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Abstract

Purpose of Review Leptomeningeal disease (LMD), or spread of cancer cells into the pia and arachnoid membranes encas-
ing the brain and spinal cord, is associated with high symptom burden and poor survival at 2 to 5 months. Conventional
treatments including photon-based radiation therapy, systemic chemotherapy, and intrathecal chemotherapy demonstrate
limited efficacy. Despite significant successes for a range of solid tumors, immunotherapy has not yet demonstrated sig-
nificant efficacy in management of LMD. Advances in understanding of LMD pathophysiology, improved diagnostics,
and novel therapeutics are shifting this paradigm. In this article, we review diagnostic and treatment challenges associ-
ated with LMD.

Recent Findings We discuss the use of novel cerebrospinal fluid (CSF) analysis techniques such as circulating tumor cell and
CSF cell-free DNA assessment to overcome limitations of conventional diagnostic modalities. We then review advances in
treatment including clinical trial data demonstrating efficacy of proton craniospinal radiation to treat the entire neuroaxis.
We discuss emerging data regarding targeted therapeutics conferring durable survival benefit.

Summary Novel therapeutics and combinatorial treatment approaches will likely further improve outcomes for patients
with LMD.

Keywords Leptomeningeal disease - Leptomeningeal metastases - Craniospinal radiation - Intrathecal therapy - Central
nervous system metastases - Cerebrospinal fluid

Introduction

Leptomeningeal disease (LMD) describes spread of cancer
cells into the cerebrospinal fluid (CSF)-filled membranes
encasing the brain and spinal cord [1, 2]. LMD describes a
particularly destructive pattern of cancer progression associ-
ated with median overall survival (mOS) of 2 to 5 months
[3]. Reflecting the diffuse nature of disease location, LMD
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is associated with significant symptom burden including
headache, seizures, cranial neuropathies, weakness, and
gait difficulty [4]. LMD related to solid tumors most com-
monly occurs in the setting of breast cancer, lung cancer,
and melanoma; though in practice, any tumor may result in
LMD [1, 5]. LMD has been reported at initial cancer diag-
nosis or as part of initial intracranial involvement in 2-12%
of cases, but more often occurs as a late complication [6].
Prognosis of LMD varies by primary tumor type and tumor
molecular markers [2]. For example, LMD related to breast
cancer is generally associated with superior survival than
that observed with lung cancers [5-8]. Within breast cancer
subtypes, LMD related to human epidermal growth factor
receptor 2 (HER2) and hormone receptor positive breast
cancer carries a better prognosis compared to triple negative
tumors [7]. Treatment approaches for LMD include radiation
therapy, molecularly targeted systemic therapy in applicable
cases, immunotherapy, systemic chemotherapy, and intrathe-
cal chemotherapy [9]. In this review we will discuss recent
advances in pathophysiology, diagnosis, and treatment of
LMD.
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Pathophysiology of Leptomeningeal Disease

The leptomeninges consist of the pia and arachnoid mem-
branes. The arachnoid is laminated to the dural surface,
forming the outer limit of the central nervous system. The
pia adhere to the cortical surface. Interaction between the
pia and astrocytic endfeet leads to generation of extracel-
lular matrix forming the glia limitans. Circulating CSF,
generated by the choroid plexuses (and, to a lesser extent,
the ependyma) fills the ventricular system and the space
between these two membranes. Once cancer cells gain
access to this space and successfully grow within the
space, LMD results [9]. Mechanisms of tumor cell entry
into the CSF include hematogenous dissemination through
the choroid plexus or retrograde venous extension [10, 11].
Tumor cells may also directly seed the CSF through paren-
chymal brain or spinal cord metastases [11]. Upregulation
of complement component 3 (C3) has been identified as
a critical mechanism through which cancer cells activate
the C3a receptor in the choroid plexus, thereby disrupting
the blood-CSF barrier [11]. Although C3a is necessary for
cancer cell entry through the barrier, it is not sufficient to
mediate entry of tumor cells into the space. Mechanism(s)
governing cancer cell entry into the leptomeninges repre-
sent an active area of basic research.

Within the leptomeningeal space, LMD generates two
phenotypes [12]. Tumor cells may adhere to the leptome-
ninges, creating a plaque-like appearance that can be
detected on magnetic resonance imaging (MRI) of the
neuroaxis. Alternatively, tumor cells may be free-floating,
detected by CSF cytology. LMD related to free-floating
tumor cells has been associated with poorer survival com-
pared to plaque-like adherent LMD in the setting of breast
and lung cancer [12]. Similarly, in a prior retrospective
study of 225 patients with LMD, cytology positive for
tumor cells was noted as a negative prognostic factor [3].
In the same study, among patients with cytology negative
for tumor cells, presence of nodular disease on MRI was a
negative prognostic factor compared to radiographic linear
enhancement on MRI [3].

Tumor cells in the leptomeninges are faced with an unfa-
vorable environment with profound nutritional scarcity. One
mechanism that has been identified to facilitate cancer cell
survival within the space is through expression of iron-scav-
enging protein and receptor pair, lipocalin-2 (LCN2) and
SCL22A17 [13]. Cancer cells secrete LCN2 into the CSF
to sequester iron from CSF macrophage, thereby impairing
macrophage function and supporting metastatic growth [13].
Following promising results from disruption of this pathway
in preclinical models, intrathecal administration of the iron
chelator deferoxamine for treatment of LMD is currently
under investigation (NCT05184816) [14].
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Further mechanistic understanding of how tumor cells
survive and proliferate within the CSF while avoiding the
immune system is likely to yield additional vulnerabilities
that can be exploited by novel therapeutics.

Diagnostic Advances in Leptomeningeal
Disease

Because LMD encompasses the entire leptomeningeal space,
diagnostic and monitoring evaluation of LMD requires
imaging of the entire neuroaxis as well as CSF analysis
[9]. On conventional MRI, intracranial LMD can appear
as contrast enhancement along cranial nerves, surrounding
the brainstem, and within the cerebellar folia (Fig. 1) [15].
Along the spinal cord, LMD can appear as enhancement
over the cord surface or as clumping and enhancement of
the cauda equina or individual nerve roots [15]. However,
radiographic findings related to LMD can be subtle, and the
differential diagnosis for leptomeningeal enhancement is
broad. Moreover, a normal MRI of the neuroaxis does not
exclude the diagnosis [2].

Radiographic assessment of LMD also represents a chal-
lenge for determination of disease progression and response
to treatment. The Response Assessment in Neuro-Oncology
(RANO) criteria for LMD have been proposed to address
this issue and improve radiographic disease assessment [16].
However, these criteria have not yet been prospectively vali-
dated in their entirety. Perhaps due to the complexity of these
criteria, their use in routine clinical practice has been limited
[17]. More recently, a new imaging scorecard was validated
in a small cohort of 20 patients [18]. Joint guidelines from
the European Association of Neuro-Oncology (EANO) and
European Society for Medical Oncology (ESMO) are also
available for follow up and disease assessment [3, 19, 20].

The CSF biochemical and cytological profile is abnor-
mal in the setting of LMD, with lymphocytic pleocytosis,
elevated protein, and decreased glucose representing the
most common findings [21]. Conventional cytology allows
for direct visualization of tumor cells within CSF and is the
gold standard for diagnosis of LMD. However, yield from
a single CSF sample is low and the false negative rate for
conventional cytology is high [15]. While sensitivity of CSF
cytology is improved with repeated sampling, this can be
cumbersome for patients and delay diagnosis [22].

Novel approaches for CSF evaluation include CSF circu-
lating tumor cell (CTC) and cell-free tumor DNA (ctDNA)
assessment [2]. CTCs can be detected based on surface
protein expression. As an example, epithelial cell adhesion
molecule (EpCAM) is expressed on the surface of epithe-
lial cells, including tumor cells of breast or lung cancer ori-
gin [23-25]. Thus, EpCAM-based assays can be used for
detection of CTCs in the CSF. Similarly, High-Molecular
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Fig. 1 Intracranial and Spinal Appearance of Leptomeningeal Dis-
ease. A MRI brain with contrast demonstrating multiple leptome-
ningeal deposits (arrows). B MRI brain with contrast demonstrating
leptomeningeal deposits involving the brainstem and cerebellum

Weight-Melanoma-Associated Antigen/Melanoma-associ-
ated Chondroitin Sulfate Proteoglycan (HMW-MAA/MCSP)
has been explored for detection of CTCs related to mela-
noma [26]. In a prospective study of patients with breast
cancer, CSF CTC detection demonstrated superior sensitiv-
ity in comparison to traditional cytology to detect LMD [27].
Similar findings were reported in lung cancer LMD; CTC
sensitivity was 94%, cytology 76% [28].

In addition to commercially available cell-surface protein-
based assays, flow cytometry can also establish the diagnosis
of LMD. In this technique, fluorescently labeled antibodies
against cell surface proteins of interest detect of CSF CTCs
[29]. Use of flow cytometry for detection of LMD from solid
tumors remains extremely limited; surface antigens are less
established in these tumors. However, in hematologic malig-
nancies, this technique is standard-of-care [30].

CSF CTC measurement also provides a quantitative
measure of LMD burden with potential clinical utility for
treatment response assessment and detection of disease pro-
gression. As an example, in 15 patients with LMD related to
breast cancer, higher CSF CTC enumeration was associated
with more rapid disease progression [31]. Importantly, high
CSF CTC burden did not necessarily correlate with more
pronounced radiographic appearance of LMD, underscor-
ing the ability of this quantitative biomarker assessment

(arrows). C MRI of the lumbar spine with contrast demonstrating dif-
fuse enhancement along the spinal cord (yellow arrows) and cauda
equina nerve roots (red arrows)

to provide diagnostic, prognostic, and response assess-
ment information [31]. In a subsequent retrospective study,
increased CSF CTC count was associated with increased
risk of mortality as a continuous variable. Greater than or
equal to 61 CSF-CTCs per 3 ml of CSF was identified as
the optimal cutoff, at which risk of mortality doubled [32].
However, limitations of CSF CTC quantification include
limited availability of commercial assays at most centers,
possibility of epithelial-to-mesenchymal transformation
theoretically reducing the yield of EpCAM-based assays,
and need to develop assays or flow cytometry techniques for
surface proteins associated with different malignancies [2].

Tumor cells within the CSF shed DNA, which can be
detected by CSF ctDNA analysis [33]. As an example, in a
prior study of 43 CSF samples from 22 patients with LMD,
cytology was positive for malignant cells in 72% of the sam-
ples, compared to 93% positive for CSF ctDNA [34]. CSF
ctDNA has successfully been employed for diagnosis and
classification of primary CNS tumors [35, 36]. The quan-
titative nature of CSF ctDNA may have utility in response
assessment and prognostication [37]. However, the qualita-
tive and descriptive aspects of CSF ctDNA analysis are of
perhaps the greatest value, enabling identification of targeta-
ble mutations with potentially actionable targeted therapies
or identifying divergent mutational profiles between CNS
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and the primary tumor site [33]. For instance, a study of
patients with lung cancer harboring epithelial growth fac-
tor (EGFR) mutations revealed unique mutations and copy
number variations in CSF ctDNA not detected in analysis
of the primary tumor [38]. In a more recent study, analysis
of CSF ctDNA from patients with LMD secondary to lung
cancer captured molecular characteristics and heterogeneity
of metastatic disease [39]. Thus, examination of CSF ctDNA
may identify resistance mechanisms and suggest therapeutic
strategies unique to the CNS compartment [2]. Limitations
to the use of CSF ctDNA include lack of standardized pro-
cesses for DNA extraction, limited availability of the testing
for widespread use and the processing time required that
may preclude clinical decision-making based on results [33].
Furthermore, ctDNA may be shed into the CSF from both
parenchymal brain metastases and LMD. Thus, the pres-
ence of CSF ctDNA does not provide diagnostic certainty.
Optimized protocols for CSF ctDNA isolation are under
development and clinical utility of this test for molecular
characterization of LMD is likely to increase [40].

Further advances in advanced diagnostic tools for detec-
tion and monitoring of LMD may in time permit earlier
detection, improved diagnostic certainty, and more widely
available quantitative response assessment. Utilization of
CSF next-generation sequencing has the potential to iden-
tify resistance mechanisms, informing development of new
therapies. Table 1 summarizes emerging CSF diagnostic
strategies for LMD.

Therapeutic Advances in Leptomeningeal
Disease

Joint EANO and ESMO guidelines provide guidance for
management based on tumor type, presence of brain metas-
tases, and extent of systemic disease [19, 20]. Treatment
of LMD primarily involves radiation therapy to the symp-
tomatic sites followed by CNS-penetrant systemic therapy.
Due to the diffuse nature of LMD, surgical resection is

not possible. In select cases, ventriculoperitoneal shunt-
ing (VPS) can be considered for palliation of symptoms
related to obstructive hydrocephalus [41]. In a study of 190
patients with LMD who underwent CSF diversion, sympto-
matic relief was noted among 83% [42]. Complications were
uncommon with 5% of patients experiencing a shunt related
infection and 6.3% having a subdural hygroma/hematoma
[42]. Peritoneal carcinomatosis secondary to VPS is exceed-
ingly rare [43]. Recently, combination of an occludable VPS
with IT chemotherapy was retrospectively associated with
better survival compared to occludable shunt alone [44].

Radiation Therapy

Historically, LMD has been treated with photon-based whole
brain radiation therapy (WBRT) and focal spinal radiation
therapy (RT) to symptomatic sites of disease [45]. The dis-
advantage of this technique is that it does not address dis-
ease within the entire CSF compartment, and therefore has
not been associated with a survival benefit. Photon-based
craniospinal irradiation (CSI) is an option, but this is asso-
ciated with profound toxicities in adults and is not recom-
mended [46].

Proton CSI has emerged as a more tolerable alternative
to photon CSI to treat the entire neuroaxis [47]. Rather than
the progressive dose fall-off seen with photon radiation, pro-
tons deposit most of their energy within a few millimeters
of their end range, thereby eliminating exit radiation dose
and limiting off-target toxicities [48]. The resultant efficient
and focused delivery of RT to the craniospinal axis largely
spares the vertebral bone marrow, reducing risk of myelo-
toxicity. Anterior torso organ systems receive less radiation
with proton compared to photon CSI, resulting in less toxic-
ity to these organs.

Safety and tolerability of proton CSI for patients with
LMD from solid tumors was established in a phase I clinical
trial [47]. In this study, among 24 patients with LMD treated
with proton CSI, median central nervous system (CNS) pro-
gression free survival (PFS) was 7 months and mOS was

Table 1 Emerging Cerebrospinal Fluid Analytic Strategies for Leptomeningeal Disease

CTC Analysis

ctDNA Analysis

Technique
Advantages

Disadvantages

Tumor cell detection based on expression of surface proteins

e Improved sensitivity compared to conventional cytology

o Quantitative assessment allows longitudinal monitoring of
therapeutic response

e Potential prognostic value based on quantity of CTCs

o Limited availability

e Requires specialized equipment

o Individual assays specific to individual tumor types

Sequencing of DNA released from tumor cells into the CSF

e Potential to detect targetable tumor genetic alterations
o Potential to detect mutational divergence between CNS and
extracranial tumor cells

e Poor specificity: May also originate from parenchymal brain
metastases, limiting diagnostic attribution

e Limited availability

o Lack of standardization

e Prolonged processing time
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8 months [47]. The most common toxicities were fatigue and
self-limiting lymphopenia and thrombocytopenia.

In a subsequent clinical trial, proton CSI was compared
directly to involved field photon radiotherapy (IFRT) [49].
IFRT was defined as WBRT and/or focal spinal RT to
symptomatic areas. Forty-two patients treated with pro-
ton CSI were compared to 21 patients treated with IFRT.
A significant benefit in CNS PFS was observed with pro-
ton CSI (median 7.5 months; 95% CI, 6.6 months to not
reached) compared with IFRT (2.3 months; 95% CI, 1.2 to
5.8 months; P, 0.001). OS for proton CSI was 9.9 months
(95% CI, 7.5 months to not reached) compared to 6.0 months
for IFRT (95% CI, 3.9 months to not reached; P 5 0.029).

Importantly, the proton CSI trials enrolled a heteroge-
neous population of patients, some with actionable tumor
genetic mutations. In practice, toxicities (particularly high-
grade fatigue) are most prominent in patients greater than
60 years of age, or those that are heavily pretreated. Further,
limited availability of centers capable of delivering proton
therapy limits generalizability of the findings. Nevertheless,
the results of the phase 1 and phase 2 trials are promis-
ing and represent a significant advancement in treatment of
LMD. Proton CSI should be considered for select patients
with LMD when possible, particularly for those in whom
the goal of treatment is durable disease control. Sequencing
CNS-active systemic therapy with proton CSI may further
improve patient outcomes [50, 51].

Conventional Systemic Therapies

LMD is often encountered in the setting of progressive
extracranial disease [20]. As such, systemic therapies that
can target both extracranial and CNS compartments repre-
sent an attractive option. However, systemically-adminis-
tered, cytotoxic chemotherapies have demonstrated limited
efficacy in treatment of LMD. High-dose IV methotrexate is
among the most frequently employed approaches but is asso-
ciated with a modest survival benefit [52]. Despite frequent
use in other CNS tumors, single agent temozolomide has
not demonstrated efficacy for LMD related to solid tumors
[53]. Capecitabine alone or in combination with trastuzumab
represents one tumor-specific systemic therapy option with
modest benefit in treatment of LMD related to breast and
esophageal cancer [54, 55].

Intrathecal Therapy

Intrathecal (IT) chemotherapy describes direct adminis-
tration of chemotherapy into the CSF space by a lumbar
puncture or through the use of an intraventricular cath-
eter (e.g., Ommaya reservoir) [2]. To safely receive IT
chemotherapy, patients must have non-bulky disease with
no CSF flow obstruction [21]. In a retrospective study,

intraventricular therapy via Ommaya catheter was associ-
ated with better OS compared to IT chemotherapy admin-
istered into the lumbar cistern [56].

Methotrexate, cytarabine, topotecan, pemetrexed, and
thiotepa represent the most commonly administered IT
chemotherapy agents [2]. The mOS from early studies
of IT chemotherapy range from 2-4 months. However,
comparative clinical trials are lacking, optimal dosing
regimens are unknown, and the patient population from
these historical trials do not reflect the modern era of can-
cer-directed therapies [57-61]. More modern trials of IT
chemotherapies are suggestive of better survival outcomes
[62—-65]. A common pattern of IT chemotherapy admin-
istration in clinical practice involves use of methotrexate,
cytarabine, topotecan, or thiotepa twice weekly for four
weeks [66]. If cytologic response is favorable follow-
ing the initial four-week period, treatment can continue
once weekly for four weeks and then once monthly for
maintenance.

IT chemotherapy can be associated with toxicities related
to chemical meningitis including fever, headaches, and
nausea [66]. IT methotrexate is associated with leukoen-
cephalopathy in certain cases, particularly in the post-RT
setting [67]. Very limited data is available for combinato-
rial IT chemotherapy strategies, such as a small study of
cytarabine and methotrexate combination demonstrating
improved disease control compared to methotrexate alone
[68]. In another study investigating combinatorial therapy,
IT liposomal cytarabine combined with systemic chemo-
therapy was associated with improved survival compared
to systemic chemotherapy alone among patients with LMD
related to breast cancer [62]. On the other hand, a study of IT
methotrexate or cytarabine combined with systemic chemo-
therapy compared to systemic chemotherapy demonstrated
no added benefit from IT chemotherapy among patients with
LMD related to breast cancer [61].

IT administration of immunotherapy is a consideration,
but published experience remains limited to small studies
and case reports. In a retrospective report of 43 patients with
LMD from melanoma treated with IT interleukin-2 (IL-2),
mOS was 7.8 months but was accompanied by a high rate
of symptomatic intracranial hypertension [69]. A subset
of patients achieved long-term disease control with 5-year
OS rate reported at 13%. These findings suggest a subset
of patients with LMD secondary to melanoma may derive
significant benefit from IT IL-2, but patient or tumor-spe-
cific factors contributing to this prolonged survival remain
unclear. Combination of IT immune checkpoint inhibitor
(ICI) therapy with intravenous ICI is an emerging treatment
option for ICI-sensitive cancers [70]. Interim results from a
phase 1 study of IT plus IV nivolumab in patients with mela-
noma LMD demonstrated a preliminary mOS of 4.9 months
with tolerable safety data [70, 71].
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Similarly, IT administration of molecularly targeted thera-
pies may be a consideration in select settings. Administra-
tion of IT trastuzumab was evaluated in a clinical trial for
patients with LMD related to HER2-positive breast cancer
[72]. Thirty-four patients with LMD were treated. During the
phase 1 portion of the study, mOS for patients treated with
the 80 mg dose selected for phase 2 was 8.3 months; mOS
during the phase 2 portion of the study was 10.5 months
[72]. In another study, 7 patients with HER2-positive breast
cancer received IT trastuzumab [73]. mOS was 13.7 months
in the IT trastuzumab group, compared to 9.3 months among
patients who did not receive IT therapy [73]. IT trastuzumab
in the setting of HER2 positive esophageal carcinoma was
also evaluated, but data is very limited with one patient
experiencing durable disease control and the other expe-
riencing rapid progression and short survival [74]. While
these findings were encouraging, a meta-analysis of 45 pub-
lications representing 208 patients identified no difference
in mOS between IT trastuzumab compared to oral or IV
administration of HER?2 targeted therapy [75].

Based on current evidence, use of conventional IT ther-
apy for LMD is best reserved for patients with reasonable
performance status, limited CNS-penetrant systemic therapy
options, reasonably controlled extracranial disease, and/or
in the context of a clinical trial. The potential utility of IT-
based immunotherapy for melanoma and HER?2 targeted
therapy for LMD related to HER2-positive cancer is addi-
tionally encouraging. Further studies may better delineate a
role for IT therapy for selected subpopulations of patients
based on patient and tumor characteristics.

Immunotherapy

Checkpoint regulators such as programmed cell death pro-
tein 1 (PD-1) downregulate T cell activation [76]. ICIs such
as the anti-PD1 agent pembrolizumab work by blocking
these checkpoints with intent to generate a sustained anti-
tumor immune response. ICIs have proven efficacy in numer-
ous systemic malignancies including lung cancer, breast can-
cer, and melanoma [77]. Despite these successes, the role of
ICIs for LMD remain limited.

Two clinical trials have evaluated pembrolizumab in
mixed tumor populations of LMD [78, 79]. In the first study,
13 patients with LMD were treated with pembrolizumab
with median OS at 4.9 months [78]. In the second study, 20
patients with LMD were treated with pembrolizumab giving
an OS of 3.6 months, for a three-month OS of 60% [79].

In a study of melanoma patients with brain metastases,
four patients with LMD were treated with anti-PD1 ICI
nivolumab monotherapy [80]. No patients responded to
treatment. In another study combining anti-cytotoxic T-lym-
phocyte-associated protein 4 (CTLA-4) ICI ipilimumab
and nivolumab for 18 patients with LMD, median OS was
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2.9 months [81]. Similar results were noted in a retrospec-
tive review of ICIs for LMD related to lung cancer with
mOS reported at 3.7 months [82]. In a subsequent system-
atic review of 61 patients with LMD related to solid tumors
across 14 studies, mOS was 6.3 months with patients receiv-
ing no corticosteroids experiencing longer survival [83].

Taken together, these mOS data from small studies with
ICI monotherapy for management of LMD are comparable
to mOS associated with conventional treatments such as sys-
temic or intrathecal chemotherapy. To date, ICIs have not
satisfactorily improved survival from LMD as single agents.
Combinatorial strategies such as use of ICIs with proton
CSI, use of dual ICI, or combinations of other systemic and
IT therapies with ICIs are currently under investigation.

Molecularly Derived Targeted Therapies

Systemic therapies targeting driver mutations have remark-
able efficacy in management of a range of malignancies. As
an example, EGFR and anaplastic lymphoma kinase (ALK)
targeted therapies have dramatically altered management of
non-small cell lung cancer (NSCLC). V-raf murine sarcoma
viral oncogene homolog B1 (BRAF) and mitogen-activated
protein kinase (MEK) inhibitors are used in treatment of
melanoma and other BRAF-mutant tumors. These agents
have also demonstrated efficacy in LMD related to solid
tumors.

EGFR-targeted tyrosine kinase inhibitor (TKI) osimer-
tinib has demonstrated significant efficacy in treatment of
LMD related to EGFR-mutant NSCLC [84—86]. In the phase
1 BLOOM study, 41 patients with LMD secondary to EGFR-
mutant NSCLC were treated with osimertinib with an mOS
of 11 months [84]. Similarly, within the AURA program,
22 patients with LMD secondary to EGFR-mutant NSCLC
were treated with osimertinib and the mOS was 11.1 months
[85]. In a recent meta-analysis of 243 patients and 282 lines
of EGFR-TKI for patients with LMD from NSCLC, median
OS was 14.5 months [86]. Osimertinib was associated with
improved outcomes compared to other EGFR TKIs [86].

While early-generation ALK inhibitor crizotinib had lim-
ited CNS activity, the dual ALK and ROS1 inhibitor lorlat-
inib has been associated with CNS responses ranging from
8 to 22 months [87]. Among 11 patients with LMD due to
NSCLC with ALK (n=9) or ROS1 (n=2) mutations, lorlat-
inib therapy demonstrated an intracranial objective response
rate (ORR) of 45%; survival data was not provided [88].
Responses to the ALK inhibitor alectinib have also been
reported in setting of LMD secondary to NSLC [89, 90].

Responses to BRAF/MEK inhibitor combinations dab-
rafenib/trametinib and encorafenib/binimetinib have been
reported [91-93]. While individual case reports have indi-
cated some instances of durable responses, patients often
experience progression on these targeted therapeutics at
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the time of LMD diagnosis, limiting their clinical utility
specifically for management of LMD due to BRAF-mutant
tumors [2].

For patients with LMD related to HER2-positive breast
cancer, the antibody drug conjugate trastuzumab derux-
tecan has been associated with durable responses despite
uncertain CSF penetration [94, 95]. In a retrospective
study of 8 patients with LMD secondary to HER2-pos-
itive breast cancer, mOS was 10.4 months [95]. In the
ROSET-BM study, among 19 patients with radiographic
LMD, 12-month overall survival rate was 87.1% though
cytologic-positivity and responses were not reported
[94]. The selective HER2 inhibitor tucatinib in combina-
tion with trastuzumab and capecitabine was associated
with improved CNS disease control and survival (CNS-
PFS =9.9 mo; mOS =18.1 mo) compared to trastuzumab
and capecitabine without tucatinib (CNS-PFS =4.2 mo;
mOS =12.0 mo). While large-scale data is lacking, a
PFS of 7 months and OS of 10 months was reported for
a patient with LMD secondary to HER2 positive breast
cancer treated with tucatinib [96]. Furthermore, prelimi-
nary results of a phase 2 study of tucatinib, capecitabine,
and trastuzumab in newly diagnosed LMD suggest an LM-
ORR of 38% and 100% of patients achieving clinical ben-
efit [97]. Tucatinib, like other small molecule inhibitors,
has documented CSF penetration [98],

Another potential therapeutic approach may be trastu-
zumab deruxtecan, an antibody drug conjugate consisting of
anti-HER?2 antibody trastuzumab linked to the topoisomer-
ase I inhibitor deruxtecan. Among 19 patients with breast
cancer related LMD, trastuzumab-deruxtecan was associated
with 12-month survival rate of 87.1%, though CSF cytology
data was not reported in this study and clinical experience
with the antibody—drug conjugate is so far lacking [94]. It
remains to be determined whether combined administration
of IT trastuzumab with systemic HER2-acting agents such as
tucatinib or trastuzumab-deruxtecan is feasible or associated
with any additional benefit.

The vascular endothelial growth factor (VEGF) inhibitor
bevacizumab is frequently used in treatment of primary CNS
tumors as a steroid-sparing agent for management of symp-
tomatic cerebral edema, even though it is not associated
with an OS benefit [99]. Among patients with LMD, high
levels of VEGF have been negatively correlated with sur-
vival [100]. In a prior study, combination of bevacizumab,
etoposide, and cisplatin was associated with CNS response
and improved OS in setting of LMD related to breast can-
cer [101]. Given withdrawal of bevacizumab approval for
breast cancer, this combination is not frequently used in
the clinic [102]. Similarly, possible benefit from combina-
tion of erlotinib with bevacizumab was reported for LMD
secondary to EGFR-mutant NSCLC [103]. However, given
subsequent development of and clear benefit associated with

CNS-penetrant EGFR inhibitor osimertinib, this combina-
tion is unlikely to be used clinically.

Clinical experience with molecularly targeted therapies to
date indicates clear benefits from CNS-penetrant agents such
as osimertinib, lorlatinib, tucatinib, and trastuzumab derux-
tecan. Many patients with primary tumors harboring action-
able mutations will have already received targeted therapy
at the time of LMD diagnosis. Nevertheless, for patients
who present with LMD at the time of initial tumor diagnosis
or treated with an earlier generation TKI and experiencing
progression, targeted therapies represent viable treatment
options.

Conclusion

LMD remains a challenging complication of malignancy
resulting in significant morbidity and mortality. Significant
advances have been made in diagnosis and treatment of
LMD over the past decade, suggesting potential for change.
Emerging diagnostic tools such as CTCs and CSF ctDNA
provide earlier diagnosis, prior to the onset of irreversible
neurological damage. These tools also provide novel ways
to monitor the course of LMD, permitting earlier detection
of treatment response and guiding personalized treatment
based on tumor molecular profiles.

Advances in radiation therapy, notably proton CSI, pro-
vide a treatment option for the entire CSF compartment for
select patients. Combination proton CSI with systemic ther-
apy may further improve outcomes and is an area of active
investigation. Available clinical trial data has demonstrated
the potential of CNS-penetrant targeted therapies in LMD.
With improved understanding of tumor growth mechanisms
and LMD pathophysiology, further systemic therapy options
are likely to be developed.

Given the wealth of treatment resistance mechanisms
already established in solid tumor malignancies, regardless
of primary or site of metastasis, it is unlikely that any single
treatment modality will sufficiently treat LMD and achieve
long-term survival. Combinatorial strategies individualized
to individual tumor profiles and adjusted over the disease
course have the highest likelihood to improve local disease
control, symptom burden, and survival.
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