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Abstract. Brain metastases (BMs) frequently occur in 
non‑small cell lung cancer (NSCLC) and are associated with 
a poor prognosis. Epidermal growth factor receptor‑tyrosine 
kinase inhibitors (EGFR‑TKIs) have shown notable poten‑
tial in treating patients with NSCLC and BMs due to their 
enhanced ability to cross the blood‑brain barrier. However, 
failure pattern analyses reveal that initial disease progression 
(PD) in most patients primarily occurs in the brain, with >50% 
of cranial PD occurring exclusively at the original metastatic 
sites. This highlights the potential clinical importance of 
craniocerebral radiotherapy. Nevertheless, current clinical 
research indicates that not all patients with BMs will benefit 
from combined craniocerebral radiotherapy. Therefore, 
a comprehensive evaluation of relevant clinical factors is 
essential before selecting the most suitable treatment approach 
for these patients.
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1. Introduction

Lung cancer continues to be a leading cause of cancer‑related 
death worldwide (1). A notable proportion of patients with 
lung cancer, particularly in Asia, present with mutations 
in the epidermal growth factor receptor (EGFR) gene (2). 
Specifically, ~50% of Asian patients and 10‑15% of Western 
populations carry these EGFR mutations (2,3). The central 
nervous system (CNS) is a common metastatic site in 
patients with EGFR‑mutant (EGFRm) non‑small cell lung 
cancer (NSCLC) (4). Approaches to managing brain metas‑
tases (BMs) have evolved over time and vary depending on 
clinical circumstances (5). Traditionally, upfront whole‑brain 
radiotherapy (WBRT) has been employed to treat BMs in 
these patients. While WBRT offers improved local control 
compared with chemotherapy, it can negatively impact 
brain function. Consequently, stereotactic radiosurgery 
(SRS) is increasingly being employed, as it allows for the 
precise delivery of high radiation doses to metastatic 
lesions, resulting in less damage to surrounding healthy 
brain tissue than WBRT (6). However, the applicability of 
SRS may be limited by the number of metastatic lesions 
present (7). Over the past decade, advances in understanding 
the molecular underpinnings of EGFRm NSCLC have led to 
the development of several innovative therapeutic strategies. 
EGFR‑tyrosine kinase inhibitors (TKIs) have demonstrated 
notable efficacy in inhibiting EGFR signaling and eliciting 
antitumor responses (8‑11). New third‑generation TKIs and 
antiangiogenic drugs with improved intracranial activity 
have the potential to enhance the local control of intracra‑
nial lesions. As a result, there remains no consensus on the 
use of upfront radiotherapy for patients with synchronous 
BMs who are treated with first‑line therapy involving 
EGFR‑TKIs, particularly when administering either SRS or 
third‑generation TKI regimens (12,13).

Therefore, the present comprehensive review aimed to 
summarize the intracranial efficacy, patterns of failure, clinical 
value and appropriate patient populations for craniocerebral 
radiotherapy in EGFRm NSCLC with CNS metastasis treated 
with EGFR‑TKIs. The present review seeks to offer insights 
that will assist in optimizing personalized clinical management 
decisions for patients with NSCLC and BM.
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2. EGFR‑TKIs in EGFRm NSCLC with CNS metastasis

Treatments involving erlotinib, gefitinib and afatinib have 
emerged as standard of care options for patients with EGFRm 
advanced NSCLC  (14,15). First‑ and second‑generation 
EGFR‑TKIs have demonstrated notable efficacy, surpassing 
traditional chemotherapy as the initial treatment line for 
patients with EGFRm NSCLC who also present with BM. 
However, their efficacy is somewhat restricted due to their 
lower penetration rates across the blood‑brain barrier 
(BBB)  (16‑19). By contrast, third‑generation EGFR‑TKIs 
exhibit a greater capacity to penetrate the BBB and achieve 
higher concentrations in cerebrospinal fluid, thus showing 
promising efficacy (20) . 

The FLAURA trial was a landmark study that compared 
osimertinib with first‑generation EGFR‑TKIs in the treatment 
of advanced EGFRm NSCLC (21). The results of the trial were 
compelling and demonstrated the superiority of osimertinib 
in terms of progression‑free survival (PFS), overall survival 
(OS) and CNS PFS (20,21). Among the patients with base‑
line BMs, osimertinib significantly reduced the risk of CNS 
progression or death by 52%. This was reflected by a median 
intracranial PFS (iPFS) that was not reached in the study 
timeframe, compared with 13.9 months in the first‑generation 
EGFR‑TKI group, with a hazard ratio (HR) of 0.48. Moreover, 
patients receiving osimertinib exhibited a higher CNS 
objective response rate (ORR)  (20). The FLAURA China 
study, a rigorous double‑blind, randomized phase III trial, 
included patients from mainland China (22). After screening, 
136 patients were randomly assigned to either the osimertinib 
group or the first‑generation EGFR‑TKIs group. Notably, 24% 
(n=17) of patients in the osimertinib group and 32% (n=21) 
in the first‑generation EGFR‑TKI group had baseline BMs, 
which is critical given the impact of such metastases on treat‑
ment outcomes in patients with NSCLC. Regardless of CNS 
metastases at baseline, the incidence of CNS progression was 
higher in the first‑generation EGFR‑TKI group compared with 
the osimertinib group (20 vs. 3%). Subgroup analyses further 
substantiated the efficacy of osimertinib, demonstrating that 
all patients in this group experienced an improved PFS regard‑
less of the presence of baseline CNS metastases. Specifically, 
the PFS HR for patients with BMs at baseline (n=38) was 
0.66 [95% confidence interval (CI), 0.30‑1.38], indicating a 
reduced risk of progression compared with the first‑generation 
EGFR‑TKI group. In patients without BMs (n=98), the PFS 
HR was 0.51 (95% CI, 0.31‑0.84), further supporting the 
efficacy of osimertinib. 

The phase III AENEAS trial was a comparative study of 
aumolertinib and gefitinib in Chinese patients with advanced 
EGFRm NSCLC, which revealed a significantly improved PFS 
time in the aumolertinib group (23). Patients in the aumoler‑
tinib group exhibited a median PFS time of 19.3 months, 
which was over twice the 9.9 months observed in the gefitinib 
group. Moreover, patients with baseline CNS lesions who 
received aumolertinib experienced a significantly longer CNS 
PFS time compared with those who received gefitinib (23). 
Building on these findings, the phase III FURLONG trial 
also compared furmonertinib to gefitinib as a first‑line treat‑
ment for Chinese patients with advanced EGFRm NSCLC. 
Consistently, the FURLONG trial yielded similar outcomes 

to the AENEAS trial, reinforcing the efficacy of third‑gener‑
ation EGFR‑TKIs (24). In patients with baseline CNS target 
lesions, the median iPFS time for the furmonertinib group 
was 20.8 months, while the median iPFS time for the gefi‑
tinib group was 9.8 months (HR, 0.40; P=0.0011), indicating 
a significantly longer median iPFS time with furmonertinib 
treatment (25). These trials, which compared third‑generation 
TKIs with gefitinib or erlotinib as control groups in treating 
advanced EGFRm NSCLC, highlight the superiority of 
third‑generation TKIs in managing BMs. For a clearer and 
more detailed overview of third‑generation EGFR‑TKI 
treatments in patients with NSCLC with CNS involvement, 
Table I summarizes the key findings from these studies, aiding 
clinicians and researchers in understanding the impact of these 
groundbreaking treatments.

3. Pattern of failure analysis in metastatic EGFRm NSCLC 
treated with TKIs

Failure pattern of first‑generation EGFR‑TKIs. Despite the 
robust clinical efficacy of EGFR‑TKIs in advanced NSCLC, 
a number of patients inevitably experience disease progression 
(PD) while receiving treatment (26). Therefore, combining 
EGFR‑TKIs with craniocerebral radiotherapy may be espe‑
cially important for delaying treatment resistance in patients 
with CNS metastases. To identify potential candidates for 
craniocerebral radiotherapy, it is crucial to analyze the 
patterns of failure in metastatic EGFR‑positive NSCLC treated 
with EGFR‑TKIs. Research from the ADJUVANT study 
demonstrated that gefitinib, as an adjuvant therapy, offers a 
significantly improved efficacy compared with chemotherapy. 
Subsequent analyses of recurrence patterns in the ADJUVANT 
study revealed that adjuvant therapy with gefitinib had notable 
advantages over chemotherapy in terms of treatment failure 
modes, particularly regarding extracranial metastases (26). 
However, the ability of adjuvant TKIs to control the frequency 
of CNS metastases was not significantly superior to that of 
adjuvant chemotherapy, despite gefitinib delaying the onset 
of recurrence compared with chemotherapy. In this study, the 
incidence of intracranial metastases was higher in the gefitinib 
group (up to 27.4%) than in the chemotherapy group (24.1%), 
although gefitinib was more likely to induce a response in 
existing CNS metastases than chemotherapy. Notably, gefi‑
tinib extended the time to onset of CNS metastases compared 
with chemotherapy in the subsequent follow‑up. However, by 
the end of the third year of follow‑up, the cumulative incidence 
of BMs in the gefitinib group was comparable to that of the 
chemotherapy group and eventually surpassed it. This trend 
was also observed in a study by Patel et al (27), in which the 
occurrence of intracranial metastases markedly increased in 
the third year among patients who presented with EGFRm and 
received erlotinib. These results suggest that first‑generation 
TKIs may just delay rather than reduce the occurrence of BMs 
compared with traditional chemotherapy.

Failure pattern of third‑generation EGFR‑TKIs. Third‑
generation EGFR‑TKIs demonstrate a greater ability to 
penetrate the BBB than first‑generation EGFR‑TKIs, resulting 
in higher concentrations of the drug in the brain  (20). 
Trials have compared third‑generation TKIs to comparator 
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EGFR‑TKIs such as gefitinib or erlotinib in treating advanced 
EGFR‑positive NSCLC, which demonstrated the superiority 
of third‑generation TKIs for BMs (23,25).

Zhou et al (28) conducted a study involving patients with 
advanced EGFRm NSCLC who did not exhibit intracranial 
metastasis at baseline. In this study, 813 patients were enrolled, 
of whom 562 received first‑line gefitinib, 106 received first‑line 
erlotinib, 32 received first‑line osimertinib and 113 received 
second‑line osimertinib. The results indicated that patients 
treated with osimertinib exhibited a tendency towards a lower 
risk of developing intracranial metastasis than patients treated 
with first‑generation EGFR‑TKIs (P=0.059). However, the 
cumulative BM incidence curves plateaued after ~3 years, 
irrespective of the generation of EGFR‑TKIs administered, 
with similar incidence rates observed beyond that period in 
both groups. Crucially, osimertinib was found to signifi‑
cantly delay the emergence of symptomatic CNS metastases 
compared with first‑generation EGFR‑TKIs. This suggests 
that, while third‑generation TKIs show improved efficacy 
in penetrating the brain compared with the first‑generation 
options, they primarily delay rather than reduce the long‑term 
incidence of BMs.

Another study focused on patients with EGFRm NSCLC 
who already had intracranial metastases, and compared 
the efficacy of first‑line osimertinib with first‑generation 
TKIs, examining the patterns of treatment failure and 
recurrence  (29). Among the 367 selected patients, 265 
were treated with first‑generation EGFR‑TKIs, while 102 
received osimertinib. The results revealed that patients 
treated with osimertinib experienced a significantly higher 
number of (P<0.001) and larger BMs (P=0.003) compared 
with those who received first‑generation EGFR‑TKIs. 
Furthermore, after propensity score matching, the osimer‑
tinib group demonstrated a longer OS time compared with 
the first‑generation EGFR‑TKI group, with an average of 37.7 
vs. 22.2 months (P=0.027). Failure pattern analysis revealed 
that 51.8% of patients who did not receive upfront cranioce‑
rebral radiotherapy experienced initial PD in the brain and 
that 59.0% of cranial PD occurred solely at the original sites, 
suggesting the potential clinical value of upfront craniocere‑
bral radiotherapy. Notably, although first‑line treatment with 
osimertinib significantly delayed PD, it did not reduce the 
proportion of patients whose initial progression occurred in 
the brain, nor did it affect the percentage of patients with 
PD at the original site, new sites or both. This implies that 
osimertinib may not alter the inherent biological tendency 
of EGFRm NSCLC to metastasize to the brain. This conclu‑
sion is further supported by the results of a study conducted 
by Zeng et al (30), in which patterns of treatment failure in 
patients with EGFRm NSCLC and baseline BMs treated 
with first‑line EGFR‑TKIs were analyzed. After a median 
follow‑up of 22.8 months, 107 patients had developed cranial 
initial PD, with >60% developing initial PD solely from 
residual tumor sites as the best response to EGFR‑TKIs. This 
underscores the potential role of craniocerebral radiotherapy 
in addressing residual intracranial tumor lesions during the 
most effective phase of EGFR‑TKI treatment. Therefore, 
early administration of craniocerebral radiotherapy may 
offer potential benefits for treating BMs in EGFRm NSCLC, 
even with first‑line treatment with osimertinib.

4. Therapeutic effect of TKIs combined with craniocerebral 
radiotherapy in EGFRm NSCLC with CNS metastases

The results of the BRAIN study indicated that WBRT 
plus chemotherapy was inferior to EGFR‑TKI treatment, 
establishing the foundational role of EGFR‑TKIs in treating 
patients with EGFRm NSCLC and BMs (17). The analysis 
of failure patterns demonstrated that the majority of patients 
experienced initial PD in the brain, with >50.0% of cranial PD 
occurring solely at the original metastatic sites, suggesting 
that craniocerebral radiotherapy could hold significant 
clinical promise (29,30). This raises the question of whether 
combining EGFR‑TKIs with craniocerebral radiotherapy 
could further enhance the therapeutic efficacy for patients with 
BMs. Craniocerebral radiotherapy can effectively disrupt the 
BBB, leading to the increased absorption of chemotherapy 
or targeted drugs. Additionally, the EGFR serves a critical 
role in repairing radiation‑induced damage, and inhibiting 
the EGFR pathway can reduce cell proliferation and expedite 
repopulation (31,32). Additionally, cells in the G1/S and G2/M 
phases of the cell cycle are particularly sensitive to radiation 
therapy, whereas cells in the S phase are more tolerant (33). 
EGFR‑TKIs induce a pause in the cell cycle during the G1 
and G2/M phases, thereby reducing the proportion of cells 
in the S phase (34). Therefore, theoretically, the combina‑
tion of EGFR‑TKIs and craniocerebral radiotherapy may 
offer complementary advantages, potentially improving the 
therapeutic efficacy for patients with EGFRm NSCLC and 
CNS metastases.

Therapeutic effect of first‑ or second‑generation EGFR‑TKIs 
combined with craniocerebral radiotherapy. Multiple 
studies have assessed the significance of brain radiotherapy 
in patients with EGFRm NSCLC who have developed BMs. 
However, the results are conflicting. For instance, a pivotal 
prospective study by Chen et al  (35), which included 105 
patients with EGFRm NSCLC and BMs, compared the effi‑
cacy of first‑generation EGFR‑TKIs combined with WBRT 
against treatment with EGFR‑TKIs alone as a first‑line 
therapy for advanced disease. The results demonstrated that 
the group receiving EGFR‑TKIs combined with WBRT had a 
significantly improved median OS time (16.9 vs. 24.5 months; 
P<0.001), median iPFS time (6.8 vs. 12.4 months; P<0.001) 
and intracranial ORR (66.7 vs. 85.3%; P=0.003) compared 
with the EGFR‑TKIs monotherapy group. Additionally, 
a meta‑analysis involving 1,456  patients with EGFRm 
NSCLC and BMs found that those treated with WBRT or 
SRS combined with EGFR‑TKIs had a superior OS (HR, 
0.78; 95% CI, 0.65‑0.93; P<0.0001) and iPFS (HR, 0.69; 95% 
CI, 0.48‑0.85; P=0.04) compared with those treated with 
EGFR‑TKIs alone (36). Among those patients who received 
CNS radiotherapy combined with EGFR‑TKIs, subgroup 
analysis further showed that SRS provided improved OS 
benefits compared with WBRT (HR, 0.37; 95% CI, 0.26‑0.94; 
P<0.00001). Similarly, a multi‑center retrospective study by 
Magnuson et al (37) analyzed 351 newly diagnosed patients 
with EGFRm NSCLC and BMs from six centers. In this 
multi‑institutional analysis, patients received either SRS 
followed by EGFR‑TKIs, WBRT followed by EGFR‑TKIs 
or EGFR‑TKIs followed by SRS or WBRT in the event of 
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intracranial progression. The median OS time was notably 
different among the treatment groups. Patients who received 
SRS followed by EGFR‑TKI treatment had the longest 
median OS time at 46 months, compared with 30 months in 
the WBRT group and 25 months in the EGFR‑TKIs group 
(P<0.001). The results of this study indicated that upfront 
treatment with EGFR‑TKIs, while delaying radiotherapy, 
was associated with a poorer OS time in patients with 
EGFRm NSCLC and BMs. Specifically, the SRS followed 
by EGFR‑TKIs regimen not only extended the survival time 
but also potentially mitigated the neurocognitive side effects 
associated with WBRT.

Conversely, a meta‑analysis conducted by Tancherla et al (38), 
which incorporated 15 retrospective studies, revealed no signifi‑
cant differences in terms of OS and PFS when comparing TKIs 
combined with cranial radiotherapy versus TKIs alone. This 
finding suggests that the addition of cranial radiotherapy does 
not enhance the efficacy of TKI therapy. Similar outcomes were 
observed in a retrospective analysis by Miyawaki et al (39), which 
found that the inclusion of WBRT in EGFR‑TKI treatments did 
not confer a survival advantage over EGFR‑TKI monotherapy in 
patients with EGFRm NSCLC and BMs. The median OS time 
was 28 months for the TKI + WBRT group versus 23 months for 
the TKI‑only group (HR, 0.75; 95% CI, 0.52‑1.07). The inconsis‑
tent conclusions across these various studies may be related to 
several factors, including differences in the selection of enrolled 
populations and treatment protocols.

Therapeutic effect of third‑generation EGFR‑TKIs combined 
with craniocerebral radiotherapy. Despite the strong effec‑
tiveness of third‑generation EGFR‑TKIs in treating advanced 
NSCLC with BMs, progression of this disease is still common 
among patients receiving EGFR‑TKIs. The potential advantage 
of cranial radiotherapy at the time of intracranial progres‑
sion remains uncertain. However, considering the enhanced 
intracranial efficacy of third‑generation EGFR‑TKIs, the 
significance of combined treatment with cranial radiotherapy 
warrants further investigation.

Researchers have explored the potential of combining 
third‑generation EGFR‑TKIs with craniocerebral radio‑
therapy as a strategy to improve survival outcomes. For 
instance, a retrospective study analyzed 92 patients with 
EGFRm NSCLC and BMs, dividing them into the osimer‑
tinib alone and osimertinib combined with craniocerebral 
radiotherapy groups (40). The results showed no statistical 
difference in the 1‑year OS rates (73.5 vs. 66%; P=0.73) and 
distant intracranial control rates (68.7 vs. 84.9%; P=0.8) 
between the two groups. This real‑world study suggests that 
administering EGFR‑TKIs combined with craniocerebral 
radiotherapy without patient selection does not confer a 
survival benefit, indicating the need for further screening to 
identify potential populations that would benefit from this 
treatment modality.

Another Chinese real‑world study enrolled patients with 
EGFRm NSCLC and BMs to explore the value and appropriate 
population for early intervention with brain radiotherapy before 
targeted drug resistance (41). The study included 205 patients, 
of which 48 received brain radiotherapy before osimertinib 
treatment progression, defined as upfront cranial radiotherapy 
(ucRT), and 157 did not receive brain radiotherapy. All 

patients in the ucRT group with oligo‑BMs (defined as having 
1‑3 BM lesions with the largest lesion ≤3 cm) received SRS 
(n=17), whereas the majority of patients with multiple BMs 
received WBRT. The findings indicated that ucRT enhanced 
intracranial control but did not significantly affect the PFS 
and OS across the groups when no additional patient selec‑
tion was applied. Nevertheless, initial administration of SRS 
has been shown to have a distinct and independent correlation 
with enhanced OS and PFS in patients with oligo‑BMs in the 
aforementioned study. Another similar study also focused on 
this issue (42). In this study, patients were divided into the 
ucRT and non‑ucRT groups, and the results showed that the 
ucRT group had a significantly longer iPFS time compared 
with the non‑ucRT group (29.65 vs. 21.8 months; P<0.0001). 
Subgroup analyses showed that patients with oligo‑BMs (1‑3 
BMs) in the ucRT group experienced significantly longer OS 
(44.5 vs. 37.3 months), PFS (32.3 vs. 20.8 months) and iPFS 
(37.8 vs. 22.1  months) times compared with those in the 
non‑ucRT group. The results of the study suggest that upfront 
SRS is associated with a significantly prolonged survival 
time in patients with EGFRm NSCLC and oligo‑BMs, while 
pre‑treatment with EGFR‑TKIs may be the preferable strategy 
for patients with multiple existing BMs.

In a prospective phase II clinical study that involved 
patients with newly diagnosed EGFRm NSCLC with intra‑
cranial oligo‑BMs, patients received almonertinib treatment 
(110 mg daily) until intracranial PD, followed by stereotactic 
body radiation therapy (SBRT; total 32‑40 Gy, 8 Gy/fraction) 
that targeted the intracranial oligometastatic lesions (43). If 
the extracranial lesions were stable, almonertinib treatment 
continued after SBRT. The study evaluated 32 patients, all 
of which achieved partial remission for both the intracranial 
and extracranial lesions, with an intracranial ORR of 100%. 
The results from this prospective study have provided the 
confidence for further exploration of the combination of 
third‑generation EGFR‑TKIs with SBRT. 

Current clinical studies suggest that not all patients with 
CNS metastases will benefit from combined craniocerebral 
radiotherapy with EGFR‑TKIs, and therefore relevant clinical 
factors must be fully considered before making treatment deci‑
sions. For patients with a limited number of BMs (oligo‑BMs), 
upfront SRS or SBRT appear to be linked to a significantly 
prolonged OS time. By contrast, for patients with multiple 
BMs, WBRT could be postponed until there is evidence of 
PD. Nevertheless, these observations need to be substantiated 
through prospective studies with larger sample sizes to ensure 
the reliability of these findings.

5. Discussion

The present review clarifies that patients with oligo‑BMs (1‑3 
lesions) may significantly benefit from early SRS combined 
with EGFR‑TKI treatment, which extends survival. For 
patients with multiple BMs, monotherapy with EGFR‑TKIs is 
preferred to avoid the neurotoxicity caused by early radiation 
therapy, providing direct evidence for clinical individualized 
treatment. However, the effectiveness of EGFR‑TKIs combined 
with cranial radiotherapy remains controversial and selecting 
the optimal treatment plan based on the specific condition of 
the patient is still an unresolved issue. Future research should 
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aim to further validate the clinical efficacy of EGFR‑TKIs 
combined with cranial radiotherapy through larger prospec‑
tive clinical studies and to explore personalized treatment 
strategies for different patients with BMs.

The present review has certain limitations, including 
the retrospective design of the studies discussed, the insuf‑
ficient analysis of molecular mechanisms and the absence of 
long‑term neurotoxicity data. Future interdisciplinary collabo‑
ration (such as oncology, radiation physics and bioinformatics) 
is needed to fill the gaps in molecular prediction, technological 
optimization and mechanistic exploration, to promote the rapid 
development of a therapy regimen with precision, low toxicity 
and high efficiency.

6. Conclusion

Patients with NSCLC and BMs still exhibit a high intracranial 
failure rate with single‑agent TKI therapy. Selecting the appro‑
priate population for combined intracranial radiotherapy with 
EGFR‑TKIs can bring benefits. Based on the currently available 
data, the present review offers the following recommendations: 
i) For patients with oligo‑BMs, initiating treatment with upfront 
SRS may improve the OS, PFS and iPFS times more effectively 
than starting with EGFR‑TKIs. This supports the use of early 
cranial SRS for eligible patients who can tolerate the procedure. 
ii) Conversely, for patients with multiple BMs, ucRT may not be 
as effective in improving the OS and PFS times as starting with 
EGFR‑TKIs. Additionally, ucRT may increase neurotoxicity 
and diminish the quality of life of the patient. Therefore, for 
patients with multiple BMs, upfront EGFR‑TKI treatment might 
be the optimal choice. The treatment recommendation scheme 
for patients with NSCLC and BMs is presented in Fig. 1. 

In the future, the integration of additional clinical factors, 
such as specific patient characteristics, treatment sequences 
and radiation techniques, with multi‑molecular prognostic 
models could enhance the optimization of personalized 
clinical management decisions.
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