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Cerebrospinal fluid (CSF) directed antineoplastic
agents: a review of current knowledge

Abstract

Central nervous system (CNS) neoplasms are a heterogeneous group of lesions that
are classified as either primary or secondary based on their location of origin.' Primary
CNS neoplasms are tumors that arise in the brain parenchyma; these include gliomas,
meningiomas, nerve sheath tumors, and pituitary tumors.'? Brain metastases, or secondary
brain neoplasms, are tumors that arise from a primary cancer elsewhere in the body and
migrate through the bloodstream or lymphatic system to the brain parenchyma, the dura,
or the leptomeninges.? Nearly any type of cancer can metastasize to the brain; however, the
most common brain metastases originate from lung cancer, breast cancer, melanoma, renal
cancer, or colorectal cancer, listed in decreasing order of prevalence.' The efficacy of CSF
directed antineoplastic agents for the treatment of brain neoplasms depends on multiple
poorly understood factors (Table 1).> Current treatment strategies aimed at increasing CNS
antineoplastic concentrations include intrathecal (IT) therapy, radiation therapy, and high-
dose intravenous therapy.* This review focused on the pharmacology of antineoplastic
agents administered directly into the CSF in the current clinical setting, and how these
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Barriers to drug transport

There are three proposed barrier systems to drug transport in the
brain: the blood-CSF barrier, the blood-brain barrier (BBB), and the
CSF-brain barrier.” The first barrier refers to the epithelial cells of the
choroid plexus that resides within the CSF of the lateral, third, and
fourth ventricles.>> This barrier regulates drug transfer from the blood
to the CSF.° The second barrier refers to the capillary endothelial cells

Table | Antineoplastic agents currently used for intrathecal administration

of the brain. This barrier regulates drug transfer from the blood to the
interstitial fluid (ISF) that bathes the CNS parenchyma.¢

The infrastructure of these first two barriers is quite different, owing
to the varied permeability between them. Lipid-soluble, nonpolar
molecules with a molecular mass of less than 400 to 600 Daltons are
readily transported through the BBB whereas virtually all small and
large molecules can traverse the blood-CSF barrier.®” The final barrier
refers to the epithelial cells of the ependyma and pia membranes that
line the ventricles and subarachnoid spaces, respectively.® This barrier
regulates drug transfer from the CSF to the CNS parenchyma through
diffusion.?® In addition to these physical barriers, efflux pumps, drug
metabolizing enzymes, and bulk flow impede effective drug delivery
to the CNS parenchyma.”

CSF .
Drug Dose Interval Half-life* Common Indications
MTX!024 8to 12 mg 2 to 5 days ~9 hours Meningeal leukemia
Ara-C» 100 mg/dose 2 to 3 times 3.4 hours Meningeal leukemia
weekly
Liposomal Adults: 50 mg . .
cytarabine? Peds: 35 mg Every 2 weeks 141 hours Refractory leptomeningeal leukemia

*Under normal circumstances

Biology of the CSF

Constituents of the CSF provide nourishment to and facilitate
electrical activity within the CNS.® In the normal adult, CSF is clear,
colorless, and acellular. Several macromolecules, such as glucose
and protein, persist naturally within the CSF. Protein concentrations
range from 23 to 38mg/dL and glucose concentrations are expressed
as a blood to CSF ratio of 0.6, with higher glucose concentrations
observed within the ventricles than the lumbar space.” Major CSF
electrolytes include Na*, K*, Ca*’, Mg?, CI, and bicarbonate ion.®

Secretion and resorption processes maintain a balanced pressure of
less than 150mm H,O.

CSF circulation

CSF fills the cerebral ventricles as well as the spinal and brain
subarachnoid spaces.>® The majority, approximately 80 percent, is
produced by the choroid plexus, with the remainder produced by all
other CNS epithelium.>® Both active and passive mechanisms are
responsible for the secretion of CSF into the cerebral ventricles. In a
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normal adult, CSF is produced at a bulk flow rate of 0.3 to 0.4mL/min
to maintain a volume of 90 to 150mL.> CSF flows in a unidirectional
manner via the cerebral aqueduct through the lateral, third, then fourth
ventricles and finally through the subarachnoid spaces prior to being
absorbed into the venous blood at the level of the arachnoid villi or
drained into the cervical lymphatics.>”® The entire CSF volume is
replaced every 4 to 5 hours or 4 to 5 times each day.> It is important to
note that neoplastic meningitis and bulky CNS disease may obstruct
the physiologic CSF flow and normal rates of CSF production and
resorption (Figure 1).*
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Figure | CSF flow in the CNS."2

Methods of IT drug delivery

There are two routes of IT drug delivery used in clinical
practice: intralumbar and intraventricular injections. Intralumbar
is administered by a lumbar puncture and intraventricular is
achieved through the use of an access device, such as an Ommaya
reservoir. Intralumbar might be the preferred route of entry due to
its simplicity; however, an intraventricular access device facilitates
serial administration of antineoplastic agents and CSF sampling.'
Drug distribution following lumbar puncture is non uniform due to
the directionality of CSF circulation. As a result, increased exposure
to drug metabolizing enzymes and efflux systems may compromise
effective drug delivery.* Following intraventricular injection, a drug
traverses the CSF flow tracks and is rapidly absorbed into systemic
circulation at the arachnoid villi. Then, the drug re-enters the CNS
parenchyma through the BBB or the blood-CSF barrier. Drugs most
commonly used for IT antineoplastic treatment include: methotrexate,
Ara-C, and liposomal cytarabine.

Concurrent radiotherapy

IT antineoplastic therapy with concurrent brain radiotherapy
can result in injury to the CNS at higher rates than those of single
modality treatment.!" Complications of combined treatment include:
tumor pseudoprogression, leukoencephalopathy, and disseminated
necrotizing leukoencephalopathy (DNL). Tumor pseudoprogression
mimics tumor recurrence both clinically and diagnostically.'>!
It occurs as a result of necrosis secondary to vascular damage and
subsequent ischemia with an estimated incidence of approximately
30 percent. Leukoencephalopathy is often more severe and occurs
more frequently, with incidence rates ranging from 30 to 75 percent.
It occurs as a result of demyelination or frank degeneration of white
matter. Clinically, it presents as mild to severe cognitive impairment.'?
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DNL is the most severe toxicity of concurrent radiotherapy. It
is essentially widespread leukoencephalopathy and presents as
cognitive, motor, and autonomic deficits.""'> The incidence rate of
DNL is reported to be approximately 24 percent. Currently, there are
no prophylactic or curative treatments available for CNS toxicity from
combined treatment.'” The use of concurrent radiotherapy and CSF
directed chemotherapy should be discouraged until safety could be
improved.

Drug specific information
Methotrexate (MTX)

Methotrexate was first used as an antineoplastic agent in 1959 for
the treatment of primary and metastatic brain tumors.* It is a cell-cycle
phase specific folate antimetabolite that inhibits DNA synthesis, repair,
and cellular replication. Routes of CNS administration can include
intravenous (IV) and IT, with the latter being more advantageous due
to the aforementioned barriers of drug transport.! Pharmacokinetic
studies have shown negligible CSF ventricular concentrations
following a single IV injection, with greater concentrations achieved
following high-dose IV infusion; however, therapeutic concentrations
are rarely achieved intravenously.! IT administration circumvents
the BBB; following intraventricular administration, therapeutic
concentrations are maintained for a full 48 hours in both ventricular
and lumbar fluids, with equilibration observed within 4 hours."
Methotrexate exhibits biphasic elimination from the CSF with half-
lives of 4.5 and 14 hours for the intervals of 4 to 36 hours and 48
to 96 hours.'®7 Increased half-lives at later times can be explained
by the reverse diffusion of methotrexate from the CNS parenchyma
back into the CSF after bulk flow had initially diluted the CSF
concentration.!” Methotrexate elimination occurs primarily by CSF
bulk flow resorption.*

Cytarabine (Ara-C)

Cytarabine (Ara-C) is an antineoplastic agent approved by the
Food and Drug Administration (FDA) in 1969 for prophylaxis and
treatment of meningeal leukemia. It is a cell-cycle phase specific
pyrimidine analog that inhibits DNA synthesis, repair, and cellular
replication.* Routes of CNS administration include IV and IT;
however, IV administration allows for minimal penetration across
the BBB into the CSF. When administered intravenously, Ara-C
is metabolized intracellularly to its active metabolite, cytosine
arabinoside triphosphate (Ara-CTP). Continuous IV infusions allow
for a steady state Ara-C CSF-to-plasma ratio of 0.4.'8 Plasma Ara-C
exhibits biphasic elimination with half-lives of 10 minutes and 1 to
3 hours. Conversely, Ara-C elimination from the CSF exhibits first-
order kinetics, with a clearance of 0.42 mL/min and a half-life of 3.4
hours.>" Following IT administration, the concentration of Ara-C
is undetectable in the plasma due to rapid conversion to Ara-U by
cytidine deaminase. Levels of this enzyme are markedly decreased in
the CSF, resulting in sustained concentrations.*!*?° Ultimately, Ara-C
is eliminated from the CSF through a collective process that includes
enzymatic degradation and CSF bulk flow.

Liposomal Cytarabine

Liposomal cytarabine received FDA approval in 1999 for the
treatment of lymphomatous meningitis. Historically, neoplastic
meningitis was treated with continuous infusions of antineoplastic
agents to obtain prolonged therapeutic concentrations in the CSF.?!
Liposomal cytarabine, which is administered by lumbar puncture or
Ommaya reservoir, is formulated using encapsulation technology to
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maximize the efficacy of cytarabine by prolonging CSF exposure.*
Administration of liposomal cytarabineyields peak CSF levels of
cytarabine ranging from 30 to 50 mcg within the first hour, with
a variable half-life of 5.9 to 82.4 hours.”? This unique liposomal
formulation extends the serum half-life of cytarabine nearly 40-
fold, from 3.4 hours to over 141 hours, allowing for dosing every
2 weeks as opposed to multiple weekly doses seen with standard
cytarabine.* Liposomal cytarbine is able to maintain cytotoxic levels
in the CSF, both in the lumbar and ventricular fluid, for over 14 days
post administration. This extended CSF circulation allows for fewer
side effects due to toxicity yet maintains necessary cytotoxic levels;
however, any blockage or disruption of the CSF flow can lead to
elevated concentrations of free cytarabine in the CSF, resulting in
a greater risk of neurotoxicity. Plasma concentrations following IT
administration are negligible. Due to significantly lower levels of
cytidine deaminasein the CSF, clearance of liposomal cytarabine is
similar to the bulk flow rate, roughly 0.24mL/min.?*%

Conclusion

CSF directed treatment is an effective model for administration
of antineoplastic agents. Understanding the pharmacokinetic concepts
associated with this route of administration has allowed clinicians to
optimize the safe and effective use of these agents. Since the outcome
of most brain malignancies remains poor, studies of newer agents are
eagerly warranted.
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