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Abstract

The brain is highly accessible for nutrients and oxygen, however delivery of drugs to malignant
brain tumors is a very challenging task. Convection-enhanced delivery (CED) has been designed
to overcome some of the difficulties so that pharmacological agents that would not normally cross
the BBB can be used for treatment. Drugs are delivered through one to several catheters placed
stereotactically directly within the tumor mass or around the tumor or the resection cavity. Several
classes of drugs are amenable to this technology including standard chemotherapeutics or novel
experimental targeted drugs. The first Phase |11 trial for CED-delivered, molecularly targeted
cytotoxin in the treatment of recurrent glioblastoma multiforme has been accomplished and
demonstrated objective clinical efficacy. The lessons learned from more than a decade of attempts
at exploiting CED for brain cancer treatment weigh critically for its future clinical applications.
The main issues center around the type of catheters used, number of catheters and their exact
placement; pharmacological formulation of drugs, prescreening patients undergoing treatment and
monitoring the distribution of drugs in tumors and the tumor-infiltrated brain. It is expected that
optimizing CED will make this technology a permanent addition to clinical management of brain
malignancies.
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Convection-enhanced delivery to brain parenchyma

Accessibility of pharmacological agents from the bloodstream to the CNS meets with a
formidable obstacle in the form of the BBB [1]. There is an absence of direct intracranial
administration-only agents that are actively transported through the BBB or that are
otherwise permeable through the barrier, which can directly kill tumor cells. Even for drugs
that are permeable through the BBB it is difficult to obtain effective pharmacological
concentrations through simple diffusion from blood to CNS [1]. Moreover, most drugs
having an effect on the CNS are inherently not sufficiently permeable for the BBB. Another
difficulty of delivering drugs to the CNS is how to direct them preferably to the discrete
anatomic regions or diseased parts of brain. Another related question is how to maintain
relatively constant and pharmacologically effective concentrations of the drugs in the
diseased brain. These questions are particularly relevant to the delivery of antineoplastic
drugs [2-4].

A translational research group directed by Edward Oldfield at the National Institute of
Neurological Disorders developed a very innovative idea of bypassing the BBB by infusing
drugs directly into the CNS parenchyma. In their landmark initial work, they tested two
molecules of different biochemical/biophysical characteristics and sizes (molecular
weights): transferrin (Tf) and sucrose [5]. Tf and sucrose were radiolabeled and delivered
through a needle installed intraparenchymally in cats and attached to a pump providing
positive pressure and constant flow of the infusates, a technique named convection-
enhanced delivery (CED). They found significantly enhanced distribution of these varied-
size molecules and an increase in the infused compounds’ locoregional concentration. For
agents that do not cross the BBB the concentration gradient at the surface of maximum
distribution is steep, a potentially large benefit in the distribution of antineoplastic agents.
This work initiated almost 15 years of experimentation with CED, leading to multiple
clinical trials in various CNS diseases [4,6-20]. Nanoparticles, toxins, chemotherapeutics,
oligonucleotides, liposomes, nanolipoparticles, antibodies, viruses, growth factors,
radioisotopes, peptides, proteins, contrast agents and even hypothermia were all found to be
deliverable through CED [6-25]. In this review we will discuss the aspects of CED that we
believe are crucial for its further successful clinical development for the treatment of brain
tumors, especially in the treatment of high-grade astrocytomas, such as glioblastoma
multiforme (GBM). Astrocytomas are the most prevalent primary brain tumors and GBM is
the most prevalent form of astrocytoma [26]. They represent an unmet need in medicine,
because only months have been added to the lives of patients with GBM since statistics have
been kept [27,28].

Catheters for CED

Reflux-preventing catheters

The first infusion tool for CED was a needle implanted in the CNS of experimental animals
[5]. For clinical application, a more practical and flexible method was to employ a catheter
instead of a needle, which could be stereotactically placed in the CNS and deliver the
infusates through a port at the distal end. The barium-impregnated Medtronic® PS Medical
(Goleta, CA, USA; Catalog number 43209) and Vygon US LLC (Valley Forge, PA, USA)
one port catheters have been frequently utilized in the most recent clinical trials (FIGURE 1)
[8]. One interesting observation made recently by Fiandaca et a/. was that extending the end
of the tip of a lead catheter with a smaller gauge catheter apparently has a positive effect on
the prevention of infusate reflux, which is one of the undesirable events that can alter
successful CED and, unfortunately, can occur in an unacceptable number of cases [29,30].
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The presence of reflux negates the very reason that CED was designed for, that is, an
interrupted homogenous delivery of drugs into the extracellular space by bulk fluid flow
away from catheter replacing the extracellular fluid with the infusate. In the presence of
reflux, any further increase in the infusion volume is not accompanied by an increase in the
distribution volume of the drug and, thus, the CED may become a futile exercise with the
potential for appearance of toxic effects owing to possible ventricular or subacrachnoid
space leakage at rates above 3 pl/min [29]. While a reduction in CED infusion rate may
reduce the chance of reflux, it would be ideal to have the option of delivering drugs at
varying flow rates, including 5 pl/min or more if possible, to maximize the volume of tissue
to which the drug is delivered. Experimental results also demonstrate that the larger the
diameter of catheters used for CED, the greater the chance of reflux taking place during
infusion [31].

Thus, Fiandaca et al. constructed a step design cannula that allows CED at flow rates as high
as 5.0 pl/min without an accompanying reflux (Figure 1) [29]. The cannula is composed of a
0.2-mm needle with a glued-in silica tubing (0.168-mm external diameter) that extends
beyond the end of the needle by 5-10 mm. Even with this technical improvement, the new
catheter is not reflux-free and real-time MRI documented that in up to 20% of catheter
placements reflux can be seen along the insertion tract, but at higher achievable infusion
flow rates. There might be a threshold for the performance of a reflux-preventing catheter
related to the level of the infusates’ flow rate. Nevertheless, the improved catheter offers an
attractive alternative to those traditionally used and is currently under clinical investigation.
Interestingly, a simple maneuver of thorough sealing of the entry of the catheter through the
skull also had a preventive effect on the extent of reflux during CED (Figure 1) [32].

Hollow fiber or multi-tipped catheters

Another type of catheter has been developed to improve the distribution of drugs using
CED. Standard catheters release drugs at just one site, at their tips with one opening (port)
including the one with reflux-preventing properties (Figure 1) [29]. This output must
provide sufficient flow of infusates in all the desired directions and with sufficient pressure/
force to displace the extracellular fluid farther away from the catheter. Conceptually, it is
hard to demand such a performance from a catheter with one opening taking into account
that the infusates will follow the path of the lowest interstitial pressure met at the tip (just
one) of the catheter. Better success with the CED could be envisioned with the use of
catheters with multiple openings. However, previous studies have shown that a multiport
catheter delivered infusates efficiently only through the proximal port and, thus, resembled a
one-port catheter in terms of performance (Figure 1) [33].

A porous hollow fiber catheter has been constructed in order to increase the surface area of
the brain in immediate contact with the released drugs and the volume of tissue exposed to
which drugs can be delivered (Figure 1) [34]. The hollow fiber has millions of nano-
openings (0.45 um) along its wall. The hollow-fiber catheter offers up to a threefold
increase in the distribution volume of the drug into normal mouse brain when compared
with a needle-mediated (one larger drug-releasing port) infusion [34]. It should be noted,
however, that a short, 3-mm long, hollow fiber catheter was used by Oh et a/., which may
not be generalizable to longer catheter lengths required for human applications [34]. Thus,
studies in larger experimental animals with hollow fiber catheters longer than 3 mm are
warranted in order to verify whether the effect seen with multiport catheter also applies to
hollow fibers. For example, theoretically, the infusate could leave the hollow fiber catheters
only at its proximal portion leaving the remaining, distal part useless for CED. However,
this does not have to happen, since the tiny openings in the hollow fiber may not play the
role of a large port in reducing pressure, but rather maintaining relative resistance and a
more even release of the infusate from the catheter. On the other hand, hollow fibers might
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also be used to “‘cap’ the tip of traditional catheters. It remains to be studied whether hollow-
fiber caps that are smaller in diameter could also provide additional anti-reflux protection.

A hypothetical option would be to construct a multiport catheter functioning so that each
port is a continuation of a mini-catheter within a lead catheter (multicannula catheter). Such
a catheter would be both multiport and antireflux by design and allow more extensive
planning of the infusate’s delivery into various targeted regions of brain tumor via a single
initial trajectory. We feel that considerably more engineering and experimentation needs to
be dedicated to the construction and testing of CED catheters for the specific purpose of
delivering antineoplastic drugs to malignant CNS lesions.

Balloon-tipped catheter

A hopeful catheter design to enhance efficiency of CED for the treatment of brain tumors
has recently been examined in the form of a balloon-tipped catheter (Figure 1). Different
from standard one-port-at-the-tip catheters, this catheter has a balloon proximal to the
catheter tip that can be inflated to fill a resection cavity, limiting reflux and forcing infusate
into the tumor parenchyma. Olson et al. examined this catheter in normal canine CNS [35].
A similar balloon catheter without a distal opening was originally made to deliver
brachytherapy through GliaSite radiation therapy system [36] using organically bound 125]
lotrex radiotherapy solution in recurrent glioma requiring resection. In both applications, the
balloon physically fills the resection cavity. In the case of brachytherapy the radioactive
solution is infused through a catheter and contained within the balloon. In the case of
balloon-catheter-based CED, the infusate is delivered through a single distal opening into
the parenchyma of the post-resection cavity. Extensive delivery of infusate was
demonstrated with an inflated balloon with continuous CED in the canine model [35]. The
infusate penetrated the brain parenchyma all around the balloon up to a depth of 25 mm,
which speculatively covered enough volume to reach 90% of the suspected infiltrative
glioma cells. The ventricular or subarachnoid space leakage was observed, as expected. The
results are very encouraging and this approach needs to be examined in a preclinical brain
tumor model, preferentially in canine gliomas for the reasons discussed later. The balloon-
tipped catheter highlights a fundamental question about the best approach to CED after
resection: is it better to use multiple catheters around the resection cavity or a balloon-tipped
catheter inside the cavity, or to use both and in what sequence?

Leakage of infusates during CED

In the ideal scenario, agents delivered through CED should be contained within the targeted
area of the CNS. Studies both in humans and experimental animals have shown widespread
distribution of the infusate, such as labeled liposomes into various regions of the brain.
Infused agents may leave targeted areas, such as tumors, and leak into either the ventricles
or sulci [37]. This is undesirable because it results in waste in terms of the therapeutic agent
and an inadvertent opportunity for more intense, direct and potentially adverse interactions
of drugs with the normal the CNS. The frequency of the leakage is substantial, since it may
affect more than 20% of CED attempts. It becomes critical to eventually understand and
measure what happens to the efficiency of the targeted CED in the presence of the leakage.
Varenika et al. made one of the first attempts in this direction generating volume-distributed
versus volume-infused graphs during CED in dogs and monkeys using real-time MRI. Quite
predictably, the presence of leakage prevented further increase in the concentration of the
infused agent in the targeted area of CNS; instead, the concentration of infusate in the target
actually diminished once leakage begins to occur. It remains to be seen if the phenomenon
of inadvertent leakage is irreversible, that is, whether stopping and subsequent restarting of
the infusion would potentially eliminate leakage routes. It would also be interesting to
analyze how repositioning of catheters might avoid unwanted leakage in the same study or
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treatment subject. This would provide an argument for not abandoning CED in a patient in
whom leakage takes place and who could still be offered effective CED following changes
in stereotactic placement of catheters. One important conclusion that can be derived from
the type of studies conducted by Veranika et al. [37] is that CED must be supported by
effective imaging of the fate of the infusates, which has already been investigated
extensively [38-41]. This is compatible with the need for personalized targeted therapy
approaches and personalized medicine.

Pharmacologic formulation of CED infusates

The initial purpose of CED was to deliver pharmacologically active, soluble compounds of
varying molecular weights into the parenchyma of tumors and also of normal brain [5]. The
pressurized delivery of such solutes encounters physico—chemical forces in the extracellular
space of either malignant tissue or normal CNS and the two differ to a significant degree.
One important difference is the level of interstitial fluid pressure, which is high in brain
tumors [42]. These physico—chemical forces theoretically and practically represent obstacles
to effective CED and inevitably affect the possibility of delivering infusates to the entire
desired target volume. Intuitively, less viscous solutes might have a better chance of
penetrating the extracellular space of tissues, and thus deliver soluble drugs deeper and
perhaps with more uniform and higher concentrations locally into malignant tumors of the
brain. However, some evidence suggests that increasing the viscosity of infusates actually
improves the volume of distribution significantly [43]. Similar results were obtained in a rat
model of normal brain CED documented by MRI and spectroscopic measurements [44]. The
infusates were formulated as monodispersed maghemite nanoparticles in solutions of 3%
sucrose or 3-6% polyethene glycol and the nanoparticles were also dextran coated. In
addition, liposomes and their contents have been successfully delivered through CED, which
further supports the notion that the formulation of infusates is an important parameter to
consider in CED [45]. More studies are needed in preclinical tumor models to document the
utility of an increased viscosity as a tool to improve controlled delivery of anticancer agents
through CED.

Another, no less important, factor determining the extent of infusate distribution is the
surface properties of the infusates [46-48]. Several careful studies have documented that
surface properties are even more important than, for example, the size of particles infused
with the CED [47]. All of these studies point to the need for a much better understanding of
the combination of variables affecting distribution of solutes of varying physico—chemical
compositions within the parenchyma of brain tumors and what changes in the surface
properties/pharmacological formulation would bring optimal results for drug distribution.

Predicting individualized CED drug distributions using computer software

As for any invasive procedure, it would be desirable to base decisions on how to plan CED
on standardized parameters customized to suit individual patients. Commercially available,
US FDA-approved software has been developed by BrainLAB AG (Feldkirchen, Germany).
The software requires input of data obtained by MRI regarding brain tissue characteristics of
an individual patient. The target of calculations is desired drug distribution volume and the
plan for treatment can be visualized in 3D, including the number and position of catheters
[11]. The software was examined in practice, clinically, in a retrospective manner based on
data obtained with magnetic resonance diffusion tensor imaging. A drug, targeted
recombinant cytotoxin, hIL13-PE38QQR (see later), was coinfused with iodo-labeled
human serum albumin (HSA). The distribution of HSA was predicted to mimic the actual
distribution volume and pattern of the cytotoxin’s distribution by serving as a measurable
tracer. The studies demonstrated that the software was sensitive and specific for the
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prediction of infusion reflux and leakage. The concordance between the plan of infusion and
actual distribution of HSA was statistically significant, but achieved a mean accuracy of
only approximately 65% overall. The software simulation was considered clinically
confirmed for more than 80% of individual catheters used for CED. It should be kept in
mind that HSA has no known affinity towards malignant tissue or normal brain parenchyma,
opposite to the properties of a targeted cytotoxin. The patients were not examined for the
status (e.g., high-, moderate-, low- or non-expressors) of the targeted receptor either.
Nevertheless, software taking into account individual characteristics of a patient’s anatomy
and pathophysiology for the initial plan of CED is likely to be a helpful addition to
personalized surgical management.

Canine model for CED

The introduction of CED into the clinic was preceded by experimentation, primarily in
rodents or nonhuman primates [45,49-58]. The problem with these models is that they are
only partially clinically relevant with respect to human brain tumors. A collaboration
between the University of California Davis and University of California at San Francisco
has pioneered the use of a canine model for studying the intricacies of CED in spontaneous
brain tumors, which are of size and clinical history similar to those in human patients.
Dickinson et al. exploited real-time MRI for monitoring and follow-up of CED of
nanoparticles containing gadolinium and/or irinotecan (CPT-11), initially in the brain of
nondiseased dogs [59]. CED using one catheter for pumping the infusate resulted in
significant volumes of distribution in both white and gray matters. Imaging offered precise
measurements of volumes and routes of infusate distribution. Ventricular leakage was
observed in some cases again with little serious adverse effects attributable to CED. The
study by Dickinson et al. has paved the way for the use of CED in tumor-bearing dogs and
testing of the technology and novel experimental drugs in more clinically relevant set ups.
Representing a unique pathobiological phenomenon, canine gliomas exhibit essentially the
same properties as human gliomas, including pathology (markers), genetics, behavior
(invasiveness), lack of metastases and a similar clinical course of the disease [60].

Anti-GBM cytotoxins for CED

An extremely promising approach in anti-GBM therapy uses molecularly targeted
recombinant chimera cytotoxic fusion proteins [2,61-63]. Recombinant cytotoxins are
composed of a targeting ligand/vector and an effector in the form of derivatives of various
bacterial toxins [2,62]. Bacterial toxins that are frequently utilized in the design of
cytotoxins are Pseudomonas exotoxin A (PE) and Diphtheriatoxin (DT). PE and DT are
extremely potent killing agents for eukaryotic cells [64] and they have been genetically
modified for the purpose of attachment to cell type-specific ligands/carriers [65]. Several
targeted cytotoxins delivered through CED have reached the clinic. Clinical trials with the
cytotoxins provide invaluable information on the applicability of this new technology.

Cytotoxins exhibit attractive pharmacological features for clinical GBM therapy. They are
relatively small, highly soluble proteinaceous compounds and extremely potent at killing
GBM cells [2]. It is difficult to produce resistance against the cytotoxins because they work
through irreversible de novo protein synthesis. Targeted cytotoxins are an example of
experimental drugs traveling the translational path from bench to the clinic quite quickly.
The first cytotoxin that entered clinical trials was DT.CRM107-Tf, a conjugate between Tf
and a DT derivative [63]. The compound was designed and generated by the group at the
NIH/National Institute of Neurological Disorders and Stroke (Bethesda MD, USA) and most
recently commercially developed as TransMID™ by Celtic Pharma (HM, USA). The
cytotoxin was delivered directly into the tumor bed by CED [63,66]. Numerous significant
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clinical responses were observed in Phase | and 11 clinical trials [63]. Unfortunately, the
possibility of normal tissue toxicity due to DT.CRM107-Tf killing nonmalignant cells
materialized in the clinical setting and the Phase 111 efficacy trial was stopped [67].

Another cytotoxin that was clinically examined was based on IL-4 [68]. Phase | and 11
clinical trials demonstrated a lesser number of objective clinical responses than that seen
with DT.CRM107-Tf [69]. Another cytotoxin that entered the clinic, TGF-a-PE38 (TP-38),
targets the receptor (EGF receptor) that is abundantly overexpressed in less than 30% of
patients with GBM and is naturally present in many normal organs [66]. Thus far, moderate
responses were recorded in several patients [70], but more recent data demonstrated toxic
events at very low doses of TP-38. Only 20% of patients retained the cytotoxin within the
tumors by imaging, which correlates with the overall number of GBM patients
overexpressing EGF receptor [9].

Almost 15 years ago, Debinski’s laboratory generated a cytotoxin consisting of IL-13 and a
truncated form of PE, PE38QQR [71]. The cytotoxin was made for comparison with a
previously produced IL-4-based cytotoxin, since IL-13 and IL-4 are homologous cytokines.
Only later was it found that the wild-type IL-13-based cytotoxin has a very potent and
specific killing effect on GBM cells and tumors [72]. hIL13-PE38QQR demonstrated
efficacy in several preclinical GBM models that were strongly supportive of further clinical
translation. The compound was licensed by NeoPharm, Inc. based on interinstitutional
agreement between the US Public Health Service and University of Montreal and moved to
the clinic as cintredekin besudotox (CB). The CB cytotoxin went from several multicenter
Phase I and Il trials to a Phase Il clinical trial in a relatively short period of time [13,73].
This took place because of a significant number of responses were seen in early-phase trials,
even though patients were enrolled without taking into account the status of the IL-13Ra.2
receptor expression.

Early trials were to determine the maximum tolerated dose at increasing flow rates of the
infusate and intracranial distribution of the cytotoxin. The maximum tolerated dose of 0.5
pg/ml of infusate via CED performed up to 94 h was not associated with unexpected
adverse events. The responses in patients with recurrent GBM reflect the drug’s anti-tumor
efficacy. In the early-phase trial the overall mean survival for GBM patients was 55.6 weeks
in patients with optimized catheter placement. A number of patients survived beyond 2
years. These trials demonstrated that most effective drug delivery was achieved into the
parenchyma surrounding gross-total tumor resection cavities rather than by delivery into
tumors /n situ. They also showed that the chances of successful delivery without reflux or
leakage was enhanced if the catheter tip was at least 2 cm deep from the last traverses pial
surface and at least 5 mm from the nearest nontraversed pial or ependymal surface [13].

The results of early clinical trials led to a randomized Phase 11 efficacy trial (Phase 111
Randomized Evaluation of CED of IL13-PE38QQR Compared to Gliadel Wafer with
Survival End Point in GBM Patients at First Recurrence [PRECISE]) conducted worldwide
in more than 52 clinical centers powered to show superiority in comparison with active
control using FDA-approved Gliadel wafers [28]. Patients in the experimental arm of the
trial received CB (hulL13-PE38QQR) [68], while the control arm consisted of the standard
care, that is, the delivery of carmustine (bis-chloroethyl-nitrosourea [BCNU]) in Gliadel
wafers. The median survival of the 184 patients in the CB arm was 36.4 weeks compared
with 35.3 weeks for the 92 patients in the control arm (p = 0.476). While this result did not
meet expectations of superiority of the CB, the results were much more encouraging once
the dataset was restricted to sites having enrolled more than six patients progressing to drug
delivery. In this case, the CB arm had an overall survival of 46.8 weeks versus 41.6 in the
control arm (p = 0.288) and a hazard ratio of 0.77 (p = 0.163). Most significant was the
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finding that progression-free survival was 17.7 versus 11.4 weeks in favor of CB (p =
0.008). The trial implies that a uniform method must be applied in different centers to ensure
exact and reproducible drug delivery. Future trials will probably benefit from determination
of targeted factors, level of expression for enrollment and data analysis. The next
generations of rationally designed cytotoxins that bind specifically to IL-13Ra2, but not the
IL-13 physiological receptor, are available for subsequent trials [61,74].

Locoregional chemotherapy with CED

The application of CED in the treatment of brain tumors found its way in using standard
chemotherapeutics, such as taxol [75]. Such studies have demonstrated that small molecule
delivery, which cannot penetrate BBB, is feasible and that the antitumor responses could be
seen with the procedure [75]. Interestingly, the anti-tumor responses were vigorous, but
associated with neurological complications, either as a result of the treatment or drug-
induced. [18]. This observation gave impetus to the development of nanochemotherapy
where the drug is delivered in a more biologically accessible and tolerable manner [45,47].
This still preliminary experience with CED chemotherapy of brain tumors is encouraging,
and delivering potent chemotherapeutics that do not cross the BBB should be applicable on
a larger scale in the future.

Future strategies for using CED in brain tumor treatment

For almost 15 years CED has been exploited for locoregional interstitial delivery of drugs to
the CNS. It met with success in many instances, but challenges in achieving consistently
accurate delivery to the desired volume remain to be overcome. Several factors have been
shown to be detrimental to the efficient delivery of drugs, especially to malignant brain
neoplasms. The most significant lesson learned thus far is that the placement of a tube-like
catheter containing one port and originally produced for a release of soluble compounds into
a space with no counter pressure to the flow of an infusate cannot efficiently perform all the
functions expected to be offered through the CED. Other major issues, which are probably
related to the type of catheters used in CED thus far, are leakage of the infusate into the
ventricles or sulci and/or reflux along the catheter tract. The potential for these events to
result in failure of delivery of the drug to the target in a substantial fraction of cases makes
initial verification of the infusate path through intra-CED imaging obligatory. Unfortunately,
there is perhaps small economic incentive to develop improved catheters for CED into
malignant CNS tumors. However, it is the opinion of the authors that optimized CED will be
needed even if systemically delivered drugs show substantially improved efficacy in the
future. At some stage of brain cancer clinical history, tumors resistant to these drugs will
probably develop and locoregional treatment, such as with cytotoxins, will become the best
or only option. Notwithstanding this, the best clinical results obtained so far in a randomized
efficacy trial in patients with recurrent GBM were with an anti-GBM recombinant cytotoxin
administered by CED [73].

Expert commentary

As for the near future, we propose the following developmental steps for making CED an
effective way of delivering antineoplastic drugs, and recombinant cytotoxins in particular, to
brain tumors. Patients’ tumors should be prescreened for the target the drug is engineered
against, unless the infusate is a combination of drugs that makes all patients likely
responders [76]. Moreover, there is a need for more optimal catheters and more precise
stereotactic placement directly into the tumor parenchyma and into the surrounding tumor-
infiltrated brain. There are likely to be roles for multiport/multicannula or hollow-fiber
catheters, which would provide more uniform distribution to larger effective volumes and
antireflux protection at the same time. Balloon-tipped catheters await more experimental
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verification when tumors are resected. Perhaps most importantly, imaging must accompany
CED in order to prove an effective distribution of drugs within tumors and tumor-infiltrated
brain in each individual patient. The use of computerized algorithms may be helpful for
catheter placement, but cannot and will not predict leakage and a subsequent futility of CED
in every case. More attention should be paid to the development of pharmacologic
formulations of drugs and carriers in preclinical models. Repetition with more than one
cycle of CED is also suggested as it is difficult to expect optimal therapeutic results from a
single application. These aggressive strategies may initially limit the number of centers
capable of performing optimized CED; however, the benefit to patients is likely to be
sufficiently high to justify this limitation.

Five-year view

It is not unreasonable to expect that more optimal catheters for CED will be identified
among those currently being tested or that are newly engineered. This will have a great
impact on the confidence with which the investigators/physicians will be using CED for the
treatment of GBM. Another major development will be related to the imaging of both
distribution and residence of the infusates in GBM patients. Hence, the drugs will not be
delivered blindly, but actually this will be monitored with a possibility to correct whenever
needed. Computer software will be perfected and aid in optimizing the distribution of the
infusates. More drugs in more optimal pharmacological formulations will also be available
for CED. It is also expected that longer CED deliveries, lasting up to 2 weeks, will be
implemented and the cycles of treatment will be repeated at least once. All these factors
should have a decisive impact on the efficacy of various non-BBB penetrating potent anti-
GBM drugs.
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Key issues

Most anti-glioblastoma multiforme (GBM) drugs effective /n vitro do not cross
the BBB.

Convection-enhanced delivery (CED) enables administration of anti-GBM
drugs directly to the tumor and thus circumvents the problem with BBB
penetration.

Drugs of various natures can be delivered locoregionally using CED, including
chemotherapeutics and recombinant proteins.

Catheters with one opening at their tips have primarily been used with CED to
the CNS. This type of catheter poses multiple problems with homogenous and
reproducible distribution of the drugs and is prone to reflux of the infusates.

The science on CED to CNS tumors is still in its infancy.

New or modified catheters suitable for CED have been tested, offering
improvement in drugs’ distribution.

Imaging of the infusates becomes of intense interest, since monitoring of CED is
believed to be of crucial importance in determining a drug’s efficacy.

The physico—chemical properties of the infusates have been found to affect the
distribution of CED-administered drugs.

Large animal models have proven to be a valuable tool in improving CED.

A large number of patients with GBM responding to drugs given by CED
warrants further systematic development of this locoregional method of drug
administration.
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Figure 1. Schema of several catheterstested for convection-enhanced delivery
Arrows symbolize the flow of infusate during convection-enhanced delivery. BTC: Balloon-

tipped catheter; HFC: Hollow fiber catheter; MPC: Multiple port catheter; OPC: One port
catheter; RPC: Reflux-preventing catheter.
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