-100.

Wu WS, Chen YM, Tsai CM, et al. The epidermal growth factor
receptor-tyrosine kinase inhibitor era has changed the causes
of death of patients with advanced non-small-cell lung cancer.
J Chin Med Assoc. 2013;76(12):682-685.

Chen CH, Lee HH, Chuang HY, Hung JY, Huang MY, Chong
IW. Combination of whole-brain radiotherapy with epidermal
growth factor receptor tyrosine kinase inhibitors improves
overall survival in EGFR-mutated non-small cell lung cancer
patients with brain metastases. Cancers. 2019;11(8):1092.
Omuro AMP, Kris MG, Miller VA, et al. High incidence of dis-
ease recurrence in the brain and leptomeninges in patients
with nonsmall cell lung carcinoma after response to gefitinib.
Cancer. 2005;103(11):2344-2348.

Yang JJ, Zhou CC, Huang YS, et al. Icotinib versus whole-brain
irradiation in patients with EGFR-mutant non-small-cell lung
cancer and multiple brain metastases (BRAIN): a multicentre,
phase 3, open-label, parallel, randomised controlled trial.
Lancet Resp Med. 2017;5(9):707-716.

Togashi Y, Masago K, Masuda S, et al. Cerebrospinal fluid con-
centration of gefitinib and erlotinib in patients with non-small
cell lung cancer. Cancer Chemoth Pharm. 2012;70(3):399-405.
Zhou L, He JZ, Xiong WJ, et al. Impact of whole brain ra-
diation therapy on CSF penetration ability of Icotinib in


https://doi.org/10.1007/s12032-015-0714-8
https://doi.org/10.1007/s12032-015-0714-8

6186 .
—I—Wl LEY_Cancer Medicine _

40.

41.
42.
43.

44.

45.

46.

47.
48.
49.

50.
51.

52.

53.

LIU ET AL.

EGFR-mutated non-small cell lung cancer patients with brain
metastases: results of phase I dose-escalation study. Lung
Cancer. 2016;96:93-100.

Tamiya A, Tamiya M, Nishihara T, et al. Cerebrospinal fluid
penetration rate and efficacy of afatinib in patients with
EGFR mutation-positive non-small cell lung cancer with lep-
tomeningeal carcinomatosis: a multicenter prospective study.
Anticancer Res. 2017;37(8):4177-4182.

Varadharajan S, Winiwarter S, Carlsson L, et al. Exploring in
silico prediction of the unbound brain-to-plasma drug concen-
tration ratio: model validation, renewal, and interpretation. J
Pharm Sci. 2015;104(3):1197-1206.

Zeng QB, Wang JB, Cheng ZQ, et al. Discovery and evaluation
of clinical candidate AZD3759, a potent, oral active, central
nervous system-penetrant, epidermal growth factor receptor
tyrosine kinase inhibitor. J Med Chem. 2015;58(20):8200-8215.
Ballard P, Yates JWT, Yang ZF, et al. Preclinical comparison of
osimertinib with other EGFR-TKIs in EGFR-mutant NSCLC
brain metastases models, and early evidence of clinical brain
metastases activity. Clin Cancer Res. 2016;22(20):5130-5140.
Lee JH, Chen HY, Hsu FM, et al. Cranial irradiation for pa-
tients with epidermal growth factor receptor (EGFR) mutant
lung cancer who have brain metastases in the era of a new
generation of EGFR inhibitors. Oncologist. 2019;24(12):E1417
-E1425.

Wu YL, Ahn MJ, Garassino MC, et al. CNS efficacy of osimerti-
nib in patients with T790M-positive advanced non-small-cell
lung cancer: data from a randomized phase III trial (AURA3). J
Clin Oncol. 2018;36(26):2702-2709.

Goss G, Tsai CM, Shepherd FA, et al. CNS response to osimerti-
nib in patients with T790M-positive advanced NSCLC: pooled
data from two phase II trials. Ann Oncol. 2018;29(3):687-693.
Dong K, Liang WH, Zhao S, et al. EGFR-TKI plus brain radio-
therapy versus EGFR-TKI alone in the management of EGFR-
mutated NSCLC patients with brain metastases. Transl Lung
Cancer Res. 2019;8(3):268-279.

Zhao LH, Cai XN, Chen DD, et al. Therapeutic effect of whole
brain radiotherapy on advanced NSCLC between EGFR TKI-
naive and TKI-resistant. Radiat Oncol. 2019;15(1). https://doi.
0rg/10.1186/s13014-019-1454-2.

Saida Y, Watanabe S, Abe T, et al. Efficacy of EGFR-TKIs
with or without upfront brain radiotherapy for EGFR-mutant
NSCLC patients with central nervous system metastases.
Thorac Cancer. 2019;10(11):2106-2116.

Chen YH, Chen YF, Chen CY, Shih JY, Yu CIJ. Clinical factors
associated with treatment outcomes in EGFR mutant non-
small cell lung cancer patients with brain metastases: a case-
control observational study. BMC Cancer. 2019;19(1). https://
doi.org/10.1186/512885-019-6140-0.

Chen YX, Wei JP, Cai J, Liu AW. Combination therapy of brain
radiotherapy and EGFR-TKIs is more effective than TKIs alone
for EGFR-mutant lung adenocarcinoma patients with asymp-
tomatic brain metastasis. Bmc. Cancer. 2019;19(1). https://doi.
0rg/10.1186/s12885-019-6005-6.

Wang WX, Song ZB, Zhang YP. Efficacy of brain radiother-
apy plus EGFR-TKI for EGFR-mutated non-small cell lung
cancer patients who develop brain metastasis. Arch Med Sci.
2018;14(6):1298-1307.

Byeon S, Ham JS, Sun JM, et al. Analysis of the benefit of se-
quential cranial radiotherapy in patients with EGFR mutant

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

non-small cell lung cancer and brain metastasis. Med Oncol.
2016;33(8). https://doi.org/10.1007/s12032-016-0811-3.

He ZY, Liu MF, Lin JH, Lin D, Lin RJ. Comparing the efficacy of
concurrent EGFR-TKI and whole-brain radiotherapy vs EGFR-
TKI alone as a first-line therapy for advanced EGFR-mutated
non-small-cell lung cancer with brain metastases: a retrospec-
tive cohort study. Cancer Manag Res. 2019;11:2129-2138.

Ke SB, Qiu H, Chen JM, Shi W, Chen YS. Therapeutic effect of
first-line epidermal growth factor receptor tyrosine kinase in-
hibitor (EGFR-TKI) combined with whole brain radiotherapy
on patients with EGFR mutation-positive lung adenocarcinoma
and brain metastases. Curr Med Sci. 2018;38(6):1062-1068.
Chen YS, Yang J, Li X, et al. First-line epidermal growth fac-
tor receptor (EGFR)-tyrosine kinase inhibitor alone or with
whole-brain radiotherapy for brain metastases in patients
with EGFR-mutated lung adenocarcinoma. Cancer Sci.
2016;107(12):1800-1805.

Li J, Bentzen SM, Renschler M, Mehta MP. Regression after
whole-brain radiation therapy for brain metastases correlates
with survival and improved neurocognitive function. J Clin
Oncol. 2007;25(10):1260-1266.

Magnuson WJ, Lester-Coll NH, Wu AJ, et al. Management of
brain metastases in tyrosine kinase inhibitor-naive epider-
mal growth factor receptor-mutant non-small-cell lung can-
cer: a retrospective multi-institutional analysis. J Clin Oncol.
2017;35(10):1070.

Wang CY, Lu XT, Lyu ZY, Bi N, Wang LH. Comparison of up-
front radiotherapy and TKI with TKI alone for NSCLC with
brain metastases and EGFR mutation: A meta-analysis. Lung
Cancer. 2018;122:94-99.

Liu YM, Deng L, Zhou XJ, et al. Concurrent brain radiotherapy
and EGFR-TKI may improve intracranial metastases control in
non-small cell lung cancer and have survival benefit in patients
with low DS-GPA score. Oncotarget. 2017;8(67):111309-111317.
Miyawaki E, Kenmotsu H, Mori K, et al. Optimal sequence of
local and EGFR-TKI therapy for EGFR-mutant non-small cell
lung cancer with brain metastases stratified by number of brain
metastases. Int J Radiat Oncol. 2019;104(3):604-613.

Zhu QQ, Sun YN, Cui YY, et al. Clinical outcome of tyrosine ki-
nase inhibitors alone or combined with radiotherapy for brain
metastases from epidermal growth factor receptor (EGFR)
mutant non small cell lung cancer (NSCLC). Oncotarget.
2017;8(8):13304-13311.

Yang JCH, Kim SW, Kim DW, et al. Osimertinib in patients
with epidermal growth factor receptor mutation? Positive non?
Small-cell lung cancer and leptomeningeal metastases: the
BLOOM study. J Clin Oncol. 2020;38(6):538-547.

Xie LJ, Nagpal S, Wakelee HA, Li G, Soltys SG, Neal JW.
Osimertinib for EGFR-mutant lung cancer with brain metasta-
ses: results from a single-center retrospective study. Oncologist.
2019;24(6):836-843.

Dagogo-Jack I, Gill CM, Cahill DP, Santagata S, Brastianos PK.
Treatment of brain metastases in the modern genomic era.
Pharmacol Therapeut. 2017;170:64-72.

Martinez P, Mak RH, Oxnard GR. Targeted therapy as an alter-
native to whole-brain radiotherapy in EGFR-mutant or ALK-
positive non-small-cell lung cancer with brain metastases.
JAMA Oncol. 2017;3(9):1274-1275.

Anand AK, Venkadamanickam G, AU,
et al. Hypofractionated stereotactic body radiotherapy in spinal

Punnakal


https://doi.org/10.1186/s13014-019-1454-2
https://doi.org/10.1186/s13014-019-1454-2
https://doi.org/10.1186/s12885-019-6140-0
https://doi.org/10.1186/s12885-019-6140-0
https://doi.org/10.1186/s12885-019-6005-6
https://doi.org/10.1186/s12885-019-6005-6
https://doi.org/10.1007/s12032-016-0811-3

LIU ET AL.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

metastasis—with or without epidural extension. Clin Oncol.
2015;27(6):345-352.

Chang CC, Chi KH, Kao SJ, et al. Upfront gefitinib/erlotinib
treatment followed by concomitant radiotherapy for advanced
lung cancer: a mono-institutional experience. Lung Cancer.
2011;73(2):189-194.

Borghetti P, Bonu ML, Giubbolini R, et al. Concomitant radio-
therapy and TKI in metastatic EGFR- or ALK-mutated non-
small cell lung cancer: a multicentric analysis on behalf of AIRO
lung cancer study group. Radiol Med. 2019;124(7):662-670.

De Ruysscher D, Wanders R, van Baardwijk A, et al. Radical
treatment of non-small-cell lung cancer patients with synchro-
nous oligometastases long-term results of a prospective phase
11 trial (Nct01282450). J Thorac Oncol. 2012;7(10):1547-1555.
Elamin YY, Gomez DR, Antonoff MB, et al. Local consolidation
therapy (LCT) after first line tyrosine kinase inhibitor (TKI) for
patients with EGFR mutant metastatic non-small-cell lung can-
cer (NSCLC). Clin Lung Cancer. 2019;20(1):43-47.

Das AK, Sato M, Story MD, et al. Non-small cell lung cancers
with kinase domain mutations in the epidermal growth fac-
tor receptor are sensitive to ionizing radiation. Cancer Res.
2006;66(19):9601-9608.

Das AK, Chen BP, Story ND, et al. Somatic mutations in the
tyrosine kinase domain of epidermal growth factor receptor
(EGFR) abrogate EGFR-mediated radioprotection in non-small
cell lung carcinoma. Cancer Res. 2007;67(11):5267-5274.
Nakamura M, Kageyama SI, Niho S, et al. Impact of EGFR mu-
tation and ALK translocation on recurrence pattern after defin-
itive chemoradiotherapy for inoperable stage III non-squamous
non-small-cell lung cancer. Clin Lung Cancer. 2019;20(3):E256
-E264.

Prasad R, Beard WA, Batra VK, Liu Y, Shock DD, Wilson SH. A
review of recent experiments on step-to-step "hand-off” of the
DNA intermediates in mammalian base excision repair path-
ways. Mol Biol. 2011;45(4):536-550.

Mukherjee B, Tomimatsu N, Burma S. Immunofluorescence-
based methods to monitor DNA end resection. Methods Mol
Biol. 2015;1292:67-75.

Maier P, Hartmann L, Wenz F, Herskind C. Cellular pathways
in response to ionizing radiation and their targetability for
tumor radiosensitization. Int J Mol Sci. 2016;17(1):102.

Milas L, Akimoto T, Hunter NR, et al. Relationship between
cyclin D1 expression and poor radioresponse of murine carci-
nomas. Int J Radiat Oncol. 2002;52(2):514-521.

Bai J, Guo XG, Bai XP. Epidermal growth factor receptor-related
dna repair and radiation-resistance regulatory mechanisms: a
mini-review. Asian Pac J Cancer Prev. 2012;13(10):4879-4881.
Borghetti P, Bonu ML, Roca E, et al. Radiotherapy and tyrosine
kinase inhibitors in stage iv non-small cell lung cancer: real-life
experience. Vivo. 2018;32(1):159-164.

Linggi B, Carpenter G. ErbB receptors: new insights on mecha-
nisms and biology. Trends Cell Biol. 2006;16(12):649-656.
Bhattacharya P, Shetake NG, Pandey BN, Kumar A. Receptor
tyrosine kinase signaling in cancer radiotherapy and its
targeting for tumor radiosensitization. Int J Radiat Biol.
2018;94(7):628-644.

Liccardi G, Hartley JA, Hochhauser D. Importance of EGFR/
ERCCI1 interaction following radiation-induced DNA damage.
Clin Cancer Res. 2014;20(13):3496-3506.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

.. 6187
Cancer Medicine ___-WI LEYJ—

de Sousa MML, Bjoras KO, Hanssen-Bauer A, Solvang-Garten
K, Otterlei M. p38 MAPK signaling and phosphorylations in the
BRCT1 domain regulate XRCC1 recruitment to sites of DNA
damage. Sci Rep. 2017;7.

Tanaka T, Munshi A, Brooks C, Liu J, Hobbs ML, Meyn RE.
Gefitinib radiosensitizes non-small cell lung cancer cells by
suppressing cellular DNA repair capacity. Clin Cancer Res.
2008;14(4):1266-1273.

Chinnaiyan P, Huang SM, Vallabhaneni G, et al. Mechanisms
of enhanced radiation response following epidermal growth
factor receptor signaling inhibition by Erlotinib (Tarceva).
Cancer Res. 2005;65(8):3328-3335.

van Vulpen M, Kal HB, Taphoorn MJ, El-Sharouni SY. Changes
in blood-brain barrier permeability induced by radiother-
apy: implications for timing of chemotherapy? Oncol Rep.
2002;9(4):683-688.

CaoY, Tsien CL, Shen Z, et al. Use of magnetic resonance imag-
ing to assess blood-brain/blood-glioma barrier opening during
conformal radiotherapy. J Clin Oncol. 2005;23(18):4127-4136.
Khalifa J, Amini A, Popat S, Gaspar LE, Faivre-Finn C,
Radiation SLCA. Brain metastases from NSCLC:
tion therapy in the era of targeted therapies. J Thorac Oncol.
2016;11(10):1627-1643.

Li J, Wu X, Wang Z, Shen Z, Sun N, Zhu X. Ionizing radiation
reduces TKI resistance caused by T790M mutation in NSCLC
cell lines. Zhongguo Fei Ai Za Zhi. 2015;18(8):475-480.

Riely GJ, Kris MG, Zhao B, et al. Prospective assessment of dis-
continuation and reinitiation of erlotinib or gefitinib in patients
with acquired resistance to erlotinib or gefitinib followed by the
addition of everolimus. Clin Cancer Res. 2007;13(17):5150-5155.
Asami K, Okuma T, Hirashima T, et al. Continued treatment
with gefitinib beyond progressive disease benefits patients with
activating EGFR mutations. Lung Cancer. 2013;79(3):276-282.
Park K, Yu CJ, Kim SW, et al. First-line erlotinib therapy until
and beyond response evaluation criteria in solid tumors pro-
gression in asian patients with epidermal growth factor receptor
mutation-positive non-small-cell lung cancer the ASPIRATION
study. JAMA Oncol. 2016;2(3):305-312.

Soria JC, Wu YL, Nakagawa K, et al. Gefitinib plus chemother-
apy versus placebo plus chemotherapy in EGFR-mutation- pos-
itive non-small-cell lung cancer after progression on first-line
gefitinib (IMPRESS): a phase 3 randomised trial. Lancet Oncol.
2015;16(8):990-998.

Gandara DR, Li TH, Lara PN, et al. Acquired resistance to tar-
geted therapies against oncogene-driven non-small-cell lung
cancer: approach to subtyping progressive disease and clinical
implications. Clin Lung Cancer. 2014;15(1):1-6.

Xu QH, Liu H, Meng SY, et al. First-line continual EGFR-TKI
plus local ablative therapy demonstrated survival benefit in
EGFR-mutant NSCLC patients with oligoprogressive disease. J
Cancer. 2019;10(2):522-529.

Yu HA, Sima CS, Huang J, et al. Local therapy with continued
EGFR tyrosine kinase inhibitor therapy as a treatment strat-
egy in EGFR-mutant advanced lung cancers that have devel-
oped acquired resistance to EGFR tyrosine kinase inhibitors. J
Thorac Oncol. 2013;8(3):346-351.

Planchard D, Popat S, Kerr K, et al. Metastatic non-small cell
lung cancer: ESMO clinical practice guidelines for diagnosis,
treatment and follow-up. Ann Oncol. 2018;29:192-237.

radia-



6188 .
—I—Wl LEY_Cancer Medicine _

99.

100.

101.

102.

LIU ET AL.

Laurie SA, Banerji S, Blais N, et al. Canadian consensus: oligo-
progressive, pseudoprogressive, and oligometastatic non-small-
cell lung cancer. Curr Oncol. 2019;26(1):E81-E93.

Chen HL, Wu AB, Tao H, et al. Concurrent versus sequential whole
brain radiotherapy and TKI in EGFR-mutated NSCLC patients with
brain metastasis A single institution retrospective analysis. Medicine.
2018;97(44). https://doi.org/10.1097/MD.0000000000013014.

An N, Wang HY, LiJ, et al. Therapeutic effect of first-line EGFR-
TKIs combined with concurrent cranial radiotherapy on NSCLC
patients with EGFR activating mutation and brain metastasis: a
retrospective study. Oncotargets Ther. 2019;12:8311-8318.

Zeng YD, Zhang L, Liao H, et al. Gefitinib alone or with con-
comitant whole brain radiotherapy for patients with brain me-
tastasis from non-small-cell lung cancer: a retrospective study.
Asian Pac J Cancer Prev. 2012;13(3):909-914.

103. Sung S, Lee SW, Kwak YK, Kang JH, Hong SH, Kim YS.

Intracranial control and survival outcome of tyrosine ki-
nase inhibitor (TKI) alone versus TKI plus radiotherapy
for brain metastasis of epidermal growth factor receptor-
mutant non-small cell lung cancer. J Neuro-Oncol.
2018;139(1):205-213.

How to cite this article: Liu B, Liu H, Ma Y, et al.
EGFR-mutated stage IV non-small cell lung cancer:

What is the role of radiotherapy combined with TKI?

Cancer Med. 2021;10:6167-6188. https://doi.
org/10.1002/cam4.4192



https://doi.org/10.1097/MD.0000000000013014
https://doi.org/10.1002/cam4.4192
https://doi.org/10.1002/cam4.4192

