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Introduction
“The riddle of the Sphinx” symbolizes elusiveness and often a 
complex, mysterious, and incomprehensible problem. When 
malignant tumor cells metastasize to the meninges, subarach-
noid space, or cerebrospinal fluid (CSF), patients will exhibit 
serious clinical symptoms due to the resulting condition known 
as leptomeningeal metastasis (LM). Leptomeningeal metasta-
sis is one of the serious complications of advanced malignant 
tumors and often occurs in the late stage of non–small cell lung 
cancer (NSCLC), breast cancer, melanoma, and other malig-
nant tumors.1 Leptomeningeal metastasis can occur in approx-
imately 3% to 5% of advanced NSCLC cases.2 In recent years, 
the incidence of LM has increased year by year, which is obvi-
ously correlated with the prolongation of overall survival (OS) 
due to the improvement of treatment and the improvement of 
related diagnostic techniques.3,4 Once NSCLC-LM develops, 
the prognosis is extremely poor, severely affecting the OS and 
quality of life (QOL) of patients. Without aggressive treat-
ment, the median OS is only 4 to 6 weeks. With the develop-
ment of innovative drugs and therapeutic techniques, the 
penetration of antitumor drugs in the brain and CSF has 
greatly improved, and the OS of patients has increased from 1 
to 3 months in the past to 3 to 11 months,5 especially with the 
advent of the era of molecular targeted therapy. Driver gene-
positive NSCLC mainly involves epidermal growth factor 
receptor (EGFR) positivity and anaplastic lymphoma kinase 
(ALK) or ROS1 rearrangement, which are more likely to be 
associated with LM. MET and RET gene mutations are far 
less common than EGFR, and preclinical and clinical data 
(1,2)indicate that compared to traditional chemotherapy the 
use of MET and RET TKIs is more likely to penetrate the 
BBB, resulting in better drug treatment outcomes. Yin et al6 
found that driver gene-positive NSCLC is more prone to LM 

than wild-type NSCLC, and given the advantages of high effi-
ciency, low toxicity, and portability, molecular targeted drugs 
have become the preferred treatment option for patients with 
driver gene-positive NSCLC-LM. These drugs largely improve 
patients’ QOL and notably prolong OS; therefore, molecular 
targeted therapy is an important research direction and treat-
ment focus for NSCLC-LM.

Leptomeningeal metastasis can occur in malignancy through 
a variety of pathways, the mechanisms of which are still unclear; 
the spread may involve hematogenous means, infiltration of 
metastases in the brain parenchyma, or progression along neural 
pathways into the CSF and the meninges of the brain or spinal 
cord. Owing to the presence of special structures, such as the 
choroid in the blood‒brain barrier (BBB) (Figure 1),7 malig-
nant tumor cells evade the surveillance of the immune system 
after the occurrence of LM,8 and tumor cells transferred to the 
central nervous system (CNS) escape the attack of multiple 
immune cells and survive. In addition, due to the “protection” of 
the BBB, most intravenous chemotherapeutic drugs cannot 
enter the CNS, and this results in the concentration of CSF 
drugs being too low, which affects the therapeutic effect in LM. 
Non–small cell lung cancer–LM represents one of the bottle-
necks and most challenging problems in the treatment of lung 
cancer metastases, and poor control of LM will seriously affect 
the treatment of the primary lung lesion, indirectly or directly 
affect the QOL of patients and substantially reduce the life 
expectancy of NSCLC-LM patients.

Clinical Manifestations and Diagnosis of NSCLC-
LM
The clinical symptoms of LM are complex and difficult to  
distinguish from those of parenchymal brain metastases 
(Figure 2).9,10 The clinical diagnosis of LM is mainly based on 
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the combination of CSF exfoliation cytology, imaging examina-
tion, and corresponding clinical symptoms or signs (Figure 3).11 
Patients with LM often present with elevated intracranial pres-
sure (dizziness, headache, vomiting, and optic papillary edema), 
meningeal irritation (cervical ankylosis, Kernig’s sign, and 
Brudzinski’s sign), and cerebral neuropathy.12 The results of 
enhanced magnetic resonance imaging (MRI) of the head 
often suggest meningeal enhancement or meningeal thicken-
ing. For patients with NSCLC with positive driver genes who 
are treated with molecularly targeted drugs, the appearance of 
symptoms, such as dizziness, headache, nausea, and vomiting, 

and other symptoms of increased intracranial pressure warrant 
a high degree of suspicion of LM. When this occurs, clinicians 
can usually choose to perform lumbar puncture and send CSF 
for exfoliative cytology to determine the presence of LM. 
Cerebrospinal fluid cytology is the gold standard for the diag-
nosis of LM, but its sensitivity is low, resulting in a low CSF 
positivity rate of 40% to 50%.13 The positivity rate of repeated 
lumbar puncture is 80% to 90%. Therefore, there is consider-
able randomness in finding tumor cells by CSF cytology. On 
one hand, it is difficult to detect tumor cells in CSF in the 
early stage of LM, and on the other hand, factors such as the 
limitation of CSF sampling volume and delay in detection can 
markedly affect the positivity rate.14

Cerebrospinal fluid cytology is the cornerstone of diagnos-
ing LM, but its diagnostic sensitivity is low, especially in the 
early stages of LM, which leads to delayed treatment timing.2,15 
Sasaki et al16 and Verheul et al17 have confirmed that the detec-
tion of tumor markers (TMs) in CSF can be used for early 
diagnosis of LM. Under physiological conditions, the genera-
tion of TMs in the CNS is minimal. Under pathological condi-
tions, the BBB is damaged, which can promote the movement 
of TMs into the CSF from the blood; additionally, TMs can be 
synthesized in the sheath of cancer cells secreted by the CNS, 
which can increase TMs in the CSF. The increase in the TM 
concentration in the CSF depends on the secretion and release 
of local cancer cells or TMs in serum infiltrate through the 
BBB, with the former being more likely.18 Therefore, the 
increase in the TM concentration in the CSF is often used for 
auxiliary diagnosis of LM.19 Wang and colleagues20,21 suggest 
that the CSF CEACAM6 or CEA level is useful for diagnos-
ing LM. However, the diagnostic sensitivity of TMs in the 
CSF for LM is low, especially in the early stages of LM disease, 
and the clinical application of TMs in the CSF is limited. 

Figure 1.  The structure of the BBB mainly includes endothelial cell, 

pericyte, tight junction, astrocyte, and basement membrane. This special 

structure not only prevents external substances from entering the CNS 

but also prevents drugs from entering the brain, leading to a decrease in 

drug utilization. BBB indicates blood‒brain barrier; CNS, central nervous 

system.

Figure 2.  The clinical manifestations of NSCLC-LM are diverse and can 

be accompanied by different neurological symptoms, mainly consisting of 

3 aspects. Patients with LM often present with elevated intracranial 

pressure (dizziness, headache, vomiting, and optic papillary edema), 

meningeal irritation sign (cervical ankylosis, Kernig’s sign, and 

Brudzinski’s sign), and cerebral neuropathy. NSCLC-LM indicates 

non–small cell lung cancer-leptomeningeal metastasis.

Figure 3.  The comprehensive diagnosis of NSCLC-LM is mainly based 

on the combination of CSF cytological examination, radiological 

examination, and corresponding clinical symptoms or signs. CSF 

cytology is the gold standard for the diagnosis of LM. However, to 

overcome the problem of low sensitivity of CSF cytology, liquid biopsy of 

CSF is necessary. CSF indicates cerebrospinal fluid; NSCLC-LM, 

non–small cell lung cancer–leptomeningeal metastasis.
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Thus, it is crucial to find indicators with high diagnostic sensi-
tivity for LM in the CSF.

To cope with the shortcomings of CSF cytology, liquid 
biopsy of CSF is necessary.22 The sensitivity of liquid biopsy 
techniques can be as high as 93%.14 The detection of CSF cir-
culating tumor cells (CTCs) can not only improve the early 
diagnosis of LM but also have a substantial impact on tumor 
prognosis.23 The presence of CSF CTCs is greatly correlated 
with the prognosis of tumors.24 At present, the detection of 
CSF CTCs is not popular because of its high technical require-
ments, but it is believed that in the future, it will shine in the 
treatment of NSCLC-LM.

Treatment of NSCLC-LM
Treatment strategies for oncogene-addicted NSCLC are 
therefore distinct from those for non-oncogene-addicted 
NSCLC and depend on the specific genetic mutation present. 
The optimal treatment options and modalities for NSCLC-LM 
are still immature25 and in the exploratory stage, particularly 
for non-oncogene-addicted NSCLC.26 Owing to the existence 
of the BBB and its special function in the human body, intra-
venous administration of chemotherapeutic drugs commonly 
used in antitumor therapy is not accompanied by high perme-
ability in the CNS, resulting in greatly reduced CSF concen-
trations of drugs.9,27 If appropriate levels of chemotherapeutic 
drugs cannot be achieved in the CNS to control and alleviate 
metastatic CNS lesions, the treatment effect in LM patients is 
substantially affected. For those with “oncogene addiction,” 
there are currently molecularly targeted drugs, namely, EGFR, 
ALK, and ROS1 tyrosine kinase inhibitors (TKIs) that strongly 
penetrate the BBB and prevent the spread of CNS cancer.

To address the problem of a low drug entry rate into the 
brain, clinicians can choose intrathecal (IT) chemotherapy to 
directly reach the foci of LM and give local CNS treatment; 
this approach is associated with fewer adverse effects than sys-
temic chemotherapy and allows rapid and uniform distribution 
of drugs in the CSF and rapid achievement of effective drug 
concentrations.

Intrathecal chemotherapy involvers lumbar puncture to 
inject chemotherapeutic drugs directly into the subarachnoid 
space, allowing drugs to reach the site of meningeal metastasis 
via CSF circulation. When LM occurs in lung cancer, com-
monly used IT chemotherapeutic agents include methotrexate 
(MTX), but MTX is mainly used to treat hematologic tumors 
and is effective against lung cancer. A small clinical study of 
intrathecal pemetrexed (IP) has been conducted with signifi-
cant results. Sun et al28 established a mouse model to evaluate 
the safety and pharmacokinetics of IP, and the results con-
firmed that the efficacy of IP at a dose of 1 mg/kg was signifi-
cant. The drug could be maintained at a higher concentration 
in the CSF for a longer period of time, with significant 
improvement in neurological symptoms and QOL, and there 
was a longer progression-free survival (PFS) and no serious 

adverse events (AEs). On the basis of a mouse model, Pan 
et  al’s phase I clinical trial of IP in 13 patients with 
NSCLC-LM29 showed that IP at a dose of 10 mg and in com-
bination with vitamin supplements once or twice a week pro-
vided controlled toxicity and good efficacy. The results of 
several studies30,31 likewise confirmed the significant efficacy 
and manageable safety of IP in patients with LM. The results 
of a phase I and II clinical study of NSCLC-LM with EGFR 
mutations that failed to respond to treatment with a TKI32 
showed that an IP dose of 50 mg could be the recommended 
dose with a high response rate and manageable adverse effects. 
Zheng et  al33 also recommend IP as a potentially effective 
treatment, and IP can be combined with TKI molecular tar-
geted therapy or radiation therapy with considerable efficacy. 
However, the efficacy and safety of IP in NSCLC-LM still 
need to be verified by clinical data from a large sample, and the 
optimal dose, frequency, and treatment period of IP still need 
to be investigated in more clinical trials.

Studies have shown that NSCLC with EGFR gene muta-
tions has the highest incidence of LM.34 The incidence of LM 
can be as high as 50% for EGFR and approximately 5% for 
ALK fusions. The usage of molecular targeted therapy in 
patients with positive driver genes has become a key research 
direction in studies of NSCLC-LM. Molecularly targeted 
therapies have been gradually developed in a transition from 
drugs with poor initial brain entry rates to drugs with high 
brain entry rates; such progress can lead to significantly 
improved OS and QOL in NSCLC-LM patients.35,36

The CNS penetration rate of first-/second-generation 
EGFR-TKIs is low, and their standard dose is not effective in 
patients with CNS metastases.37 Third-generation EGFR-
TKIs are mainly used for patients with CNS metastases, and 
the representative drugs are osimertinib, almonertinib, and fur-
monertinib. The results of several studies38-40 have shown that 
osimertinib has a greater ability to penetrate the BBB than 
first-/second-generation EGFR-TKIs. The AURA study41 
showed that osimertinib achieved an objective response rate 
(ORR) of 55% in T790M-positive asymptomatic CNS meta-
static NSCLC patients after EGFR-TKI treatment, with 
median PFS and median OS of 11.1 and 18.1 months, respec-
tively. The results of the AURA study showed a significant 
improvement in CNS remission rates. The BLOOM study42 is 
an important study in NSCLC-LM. Osimertinib (160 mg 
QD) was administered after positive diagnosis by CSF cytol-
ogy for EGFR-mutated NSCLC-LM with an ORR of 62% 
and a median OS of 11.0 months. The results of one study35,43 
showed that osimertinib improved OS in EGFR-mutant 
NSCLC patients who developed LM regardless of T790M 
mutation status. Both third-generation almonertinib and fur-
monertinib are innovative drugs developed in China with 
independent intellectual property rights, and both have also 
shown excellent BBB penetration.44 The preliminary results of 
several ongoing clinical studies show that their efficacy in the 
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population with CNS metastases is not inferior to that of osi-
mertinib in the FLAURA study.45 We need to wait for final 
results expected in the future.

AZD3759 is a new generation of EGFR-TKI and specially 
designed to penetrate the BBB.46,47 In preclinical studies, 
AZD3759 showed excellent penetration of the BBB.48 The 
Kpuu, CSF (ratio of free drug concentration in CSF to plasma) 
and Kpuu, brain (ratio of free drug concentration in brain to 
plasma) of AZD3759 are approximately 1, indicating that 
almost all AZD3759 can reach the brain.49 The BLOOM 
study50 is a phase I clinical study exploring the efficacy and 
safety of AZD3759 in patients with EGFR-sensitive mutant 
NSCLC with brain metastasis. Among the enrolled patients, 
the Kpuu, CSF values of AZD3759 can be as high as 1.11, 
indicating that AZD3759 can freely penetrate the BBB, so it 
can effectively treat patients with CNS metastasis, especially 
LM patients with high lethality. A total of 67 patients were 
included in this study. Among 21 patients with evaluable brain/
meningeal metastases, 52% (11/21) achieved tumor reduction, 
with 14% (3/21) showing clear local remission. Among the 
patients initially treated with EGFR-TKI, 18 patients had 
evaluable CNS target lesions, with an intracranial ORR of 83% 
(15/18). Among LM patients who have previously received 
EGFR-TKI treatment, the ORR can reach 28% (5/18) and the 
disease control rate (DCR) can reach 78% (14/18). Thus, 
AZD3759 is a choice for EGFR-mutant NSCLC patients 
with CNS metastasis, especially LM patients.51,52

Most ALK driver-positive patients who receive the first-
generation ALK-TKI crizotinib develop CNS metastasis,53,54 
mostly due to poor crizotinib penetration in the CNS or dis-
ease progression.55 In response to the shortcomings of poor 
CNS penetration of the first-generation drugs, the second-
generation ALK-TKI alectinib is a drug with efficient CNS 
activity, mainly because alectinib is not effluxed by the 
P-glycoprotein transporter protein,56 which is the key to its 
increased drug concentration in the brain and CSF. In an 
ALEX study57 of the efficacy of alectinib versus crizotinib in 
CNS metastasis, alectinib demonstrated superior CNS activity 
and significantly delayed CNS progression compared with cri-
zotinib. The third-generation ALK-TKI, lorlatinib, is specifi-
cally designed to penetrate the BBB, and animal models and 
preclinical studies in human trials have yielded results demon-
strating lorlatinib’s potent antitumor activity and high BBB 
permeability.58-60 The rapid uptake of lorlatinib by the CNS 
was confirmed in animal models by imaging techniques.61 
Lorlatinib treatment is the preferred regimen for ALK driver-
positive patients with CNS metastases.62

A retrospective study63 included 97 patients with 
NSCLC-LM molecular characteristics between 2015 and 
2021, most of them had EGFR mutations and other muta-
tions, including ALK, ROS1, KRAS, and TP53 mutations and 
MET amplification. Currently, there are relatively few reports 
of rare oncogenes, such as RET rearrangement or HER2 

mutation causing LM. There is a case report64 of lung adeno-
carcinoma accompanied by rare oncogene HER2 exon 20 
insertion mutations that causes LM. After 3 days of adminis-
tration of poziotinib, the symptoms improved significantly and 
the PFS was nearly 2 months. Therefore, we speculate that the 
CSF concentration and permeability of poziotinib may be sig-
nificantly higher than those of other TKIs.

For NSCLC patients with positive driver genes, TKIs are 
still the first choice for treatment, but unresolved drug resist-
ance issues are common.65,66 Therefore, it is particularly impor-
tant to clarify the gene mutation status of the metastatic lesion 
after the occurrence of TKI resistance to guide subsequent 
treatment. For intracranial metastases, tissue biopsy is limited 
in clinical application due to difficulty in obtaining specimens 
and invasiveness. Liquid biopsy technology based on next-gen-
eration gene sequencing (NGS) provides a safer and more 
effective approach for precise treatment of lung cancer. Liquid 
biopsy can determine the tumor burden, drug efficacy, and drug 
resistance of NSCLC patients by detecting circulating tumor 
DNA (ctDNA) in peripheral blood, CSF, and other body flu-
ids.67,68 In addition, few previous studies69-72 have confirmed 
that ctDNA in CSF compared with peripheral blood can more 
accurately reflect gene mutations in intracranial metastases. 
Using NGS liquid biopsy technology, detecting ctDNA 
changes in the CSF compared with peripheral blood of LM 
patients can more accurately and comprehensively reflect the 
true gene mutation status of LM. This strategy has broad 
application prospects in guiding medication decisions, moni-
toring drug resistance, efficacy evaluation, and prognosis 
judgment.4,73

The optimal treatment of NSCLC-LM is still in the phase 
of clinical exploration. The main goals of current treatment are 
to improve symptoms, improve QOL, and prolong survival 
time. Therefore, symptomatic supportive therapy is also neces-
sary for LM patients and can rapidly relieve severe clinical 
symptoms in the short term.74 However, the therapeutic effect 
cannot be maintained for a long period of time, and patients 
are prone to recurrent attacks and complete remission of the 
disease. For some patients, surgical treatment, mainly ventricu-
loperitoneal (VP) or Ommaya reservoirs, is available to rapidly 
relieve the clinical symptoms caused by high intracranial 
pressure.

It was found that vascular endothelial growth factor 
(VEGF) mediates tumor neovascularization, causing increased 
vascular permeability.75 Vascular endothelial growth factor 
causes extravasation of plasma and proteins, leading to brain 
edema.76 This suggests that VEGF may play an important role 
in the development of LM. The antiangiogenic drug bevaci-
zumab, a recombinant humanized IgG1 monoclonal antibody 
against VEGF, specifically binds to VEGF.77 On one hand, 
using bevacizumab can reduce neovascularization, inhibit 
tumor growth, reduce brain edema,78 and improve patients’ 
QOL and overall treatment efficiency. On the other hand, 
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bevacizumab can inhibit immature angiogenesis and induce 
normalization of blood vessels, thus increasing perfusion within 
the tumor and increasing the drug delivery rate. This suggests 
that combining bevacizumab with other chemotherapeutic 
drugs or targeted drugs in treatment can significantly increase 
the CNS penetration rate of other drugs, increasing the con-
centration of these drugs in the CSF and, thereby, giving full 
play to drug efficacy. Bevacizumab can also be combined with 
radiotherapy to induce normalization of tumor blood vessels, 
improve oxygenation, and reduce the proportion of oxygen-
depleted cells in the tumor, thus enhancing radiotherapy sensi-
tivity.79 It can significantly improve the tumor control rate in 
patients with CNS metastases.

Systemic and IT chemotherapy with radiotherapy is usually 
administered for non-oncogene-addicted NSCLC. The main 
mode of head radiotherapy for NSCLC-LM is whole-brain 
radiotherapy (WBRT).80 It can rapidly relieve acute neurologi-
cal symptoms and clinical manifestations in a short period of 
time. However, due to the dose limitation of normal brain tis-
sue, some patients still have difficulty in local tumor control. If 
the dose of radiotherapy is increased, high-dose WBRT can 
cause radioactive brain damage and irreversible damage to the 
brain parenchyma, and it is still controversial whether radio-
therapy can benefit patient survival.9,81,82 Therefore, the pur-
pose of radiotherapy is mostly palliative treatment.

Immunotherapy has gained popularity in recent years and 
has shown remarkable efficacy in the treatment of lung cancer. 
Immune checkpoint inhibitors (ICIs) have become a common 
first-line regimen in lung cancer treatment. However, due to 
the poor prognosis of LM patients, they have been excluded as 
participant in most clinical trials of ICIs. A single-center, ret-
rospective study of 32 NSCLC patients treated with ICIs after 
LM83 showed that patients with good physical status scores 
were more likely to benefit from immunotherapy. A single-arm 
phase II clinical trial84 enrolling 18 patients with solid tumors 
with LM showed that immunotherapy has a better efficacy and 
safety profile in LM. There is no definitive evidence of the effi-
cacy of immunotherapy in LM, and future clinical studies with 
large samples are needed to verify this.

Antibody drug conjugate (ADC) is a new type of antitumor 
drug that combines the advantages of both targeted therapy 
and chemotherapy while conferring a considerable reduction of 
toxic side effects compared with chemotherapy. It is a novel 
therapeutic tool that delivers a potent cytotoxic load through 
cytocytosis and ligand cleavage by monoclonal antibodies that 
specifically recognize tumor cell target antigens.85,86 Antibody 
drug conjugates are more commonly used in hematologic 
malignancies, but for solid tumors, only 7 ADCs have been 
approved worldwide, mainly breast cancer and uroepithelial 
cancer, involving a small number of phase I/II clinical stud-
ies.87-90 The biggest breakthrough in ADC application in solid 
tumors with CNS metastases has come from a phase II clinical 
trial on brain metastases from breast cancer.91 A total of 15 

patients were enrolled, all of whom had HER2-positive breast 
cancer with brain metastases. After treatment with ADC tar-
geting the HER2 locus, 11 of the 15 patients (73.3%) had 
shrunken brain metastases, including 2 patients (13.3%) who 
had complete disappearance of brain metastases; the drug was 
well tolerated, with no deterioration in brain function or QOL 
during the treatment period. HER2 gene abnormalities have 
been shown to be associated with the development and inva-
sion of many malignant tumors, such as breast, gastric, lung, 
and colorectal cancers.92 HER2 mutations have a low inci-
dence, are exhibited in only a few cases, and are associated with 
poor treatment outcomes in the real world of NSCLC.93,94 
This clinical study provides the basis and ideas for exploring 
novel treatment options in NSCLC with CNS metastasis and 
new ADC-related strategies for NSCLC-LM patients.

Efficacy Evaluation of NSCLC-LM Treatment
The evaluation of efficacy in LM treatment has long been a 
complex issue in neuro-oncology. On one hand, it is mainly 
difficult to distinguish whether neurological symptoms are 
directly related to LM or due to disease progression, and on the 
other hand, it is difficult to accurately determine the lesion size 
on imaging, which will affect the determination of efficacy 
after drug administration. There is still a lack of a quantifiable 
evaluation system regarding treatment effects in LM, and effi-
cacy evaluation is of great importance for clinical practice and 
clinical trials. Owing to the lack of evaluation criteria, most 
clinical trials will exclude patients with LM; therefore, energy, 
time, and multidisciplinary participation need to be directed at 
development of a treatment evaluation system for LM in the 
future.

Zhang and Yang95 acknowledged that the efficacy of 
NSCLC-LM was evaluated by the Response Evaluation 
Criteria in Solid Tumors (RECIST 1.1)96 with Brain 
Metastases, but it is controversial whether this criterion is 
applicable to the evaluation of the efficacy in patients with LM. 
The reason is that the size of the lesion cannot be accurately 
measured on cranial scan and enhanced MRI or X-ray com-
puted tomography (CT) after LM for changes in cranial LM 
to be evaluated and treatment effect determined. Alternatively, 
the neurological system has not been evaluated in a specialized 
manner to allow determination of treatment effect. The neuro-
logical system was not evaluated, so the impact of the treat-
ment plan on neurological function could not be assessed, and 
the improvement in neurological function could not be judged. 
This is one of the more problematic issues in LM efficacy eval-
uation criteria.

In the face of challenges in determining the efficacy of new 
treatments for malignant glioma, such as antiangiogenic drugs, 
the 2010 Response Assessment in Neuro-Oncology (RANO) 
working group proposed a new response assessment standard 
for high-grade glioma based on the Macdonald criteria estab-
lished in the 1990s97 to address its limitations. This effort has 
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been extended to other RANO working groups related to CNS 
tumors, including the Response Assessment in Neuro-
Oncology Brain Metastases (RANO-BM) system.98 In 2015, 
the RANO working group proposed the RANO-BM efficacy 
assessment system, which, in contrast to the more widely used 
RECIST system for solid tumors, changed the evaluation of 
target lesions from a 1-dimensional measurement of the long-
est diameter to a vertical cross-2-diameter assessment of nod-
ule size. It is important to note that the RANO-BM emphasizes 
the valid assessment of both target and nontarget lesions in 
brain metastases while including both in the criteria for defin-
ing efficacy. Progression of clear nontarget lesions should like-
wise be used as a criterion for progression and interruption of 
treatment. A more comprehensive systematic evaluation of the 
nervous system aims to develop standard response and progres-
sion criteria to be used in clinical trials for the treatment of 
brain metastases. This evaluation system proposes a compre-
hensive evaluation of neurological signs and symptoms and 
other aspects to comprehensively and systematically determine 
the improvement in neurological function; this is a milestone 
in the LM evaluation system development.

In 2018, the Chinese Society of Clinical Oncology, Chinese 
Association of Anticancer, proposed the Diagnosis and 
Treatment Consensus of Brain and Leptomeningeal Metastasis 
from Lung Cancer at the 15th China Lung Cancer Summit 
Forum.99 The expert group recommended the use of the 
RECIST evaluation system for solid tumors in combination 
with the RANO-BM evaluation criteria for efficacy evaluation 
of LM treatment. For some researchers,100 the specific evalua-
tion work can be explained as follows: on the basis of the 
RECIST evaluation system, combined with RANO-BM eval-
uation criteria as a supplement to the evaluation reference, the 
importance of independent intracranial and extracranial evalu-
ation and comprehensive evaluation is emphasized. In the eval-
uation of efficacy, intracranial lesions should be evaluated 
according to the RANO-BM criteria, and extracranial lesions 
should be evaluated according to the RECIST 1.1 criteria. It 
should be noted that the evaluations of both are independent 
of each other and do not interfere with each other. By consen-
sus, CNS PFS and non-CNS PFS were recommended as clini-
cal endpoints, and the concept of bicompartmental PFS was 
innovatively developed.71 Compared with the management 
and assessment of lesions that occur in intracranial or extracra-
nial unilateral progression, bicompartmental PFS offers better 
guidance and clinical significance, with emphasis on the speci-
ficity of intracranial lesion assessment and the overall disease 
characteristics and disease progression. Disease progression in 
1 of the 2 compartments should be judged as CNS 
progression.

The RANO-BM standard mainly corresponds to brain 
metastases, and for most brain metastases, the distance between 
the 2 vertical cross paths can be measured, and brain metastases 

are very different from meningeal metastases in imaging per-
formance.101,102 Brain metastases are easy to diagnose in imag-
ing, but LM lesions are not easily determined in imaging, 
which is currently a major challenge for imaging.

The 2017 RANO working group103 developed a consensus 
recommendation for LM, namely, the RANO-LM evaluation 
system, which proposes a comprehensive evaluation of LM 
after treatment: standardized neurological examination, CSF 
analysis, and imaging assessment. This evaluation system 
mainly involves a more comprehensive systematic evaluation 
of patients from 3 perspectives, and it has been widely used in 
clinical practice and clinical trials in recent years. This repre-
sents the latest research progress on the evaluation of LM 
treatment efficacy. The RANO-LM evaluation system con-
tains 3 aspects. The first aspect, the neurological examination, 
is divided into 10 main sections, namely, gait, strength, sensa-
tion, vision, eye movements, facial strength, hearing, swallow-
ing, level of consciousness, and behavior, and the examiner 
assigns a graded score to each aspect. As most neurological 
impairment due to LM is irreversible, the best response to 
treatment is usually stabilization of neurological function.104 
The RANO-LM recommends but does not include neuro-
logical symptoms in the RANO-LM evaluation system 
because there is currently no way to capture LM-related 
symptoms, such as headache, nausea, vomiting, or seizures. 
The second aspect, CSF exfoliative cytology, usually involves a 
qualitative analysis with results reported as negative, atypical, 
suspicious, or positive. Response Assessment in Neuro-
Oncology-LM supports a binary outcome measure of positive 
or negative, so that atypical is considered negative and suspi-
cious is considered positive. Response Assessment in Neuro-
Oncology–LM reflects the idea that quantitative CSF 
exfoliative cytology may detect a more accurate efficacy-
related response in theory, but feasibility is not high, and CSF 
exfoliative cytology is rarely performed in practice. It is possi-
ble that the poor sensitivity of CSF cytology may lead to false 
negatives, which may be as high as 50%, ie, tumor cells are still 
present in the CSF but not detected, leading possibly to “con-
version.”42 More importantly, CSF cytology results are influ-
enced by a number of objective factors, such as whether a 
sufficient volume of CSF is obtained, the choice of site for 
CSF acquisition, and the means of rapid processing after CSF 
acquisition, all of which can markedly affect the results of CSF 
analysis.105 Disease progression in CSF cytology is defined as 
the conversion of negative CSF cytology to positive or the 
unsuccessful conversion of positive to negative after induction 
therapy. The third and most challenging of the 3 aspects is 
neurological imaging assessment. Abnormal MRI often sug-
gests meningeal enhancement of the brain or spinal cord, 
which can be classified as nodular, linear, and curvilinear or 
may be focal or diffuse. The RANO-LM working group rec-
ommended that nodules ⩾5 × 10 mm in diameter be defined 
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as measurable lesions and evaluated serially. As the imaging 
features of most LM lesions are usually small in size and irreg-
ular in geometry, current MRI techniques do not allow for 
quantitative assessment, so the group adopted a scorecard 
model for imaging assessment. The RANO-LM expert group 
concluded that T2-FLAIR enhancement sequences of MRI 
are more useful for the assessment of LM lesions and that 
T2-FLAIR sequences could be added for further analysis of 
future meningeal lesions. Ideally, neurological examination, 
MRI, and CSF evaluation should be performed at the same 
time frame, but MRI should precede lumbar puncture to min-
imize the occurrence of false-positive meningeal enhancement 
on MRI after lumbar puncture.

However, this evaluation is still controversial; for example, 
neurological examination cannot accurately distinguish whether 
the symptoms associated with LM are due to the progression of 
systemic disease or the effects of parenchymal metastases or are 
related to adverse effects after treatment, which cannot be accu-
rately determined according to the RANO-LM evaluation sys-
tem. In addition, due to the low cytologic sensitivity of CSF, 
there is a high risk of false negatives, and it is inconclusive 
whether a negative CSF is an important part of the evaluation; 
its use as an important indicator of overall improvement is still 
controversial. Many experts106,107 have proposed NSCLC-LM 
treatment effect evaluation criteria that are currently available. 
However, the evaluation criteria are not widely used in clinical 
practice because they have not been further validated or are 
controversial.

We are also actively engaged in the joint multicenter devel-
opment and practical validation of the evaluation criteria 
regarding the efficacy of treatment of meningeal metastases. In 
the context of referring to other evaluation systems, we initially 
attempted to propose refinable evaluation criteria, conduct sta-
tistical analysis, quantify the score according to each evaluation 
component, and assign different weights to each component 
based on the results of statistical analysis. On the basis of the 
RANO-LM evaluation system, the relevant evaluation con-
tents are added or deleted, and the main points and basis for 
addition or deletion are as follows. (1) Delete the evaluation of 
“CSF cytology turning negative”: Due to the low sensitivity of 
CSF cytology examination, there are many clinical patients 
with obvious improvement in clinical symptoms after treat-
ment in whom CSF cytology is still positive after treatment, 
which means stable according to the RANO-LM evaluation 
system. Moreover, since the clinical importance of CSF cytol-
ogy is not clear, whether CSF cytology can be used as an 
important part of the evaluation to represent the improvement 
of the overall condition has not been established conclusively.3 
(2) Increase in “ QOL” or “physical activity status” scores: the 
presence of CNS metastases is associated with poor progno-
sis.82 The expert consensus on NSCLC-LM treatment and the 
main goal of treatment is to improve symptoms, improve QOL, 
and prolong survival, so a separate evaluation of QOL should 
be added. (3) Characteristics of the measurement, observation 

of the level of increased intracranial pressure and the occur-
rence of LM, the degree of association of clinical symptoms, 
and exclusion of the factors of the occurrence/extent of intrac-
ranial pressure change after treatment with bevacizumab: for 
patients with IT chemotherapy, we can dynamically monitor 
the changes in intracranial pressure and adjust the drug dose 
and frequency in time with clinical symptoms.

The above views arise from a synthesis of information from 
various evaluation systems and the results of clinical practice. 
The work is still in the data processing and analysis stage, and 
more studies with large samples will be needed to verify the 
views.

Summary
Non–small cell lung cancer–LM treatment remains a challenge 
for clinical work. Affected by many factors, such as driving 
gene status, treatment process, and physical status score, indi-
vidualized treatment is needed in the future, and multidiscipli-
nary participation is also needed. The assessment of efficacy of 
NSCLC-LM treatment is subject to multiple uncertainties, 
and there is a long way to go in the future.

Author Contributions
All authors contributed to the article conception and design. 
The first draft of the article was written by YZ, LY, and LW, 
and all authors commented on previous versions of the article. 
YW and HC generated the images for this article. QW and 
YuW made a substantial contribution to the concept of the 
work. All authors read and approved the final article.

ORCID iD
Yuhua Zhao  https://orcid.org/0000-0002-3880-2223

References
	 1.	 Hyun JW, Jeong IH, Joung A, Cho HJ, Kim SH, Kim HJ. Leptomeningeal 

metastasis: clinical experience of 519 cases. Eur J Cancer. 2016;56:107-114.
	 2.	 Remon J, Le Rhun E, Besse B. Leptomeningeal carcinomatosis in non-small cell 

lung cancer patients: a continuing challenge in the personalized treatment era. 
Cancer Treat Rev. 2017;53:128-137.

	 3.	 Wang Y, Yang X, Li NJ, Xue JX. Leptomeningeal metastases in non-small cell 
lung cancer: diagnosis and treatment. Lung Cancer. 2022;174:1-13.

	 4.	 Ozcan G, Singh M, Vredenburgh JJ. Leptomeningeal metastasis from non-small 
cell lung cancer and current landscape of treatments. Clin Cancer Res. 
2023;29:11-29.

	 5.	 Wang N, Bertalan MS, Brastianos PK. Leptomeningeal metastasis from sys-
temic cancer: review and update on management. Cancer. 2018;124:21-35.

	 6.	 Yin K, Li YS, Zheng MM, et al. A molecular graded prognostic assessment 
(molGPA) model specific for estimating survival in lung cancer patients with lep-
tomeningeal metastases. Lung Cancer. 2019;131:134-138.

	 7.	 Solár P, Zamani A, Kubíčková L, Dubový P, Joukal M. Choroid plexus and the 
blood-cerebrospinal fluid barrier in disease. Fluids Barriers CNS. 2020;17:35.

	 8.	 Leibold AT, Monaco GN, Dey M. The role of the immune system in brain 
metastasis. Curr Neurobiol. 2019;10:33-48.

	 9.	 Cheng H, Perez-Soler R. Leptomeningeal metastases in non-small-cell lung 
cancer. Lancet Oncol. 2018;19:e43-e55.

	 10.	 Ouyang W, Yu J, Zhou Y, et al. Metachronous brain metastasis in patients with 
EGFR-mutant NSCLC indicates a worse prognosis. J Cancer. 2020;11:7283-7290.

	 11.	 Le Rhun E, Weller M, Brandsma D, et al. EANO-ESMO Clinical Practice 
Guidelines for diagnosis, treatment and follow-up of patients with leptomenin-
geal metastasis from solid tumours. Ann Oncol. 2017;28:iv84-iv99.

	 12.	 Huang X, Jia Y, Jiao L. Sensorineural hearing loss as the prominent symptom in 
meningeal carcinomatosis. Curr Oncol. 2021;28:3240-3250.

https://orcid.org/0000-0002-3880-2223


8	 Clinical Medicine Insights: Oncology ﻿

	 13.	 Dankner M, Lam S, Degenhard T, et al. The underlying biology and therapeutic 
vulnerabilities of leptomeningeal metastases in adult solid cancers. Cancers. 
2021;13:732.

	 14.	 Lin X, Fleisher M, Rosenblum M, et al. Cerebrospinal fluid circulating tumor 
cells: a novel tool to diagnose leptomeningeal metastases from epithelial tumors. 
Neuro Oncol. 2017;19:1248-1254.

	 15.	 Xu Y, Hu M, Zhang M, et al. Prospective study revealed prognostic significance 
of responses in leptomeningeal metastasis and clinical value of cerebrospinal 
fluid-based liquid biopsy. Lung Cancer. 2018;125:142-149.

	 16.	 Sasaki S, Yoshioka Y, Ko R, et al. Diagnostic significance of cerebrospinal fluid 
EGFR mutation analysis for leptomeningeal metastasis in non-small-cell lung 
cancer patients harboring an active EGFR mutation following gefitinib therapy 
failure. Respir Investig. 2016;54:14-19.

	 17.	 Verheul C, Kleijn A, Lamfers MLM. Cerebrospinal fluid biomarkers of malig-
nancies located in the central nervous system. Handb Clin Neurol. 
2017;146:139-169.

	 18.	 Lin Y, Yu T, Li H, Yin Z, Guo A. [Diagnostic value of locally produced tumor 
markers and blood brain barrier integrity in lung cancer patients with leptomen-
ingeal metastasis]. Zhongguo Fei Ai Za Zhi. 2021;24:567-576.

	 19.	 Juanes-Velasco P, Galicia N, Pin E, et al. Deciphering biomarkers for leptomen-
ingeal metastasis in malignant hemopathies (lymphoma/leukemia) patients by 
comprehensive multipronged proteomics characterization of cerebrospinal fluid. 
Cancers. 2022;14:449.

	 20.	 Wang X, Tang X, Gu J, et al. CEACAM6 serves as a biomarker for leptomenin-
geal metastasis in lung adenocarcinoma. Cancer Med. 2023;12:4521-4529.

	 21.	 Wang Y, Luo N, Gao Y, et al. The joint detection of CEA and ctDNA in cere-
brospinal fluid: an auxiliary tool for the diagnosis of leptomeningeal metastases 
in cancer. J Cancer Res Clin Oncol. 2023;149:1679-1690.

	 22.	 Alix-Panabières C, Pantel K. Liquid biopsy: from discovery to clinical applica-
tion. Cancer Discov. 2021;11:858-873.

	 23.	 Campos-Carrillo A, Weitzel JN, Sahoo P, et al. Circulating tumor DNA as an 
early cancer detection tool. Pharmacol Ther. 2020;207:107458.

	 24.	 Heidrich I, Ačk ar L, Mossahebi Mohammadi P, Pantel K. Liquid biopsies: 
potential and challenges. Int J Cancer. 2021;148:528-545.

	 25.	 Lukas RV, Thakkar JP, Cristofanilli M, et al. Leptomeningeal metastases: the 
future is now. J Neurooncol. 2022;156:443-452.

	 26.	 Turkaj A, Morelli AM, Vavalà T, Novello S. Management of leptomeningeal 
metastases in non-oncogene addicted non-small cell lung cancer. Front Oncol. 
2018;8:278.

	 27.	 Sharif Y, Jumah F, Coplan L, Krosser A, Sharif K, Tubbs RS. Blood brain bar-
rier: a review of its anatomy and physiology in health and disease. Clin Anat. 
2018;31:812-823.

	 28.	 Sun JM, Nam MH, Chung JY, et al. Safety and pharmacokinetics of intrathecal 
administration of pemetrexed in rats. Cancer Chemother Pharmacol. 
2011;68:531-538.

	 29.	 Pan Z, Yang G, Cui J, et al. A pilot phase 1 study of intrathecal pemetrexed for 
refractory leptomeningeal metastases from non-small-cell lung cancer. Front 
Oncol. 2019;9:838.

	 30.	 Miao Q  , Zheng X, Zhang L, Jiang K, Wu B, Lin G. Multiple combination ther-
apy based on intrathecal pemetrexed in non-small cell lung cancer patients with 
refractory leptomeningeal metastasis. Ann Palliat Med. 2020;9:4233-4245.

	 31.	 Pan Z, Yang G, He H, et al. Intrathecal pemetrexed combined with involved-field 
radiotherapy as a first-line intra-CSF therapy for leptomeningeal metastases from 
solid tumors: a phase I/II study. Ther Adv Med Oncol. 2020;12:1758835920937953.

	 32.	 Fan C, Zhao Q  , Li L, et al. Efficacy and safety of intrathecal pemetrexed com-
bined with dexamethasone for treating tyrosine kinase inhibitor—failed lepto-
meningeal metastases from EGFR—mutant NSCLC—a prospective, open-label, 
single-arm phase 1/2 clinical trial (unique identifier: ChiCTR1800016615). J 
Thorac Oncol. 2021;16:1359-1368.

	 33.	 Zheng MM, Li YS, Sun H, Chen HJ, Wu YL. Intrathecal pemetrexed: another 
potential treatment modality for tyrosine kinase inhibitor-failed leptomeningeal 
metastases? J Thorac Oncol. 2021;16:e82-e84.

	 34.	 Li YS, Jiang BY, Yang JJ, et al. Leptomeningeal metastases in patients with 
NSCLC with EGFR mutations. J Thorac Oncol. 2016;11:1962-1969.

	 35.	 Lee J, Choi Y, Han J, et al. Osimertinib improves overall survival in patients with 
EGFR-mutated NSCLC with leptomeningeal metastases regardless of T790M 
mutational status. J Thorac Oncol. 2020;15:1758-1766.

	 36.	 Zhang M, Ma W, Liu H, et al. Osimertinib improves overall survival in patients 
with leptomeningeal metastases associated with EGFR-mutated non-small-cell 
lung cancer regardless of cerebrospinal fluid T790M mutational status. Evid 
Based Complement Alternat Med. 2021;2021:6968194.

	 37.	 Ahluwalia MS, Becker K, Levy BP. Epidermal growth factor receptor tyrosine 
kinase inhibitors for central nervous system metastases from non-small cell lung 
cancer. Oncologist. 2018;23:1199-1209.

	 38.	 Soria JC, Ohe Y, Vansteenkiste J, et al. Osimertinib in untreated EGFR-mutated 
advanced non-small-cell lung cancer. N Engl J Med. 2018;378:113-125.

	 39.	 Cheng Y, He Y, Li W, et al. Osimertinib versus comparator EGFR TKI as first-
line treatment for EGFR-mutated advanced NSCLC: FLAURA China, a ran-
domized study. Target Oncol. 2021;16:165-176.

	 40.	 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;14:99-106.

	 41.	 Ahn MJ, Chiu CH, Cheng Y, et al. Osimertinib for patients with leptomenin-
geal metastases associated with EGFR T790M-positive advanced NSCLC: the 
AURA leptomeningeal metastases analysis. J Thorac Oncol. 2020;15:637-648.

	 42.	 Yang JCH, Kim SW, Kim DW, et al. Osimertinib in patients with epidermal 
growth factor receptor mutation-positive non-small-cell lung cancer and lepto-
meningeal metastases: the BLOOM study. J Clin Oncol. 2020;38:538-547.

	 43.	 Li N, Bian Z, Cong M, Liu Y. Survival outcomes of patients with epidermal 
growth factor receptor mutations in non-small cell lung cancer with leptomenin-
geal metastasis. Front Oncol. 2021;11:723562.

	 44.	 Lu S, Wang Q  , Zhang G, et al. Efficacy of aumolertinib (HS-10296) in patients 
with advanced EGFR T790M+ NSCLC: updated post-national medical prod-
ucts administration approval results from the APOLLO registrational trial. J 
Thorac Oncol. 2022;17:411-422.

	 45.	 Ramalingam SS, Vansteenkiste J, Planchard D, et al. Overall survival with 
osimertinib in untreated, EGFR-mutated advanced NSCLC. N Engl J Med. 
2020;382:41-50.

	 46.	 Liang Y, Zhi S, Qiao Z, Meng F. Molecular dynamics simulations of a central 
nervous system-penetrant drug AZD3759 with lipid bilayer. J Mol Model. 
2022;28:261.

	 47.	 Xiong S, Xue M, Mu Y, Deng Z, Sun P, Zhou R. Determination of AZD3759 
in rat plasma and brain tissue by LC-MS/MS and its application in pharmaco-
kinetic and brain distribution studies. J Pharm Biomed Anal. 2017;140: 
362-366.

	 48.	 Tavassoly O, Del Cid Pellitero E, Larroquette F, et al. Pharmacological inhibi-
tion of brain EGFR activation by a BBB-penetrating Inhibitor, AZD3759, 
attenuates α-synuclein pathology in a mouse model of α-synuclein propagation. 
Neurotherapeutics. 2021;18:979-997.

	 49.	 Yang Z, Guo Q  , Wang Y, et al. AZD3759, a BBB-penetrating EGFR inhibitor 
for the treatment of EGFR mutant NSCLC with CNS metastases. Sci Transl 
Med. 2016;8:368ra172.

	 50.	 Ahn MJ, Kim DW, Cho BC, et al. Activity and safety of AZD3759 in EGFR-
mutant non-small-cell lung cancer with CNS metastases (BLOOM): a phase 1, 
open-label, dose-escalation and dose-expansion study. Lancet Respir Med. 
2017;5:891-902.

	 51.	 Planchard D. AZD3759 for CNS metastases in EGFR-mutant lung cancer. Lan-
cet Respir Med. 2017;5:841-842.

	 52.	 Zhao R, Yin W, Yu Q  , et al. AZD3759 enhances radiation effects in non-small-
cell lung cancer by a synergistic blockade of epidermal growth factor receptor and 
Janus kinase-1. Bioengineered. 2022;13:331-344.

	 53.	 Costa DB, Shaw AT, Ou SH, et al. Clinical experience with crizotinib in 
patients with advanced ALK-rearranged non-small-cell lung cancer and brain 
metastases. J Clin Oncol. 2015;33:1881-1888.

	 54.	 Solomon BJ, Cappuzzo F, Felip E, et al. Intracranial efficacy of crizotinib versus 
chemotherapy in patients with advanced ALK-positive non-small-cell lung can-
cer: results from PROFILE 1014. J Clin Oncol. 2016;34:2858-2865.

	 55.	 Costa DB, Kobayashi S, Pandya SS, et al. CSF concentration of the anaplastic 
lymphoma kinase inhibitor crizotinib. J Clin Oncol. 2011;29:e443-445.

	 56.	 Kodama T, Hasegawa M, Takanashi K, Sakurai Y, Kondoh O, Sakamoto H. 
Antitumor activity of the selective ALK inhibitor alectinib in models of intracra-
nial metastases. Cancer Chemother Pharmacol. 2014;74:1023-1028.

	 57.	 Gadgeel S, Peters S, Mok T, et al. Alectinib versus crizotinib in treatment-naive 
anaplastic lymphoma kinase-positive (ALK+) non-small-cell lung cancer: CNS 
efficacy results from the ALEX study. Ann Oncol. 2018;29:2214-2222.

	 58.	 Collier TL, Maresca KP, Normandin MD, et al. Brain penetration of the ROS1/ALK 
inhibitor lorlatinib confirmed by PET. Mol Imaging. 2017;16:1536012117736669.

	 59.	 Bauer TM, Shaw AT, Johnson ML, et al. Brain penetration of lorlatinib: cumu-
lative incidences of CNS and Non-CNS progression with lorlatinib in patients 
with previously treated ALK-positive non-small-cell lung cancer. Target Oncol. 
2020;15:55-65.

	 60.	 Waqar SN, Morgensztern D. Lorlatinib: a new-generation drug for ALK-posi-
tive NSCLC. Lancet Oncol. 2018;19:1555-1557.

	 61.	 Collier TL, Normandin MD, Stephenson NA, et al. Synthesis and preliminary 
PET imaging of (11)C and (18)F isotopologues of the ROS1/ALK inhibitor lor-
latinib. Nat Commun. 2017;8:15761.

	 62.	 Nagasaka M, Ou SI. Lorlatinib should be considered as the preferred first-line 
option in patients with advanced ALK-rearranged NSCLC. J Thorac Oncol. 
2021;16:532-536.

	 63.	 Liu X, Li G, Zhang H, et al. Molecular characteristics and prognostic factors of 
leptomeningeal metastasis in non-small cell lung cancer. Clin Neurol Neurosurg. 
2023;225:107572.



Zhao et al	 9

	 64.	 Fan Y, Qin J, Han N, Lu H. HER2 exon 20 insertion mutations in lung adeno-
carcinoma with leptomeningeal metastasis: a case report and response to pozio-
tinib. Ann Palliat Med. 2022;11:1582-1588.

	 65.	 Wu J, Lin Z. Non-small cell lung cancer targeted therapy: drugs and mecha-
nisms of drug resistance. Int J Mol Sci. 2022;23:15056.

	 66.	 Fu K, Xie F, Wang F, Fu L. Therapeutic strategies for EGFR-mutated non-small 
cell lung cancer patients with osimertinib resistance. J Hematol Oncol. 
2022;15:173.

	 67.	 Bunda S, Zuccato JA, Voisin MR, et al. Liquid biomarkers for improved diagno-
sis and classification of CNS tumors. Int J Mol Sci. 2021;22:4548.

	 68.	 Husain N, Husain A, Mishra S, Srivastava P. Liquid biopsy in CNS tumors: cur-
rent status & future perspectives. Indian J Pathol Microbiol. 2022;65:S111-S121.

	 69.	 Zheng MM, Li YS, Jiang BY, et al. Clinical utility of cerebrospinal fluid cell-free 
DNA as liquid biopsy for leptomeningeal metastases in ALK-rearranged 
NSCLC. J Thorac Oncol. 2019;14:924-932.

	 70.	 Zorofchian S, Iqbal F, Rao M, Aung PP, Esquenazi Y, Ballester LY. Circulating 
tumour DNA, microRNA and metabolites in cerebrospinal fluid as biomarkers 
for central nervous system malignancies. J Clin Pathol. 2019;72:271-280.

	 71.	 Van Den Bempt I, Wauters E, Vansteenkiste J. Genetic profiling of cell-free 
DNA from cerebrospinal fluid: opening the barrier to leptomeningeal metastasis 
in EGFR-mutant NSCLC. Ann Oncol. 2018;29:789-791.

	 72.	 Wang Y, Jiang F, Zhang Y, et al. Unique genomic alterations of cerebrospinal 
fluid cell-free DNA are critical for targeted therapy of non-small cell lung cancer 
with leptomeningeal metastasis. Genomics. 2021;11:701171.

	 73.	 Gao T, Chen F, Li M. Sequencing of cerebrospinal fluid in non-small-cell lung 
cancer patients with leptomeningeal metastasis: a systematic review. Cancer Med. 
2023;12:2248-2261.

	 74.	 Alexander M, Lin E, Cheng H. Leptomeningeal metastases in non-small cell 
lung cancer: optimal systemic management in NSCLC with and without driver 
mutations. Curr Treat Options Oncol. 2020;21:72.

	 75.	 Assoun S, Brosseau S, Steinmetz C, Gounant V, Zalcman G. Bevacizumab in 
advanced lung cancer: state of the art. Future Oncol. 2017;13:2515-2535.

	 76.	 Berhouma M, Jacquesson T, Jouanneau E, Cotton F. Pathogenesis of peri-
tumoral edema in intracranial meningiomas. Neurosurg Rev. 2019;42:59-71.

	 77.	 Nassehi D. Intracranial meningiomas, the VEGF-A pathway, and peritumoral 
brain oedema. Dan Med J. 2013;60:B4626.

	 78.	 Sakata Y, Kawamura K, Shingu N, Ichikado K. Erlotinib plus bevacizumab as an 
effective treatment for leptomeningeal metastases from EGFR mutation-positive 
non-small cell lung cancer. Lung Cancer. 2016;99:120-122.

	 79.	 Winkler F, Kozin SV, Tong RT, et al. Kinetics of vascular normalization by 
VEGFR2 blockade governs brain tumor response to radiation: role of oxygen-
ation, angiopoietin-1, and matrix metalloproteinases. Cancer Cell. 
2004;6:553-563.

	 80.	 Zhen J, Wen L, Lai M, et al. Whole brain radiotherapy (WBRT) for leptomen-
ingeal metastasis from NSCLC in the era of targeted therapy: a retrospective 
study. Radiat Oncol. 2020;15:185.

	 81.	 Lee SJ, Lee JI, Nam DH, et al. Leptomeningeal carcinomatosis in non-small-
cell lung cancer patients: impact on survival and correlated prognostic factors. J 
Thorac Oncol. 2013;8:185-191.

	 82.	 Kuiper JL, Hendriks LE, Van Der Wekken AJ, et al. Treatment and survival of 
patients with EGFR-mutated non-small cell lung cancer and leptomeningeal 
metastasis: a retrospective cohort analysis. Lung Cancer. 2015;89:255-261.

	 83.	 Zheng MM, Tu HY, Yang JJ, et al. Clinical outcomes of non-small cell lung can-
cer patients with leptomeningeal metastases after immune checkpoint inhibitor 
treatments. Eur J Cancer. 2021;150:23-30.

	 84.	 Brastianos PK, Strickland MR, Lee EQ  , et al. Phase II study of ipilimumab and 
nivolumab in leptomeningeal carcinomatosis. Nat Commun. 2021;12:5954.

	 85.	 Chau CH, Steeg PS, Figg WD. Antibody-drug conjugates for cancer. Lancet. 
2019;394:793-804.

	 86.	 Drago JZ, Modi S, Chandarlapaty S. Unlocking the potential of antibody-drug 
conjugates for cancer therapy. Nat Rev Clin Oncol. 2021;18:327-344.

	 87.	 Azar I, Alkassis S, Fukui J, et al. Spotlight on trastuzumab deruxtecan 
(DS-8201,T-DXd) for HER2 mutation positive non-small cell lung cancer. Lung 
Cancer. 2021;12:103-114.

	 88.	 Tsurutani J, Iwata H, Krop I, et al. Targeting HER2 with trastuzumab deruxte-
can: a dose-expansion, phase I study in multiple advanced solid tumors. Cancer 
Discov. 2020;10:688-701.

	 89.	 Li BT, Smit EF, Goto Y, et al. Trastuzumab deruxtecan in HER2-mutant non-
small-cell lung cancer. N Engl J Med. 2022;386:241-251.

	 90.	 Li BT, Shen R, Buonocore D, et al. Ado-Trastuzumab emtansine for patients 
with HER2-mutant lung cancers: results from a phase II basket trial. J Clin 
Oncol. 2018;36:2532-2537.

	 91.	 Bartsch R, Berghoff AS, Furtner J, et al. Trastuzumab deruxtecan in HER2-
positive breast cancer with brain metastases: a single-arm, phase 2 trial. Nat Med. 
2022;28:1840-1847.

	 92.	 Oh DY, Bang YJ. HER2—targeted therapies—a role beyond breast cancer. Nat 
Rev Clin Oncol. 2020;17:33-48.

	 93.	 Tan AC, Tan DSW. Targeted therapies for lung cancer patients with oncogenic 
driver molecular alterations. J Clin Oncol. 2022;40:611-625.

	 94.	 Ren S, Wang J, Ying J, et al. Consensus for HER2 alterations testing in non-
small-cell lung cancer. ESMO Open. 2022;7:100395.

	 95.	 Zhang C-L, Yang Y. Short-term and long-term efficacy of temozolomide com-
bined with whole brain radiotherapy on treating patients with meningeal metas-
tasis of advanced non-small cell lung cancer. Chin J Pharm Econom. 
2021;16:42-452.

	 96.	 Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evaluation criteria in 
solid tumours: revised RECIST guideline (version 1.1). Eur J Cancer. 
2009;45:228-247.

	 97.	 Macdonald DR, Cascino TL, Schold SC Jr, Cairncross JG. Response criteria for 
phase II studies of supratentorial malignant glioma. J Clin Oncol. 
1990;8:1277-1280.

	 98.	 Lin NU, Lee EQ   , Aoyama H, et al. Response assessment criteria for brain 
metastases: proposal from the RANO group. Lancet Oncol. 2015;16:e270-278.

	 99.	 Wu YL, Lu S, Wang CL, et al. Diagnosis and treatment consensus of brain and 
leptomeningeal metastasis from lung cancer. J Evid Based Med. 
2018;18:193-200.

	100.	 Wang H, Yu Z, Liu H. Short-term and long-term effects of temozolomide com-
bined with whole brain radiotherapy for leptomeningeal metastasis of advanced 
non-small cell lung cancer. Oncol Progress. 2020;18:803-805+841.

	101.	 Ernani V, Stinchcombe TE. Management of brain metastases in non-small-cell 
lung cancer. J Oncol Pract. 2019;15:563-570.

	102.	 Park YW, Han K, Park JE, et al. Leptomeningeal metastases in glioma revisited: 
incidence and molecular predictors based on postcontrast fluid-attenuated inver-
sion recovery imaging. J Neurosurg. 2023;139:38-48.

	103.	 Chamberlain M, Junck L, Brandsma D, et al. Leptomeningeal metastases: a 
RANO proposal for response criteria. Neuro Oncol. 2017;19:484-492.

	104.	 Le Rhun E, Preusser M, Van Den Bent M, Andratschke N, Weller M. How we 
treat patients with leptomeningeal metastases. ESMO Open. 2019;4:e000507.

	105.	 Le Rhun E, Massin F, Tu Q , Bonneterre J, Bittencourt Mde C, Faure GC. 
Development of a new method for identification and quantification in cerebro-
spinal fluid of malignant cells from breast carcinoma leptomeningeal metastasis. 
BMC Clin Pathol. 2012;12:21.

	106.	 Le Rhun E, Devos P, Boulanger T, et al. The RANO Leptomeningeal Metasta-
sis Group proposal to assess response to treatment: lack of feasibility and clinical 
utility and a revised proposal. Neuro Oncol. 2019;21:648-658.

	107.	 Le Rhun E, Devos P, Winklhofer S, et al. Prospective validation of a new imag-
ing scorecard to assess leptomeningeal metastasis: a joint EORTC BTG and 
RANO effort. Neuro Oncol. 2022;24:1726-1735.


