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Despite recent insights into the pathobiology underlying
central nervous system (CNS) malignant gliomas (MGs)

and the development of new putative therapeutic compounds
to treat these neoplasms, there remains no curative surgical or
medical treatment for these tumors. Extensive surgical resec-
tion has been shown to prolong survival but is not a total cure
because of widespread infiltrative microscopic disease that
extends well beyond the macroscopic or imaging-defined
tumor boundaries and outside of what can be feasibly re-
moved.17,36 The effectiveness of radiation therapy is limited
by the intolerance of normal brain parenchyma and results in
variable failure patterns. Because of the limitations associated
with surgery and radiotherapy, investigation into adjuvant
chemobiological agents to treat these tumors has been under-
taken. Although a rapidly expanding number of promising
therapeutic agents have been developed, antineoplastic regi-
mens have remained unsuccessful in treating MG primarily
because of ineffective drug delivery to neoplastic cells.

Currently available delivery paradigms for distribution
of antineoplastic agents to the CNS include nonsurgical and
surgically mediated techniques. Nonsurgical methods of CNS
drug delivery include systemic and intrathecal or intraven-
tricular administration. Systemic delivery is restricted by
systemic toxicity, nontargeted distribution, and the inability
of most substances to traverse the blood–brain barrier. Dif-
fusion-dependent methods, including intrathecal or intraven-
tricular administration, are limited by nontargeted delivery,
inhomogeneous dispersion, and ineffective distribution. To
overcome these limitations, investigation of surgically medi-
ated drug delivery methods, including implantation of drug-
impregnated polymers and direct convection-enhanced deliv-
ery (CED) of therapeutic compounds, has been performed.1,18

Drug-impregnated Polymer Implantation

Technique, Pharmacokinetics, and Properties

Technique
Polyanhydride polymers impregnated with drugs that

are released when exposed to an aqueous environment can be

used to distribute drugs in the CNS. Treatment of MGs in the
CNS using antineoplastic agents impregnated into biodegrad-
able polymers has been explored. Specifically, a controlled-
release copolymer (polycarboxyphenoxypropane and sebacic
acid) loaded with the nitrosourea-alkylating agent carmustine
(1,3-bis[2-chloroethyl]-1-nitrosourea [BCNU]) and fashioned
into the shape of a wafer or disc (diameter, 1.45 cm; thick-
ness, 1 mm) (Gliadel; MGI PHARMA, Inc., Baltimore, MD)
has been used to treat MGs. These copolymer wafers were
designed to directly deliver BCNU to the walls of the tumor
resection cavity after tumor removal (Fig. 4.1).

Pharmacokinetics and Properties
When in continuous contact with interstitial and cere-

brospinal fluid, Gliadel wafers release the majority of BCNU
into the walls of the tumor resection cavity over a 7-day
period but display sustained release of much smaller quanti-
ties of drug in vivo up to 30 days after implantation.8,9,13

Based on preclinical studies, computed tomography imaging,
and autopsy findings, the polymer component of the wafer is
believed to degrade over 6 to 8 weeks.3,46 Animal studies
reveal that the metabolic products from the degrading poly-
mer are excreted as urine and/or metabolized by the liver and
expired as carbon dioxide.7 Because the drug-impregnated
polymers are placed directly into the surgical resection site,
they bypass the blood–brain barrier. Previous studies have
shown BCNU concentrations approximately 100-fold of
those obtained with intravenous BCNU administration while
avoiding the toxicity associated with its systemic delivery.47

The overall tissue distribution of drug with sustained-
release polymer delivery is dependent on diffusion. There-
fore, tissue distribution is dependent on drug concentration,
molecular weight, and diffusivity. Consistent with this, pre-
vious animal data have shown that drug concentrations are
highest at the polymer–tissue interface and decrease sharply
(250- to 1000-fold decrease in concentration) over a 2- to
4-mm distance from the polymer–tissue interface (Fig. 4.2).8–10,38

Maximal distribution of therapeutic concentrations of BCNU
is achieved during the first day after implantation, when
inherent bulk flow pathways of the brain parenchyma may
carry drug up to several millimeters away from the source.9,10

Thereafter, the sustained radial penetration and effective
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volume of distribution (Vd) of BCNU is markedly lower
because it is dependent on the steady-state balance that is
achieved between diffusion away from the polymer source
and its loss resulting from permeation and reaction.9,34

Studies for Recurrent Malignant Gliomas
A multi-institutional Phase I–II trial was conducted to

establish the safety of BCNU polymer surgical implants in
patients with recurrent MG.3 Twenty-one patients were di-
vided into three groups and treated with increasing concen-
trations of BCNU-impregnated (1.93, 3.85, and 6.35%) wa-
fers. After BCNU wafer implantation, no evidence of
systemic toxicity was observed. Survival appeared to be
longer in patients implanted with the wafers impregnated
with lower concentrations of BCNU (1.93 and 3.85%) com-
pared with those receiving the highest dose (6.35%).

Based on these Phase I–II trial findings, a Phase III
randomized double-blind, placebo-control multicenter trial
was performed.4 Two hundred twenty-two patients with re-
current MG were randomized to receive either BCNU-
impregnated (3.85%) or placebo polymer wafers at the
time of tumor resection. Overall, median survival was
improved in patients with MG receiving BCNU wafers (31
weeks) compared with placebo control subjects (23 weeks;
P � 0.006). In the subset of patients with glioblastoma
multiforme (GBM), the 6-month survival rate was higher
in the treatment arm (56%) compared with the control
group (36%; P � 0.02). Patients with MG who did not
have the pathologic diagnosis of GBM at the time of
resection did not have prolongation of survival.

Studies with Newly Diagnosed Malignant Gliomas
Confirmation of the safety of sustained-release BCNU–

polymer interstitial chemotherapy in recurrent MG and pre-
vious reports of additive neurotoxicity resulting from the
radiosensitizing properties of BCNU led to a Phase I study
using BCNU–polymer implants in patients with newly diag-
nosed MG.2 Twenty-two patients with newly diagnosed MG
(21 with GBM) were treated with BCNU–polymer implants
(3.85%) at initial tumor resection followed by standard ex-
ternal beam radiation therapy (55 to 60 Gy). Findings from
this study revealed that the use of BCNU interstitial chemo-
therapy at the time of initial MG resection was not associated
with any systemic toxicity or increased CNS toxicity.

Based on these findings, a Phase III trial to assess the
efficacy of BCNU–polymer implants as part of the initial
treatment of newly diagnosed MG was performed that in-
cluded 32 patients undergoing surgical resection and treat-
ment with 3.85% BCNU–polymer wafer (n � 16) or placebo
wafer (n � 16) (followed by external beam radiation therapy
for both groups).41 Median survival in the placebo group
(39.9 weeks) was shorter compared with the treatment group
(58.1 weeks; P � 0.012). The 1-, 2-, and 3-year survival rates
were improved in the treatment arm (56, 31, and 25%,
respectively) compared with the placebo group (19, 16, and
6%, respectively). In the subset of patients with GBM (11 in
the treatment group, 16 in the control group), the median
survival was 53.3 weeks in the treatment group compared
with 39.9 weeks for the control group (P � 0.008).

To confirm these findings, a second Phase III double-
blind, multicenter prospective randomized study of 240
newly diagnosed patients with MG was performed.44 Patients
were randomized to treatment with BCNU–polymer (3.85%)
or placebo wafer after initial MG surgical resection (followed
by external beam radiation therapy for both groups; 55 to 60
Gy). Median survival in the BCNU–polymer wafer group
(13.9 mo) was increased compared with the placebo group
(11.6 mo; P � 0.03). Subgroup analysis of patients with
GBM revealed a significant survival benefit for patients
treated with BCNU–polymer wafers (13.5 mo) compared
with the placebo group (11.4 mo; P � 0.04). An increase in
raised intracranial pressure (9 versus 2%) and cerebrospinal
fluid leak (5 versus 0.8%) occurred in patients receiving
BCNU–polymer wafer therapy.

Future Applications
The BCNU–polymer combination (Gliadel) is the only

sustained-release polymer interstitial chemotherapy licensed
for treatment of de novo and recurrent GBM by the U.S. Food
and Drug Administration. Although the initial Phase I study
suggested the use of a 3.85% BCNU–polymer implant was
associated with improved survival compared with higher-
dosed wafers (6.35%), preclinical studies in a rat intracranial
9-L glioma model found that increasing the concentration of

FIGURE 4.1. Intraoperative photograph of the controlled-
release copolymer (polycarboxyphenoxypropane and sebacic
acid) loaded with the nitrosourea-alkylating agent carmustine
(BCNU). The copolymer is fashioned into the shape of a wafer
or disc (diameter, 1.45 cm; thickness, 1 mm) (Gliadel) and
placed into the surgical resection site after malignant glioma
removal. Photograph courtesy of MGI PHARMA, Inc.
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BCNU (up to 20%) improved survival without increasing
toxicity.37 A Phase I–II trial has confirmed the safety of the
more concentrated implants in humans and a Phase III trial
evaluating the efficacy of the 20% BCNU–polymer im-
plant as compared with the 3.85% Gliadel implant is
planned.28 In addition to dose escalation trials, further
investigations examining the potentiation of interstitial BCNU
therapy with concurrent systemic O6-benzylguanine (chemo-
therapy resistance inhibitor) as well as enhancing drug delivery
and efficiency through variable polymer preparations are being
performed.20,33

Convection-enhanced Delivery

Technique, Pharmacokinetics, and Properties

Technique
Convective distribution of molecules within the inter-

stitial spaces of the CNS relies on a small pressure gradient
that drives the movement of solute through the extracellular
spaces over volumes and speeds that far exceed that of
simple diffusion. During CED, the convective (bulk flow)
force used to distribute solute through the extracellular
spaces is derived from a small hydrostatic pressure gradi-
ent generated by a syringe pump that is in turn transmitted
to the point of delivery through a cannula (or catheter)
inserted directly into the region to be perfused. Because of
the bulk flow properties that underlie convective delivery,
there are a number of unique features associated with this drug
delivery technique.1,25

Pharmacokinetics and Properties
CED bypasses the blood–brain barrier and targets spe-

cific CNS structures/regions through the stereotactic place-
ment of an infusion cannula directly into the nervous system
parenchyma. Infusate is then delivered directly into the
interstitial spaces of the CNS from the cannula (catheter)
tip. Because CED relies on bulk flow (not diffusion),
distribution is homogeneous. Autoradiographical studies
have shown that the concentration of infusate is similar
over the perfused region with a precipitous dropoff at the
margins of the infusion.22 This “square-shaped” distribu-
tion pattern underscores homogeneous perfusion of tissue
possible with convective delivery and the potential to
infuse targeted regions of the CNS with high concentra-
tions of drug (Fig. 4.3).

Because the distribution of infusate occurs within the
interstitial spaces of the CNS, the Vd of infusate is directly
proportional to the volume of infusion (Vi) and inversely pro-
portional to the volume of interstitial space within the per-
fused region. Previous studies have shown that convective
perfusion of the normal brain and spinal cord is associated
with Vd:Vi ratios of approximately 4:1 to 5:1. Similarly,
CED of infusate in the brainstem, where the interstitial
space is smaller (as a result of the tightly compacted nature
of fibers), is associated with increased Vd:Vi ratios (6:1
to 10:1).1,22,24

CED can be used to perfuse small or large regions of
the CNS. The previously described Vd:Vi ratio allows for

FIGURE 4.2. Tissue concentration profiles in the immediate vicinity of a polymer implant impregnated with radiolabeled
compounds, including 3H-carmustine (BCNU), 14C-iodoantripyrene (IAP), and 3H-dextran. Tissue concentration profiles were
determined as a function of distance from the edge of the polymer. The solid lines represent the steady-state diffusion model. The
ordinate represents the polymer/tissue interface. Reprinted with permission from Strasser JF, Fung LK, Eller S, Grossman SA,
Saltzman WM: Distribution of 1,3-bis[2-chloroethyl]-1-nitrosourea and tracers in the rabbit brain after interstitial delivery by
biodegradable polymer implants. J Pharmacol Exp Ther 275:1647–1655, 1995.38
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clinically relevant Vds to be obtained by infusing relatively
small volumes. One of the major advantages of CED is the
significantly larger Vd (several magnitudes of order larger)
that can be achieved compared with that obtained by tech-
niques using a diffusion process alone. Because neural tissue
is a porous medium characterized by either isotropic (gray
matter) or anisotropic (white matter) transport, the pattern of
convective distribution is governed by the immediately sur-
rounding tissue type (gray or white). Perfusion of gray matter,
where the cells are embedded homogeneously in an extracel-
lular matrix, will result in a roughly spherical (isotropic)
distribution pattern. Conversely, perfusion of white matter
tracts will result in preferential flow (anisotropic) of infusate
parallel to the surrounding fibers.23 This is a result of the low
hydraulic conductivity along these fiber pathways. This bio-
logical circumstance can permit the perfusion of large regions
of cerebral cortex and deep brain structures from a single
point source in white matter tracts that emanate to these
anatomical locations.

Recently, the use of surrogate imaging tracers to track
convective delivery in real-time using magnetic resonance
(MR) and computed tomography imaging has been investi-
gated.5,12,24,27 Specifically, a number of low- and high-mo-
lecular-weight tracers have been examined as potential sur-
rogate imaging markers to be co-infused with therapeutic
compounds. CED and real-time imaging of these tracers have
been characterized in the brain, brainstem, spinal cord, and
peripheral nerves.5,26 Because molecules over a wide range of
molecular weights move out from the infusion source (can-
nula or catheter) at a similar rate using convective or bulk
flow, a specific surrogate tracer can be used to track a wide
variety of different sized therapeutic compounds (Fig. 4.4).
When the surrogate co-infused tracer is matched to the
intrinsic properties of the therapeutic compound infusate, the
margin of error in assessing convection-enhanced distribution
of the drug itself is in the range of 5 to 15%.5,26

Clinical Trials
CED is currently under clinical investigation using a

variety of therapeutic agents. Various categories of antineo-
plastic agents that are being infused include conventional
chemotherapeutic compounds, recombinant cytotoxic pro-
teins, and radiolabeled chimeric monoclonal antibodies.

Chemotherapeutic Compounds
Paclitaxel causes a pathological and dysfunctional state

of extraordinary microtubule stability, thereby leading to cell
death through interference of cell division and vital inter-
phase processes. Preclinical studies confirmed that the anti-
tumor effect seen on ovarian, breast, lung, head, and neck
cancers is comparable to effects seen in in vitro glioma cell
lines.40 The systemic toxicity and low parenchymal concen-
tration of paclitaxel achieved through intravenous adminis-
tration led to a CED based Phase I–II trial for patients with
recurrent high-grade MGs.21 In this study, three patients were
initially administered a daily dose of 7.2 mg paclitaxel diluted
in 6 mL of normal saline for 5 consecutive days. This dose
was reduced in half for the remaining 12 patients as a result
of chemical meningitis and ensuing complications leading to
death in two of three patients receiving the higher dose.
Presumed leakage of paclitaxel into the subarachnoid space
and the incision, even at the lower dose, led to a high
incidence of chemical meningitis, incisional dehiscence, and
infection. Despite these complications, local treatment with
paclitaxel showed an antitumor response in 11 of 15 patients.

Recombinant Cytotoxic Proteins
Recombinant cytotoxic proteins have targeted cancer

cell specificity that is conferred by a growth factor or surface
antigen-binding domain. Endocytosis of the coupled cyto-
toxic moiety (Pseudomonas exotoxin, diphtheria toxin)
causes enzymatic inactivation of elongation factor 2, an
essential component of protein synthesis, thereby leading to
cell death.

FIGURE 4.3. Graph of a concentration profile from
autoradiography demonstrating the “square-shaped”
pattern of distribution indicative of relatively uniform
concentration of 35S-adeno-associated viral capsid
over the infused area. The variance of concentration
across the plateau was 12%. Reprinted with permis-
sion from Szerlip NJ, Walbridge S, Yang L, Morrison
PF, Degen JW, Jarrell ST, Kouri J, Kerr PB, Kotin R,
Oldfield EH, Lonser RR: Real-time imaging of convec-
tion-enhanced delivery of viruses and virus-sized par-
ticles. J Neurosurg 107:560–567, 2007.39

Asthagiri et al. Clinical Neurosurgery • Volume 55, 2008

© 2008 The Congress of Neurological Surgeons30



Tf-CRM107 is the prototype recombinant cytotoxic
protein and is derived from conjugation of the human trans-
ferrin protein to a modified diphtheria toxin. Transferrin
receptors mediate the cellular uptake of iron and are notably
overexpressed on rapidly dividing cells, including those of
GBM.32 The single point mutation in the diphtheria toxin
reduces its cell-binding affinity but retains the toxin’s native
cytosolic translocation mechanism and ability to inhibit elon-
gation factor 2, thereby allowing Tf-CRM107 to have selec-
tive and potent cytotoxicity.11 A Phase I trial evaluating the
toxicity and maximum tolerated dose of Tf-CRM107 therapy
delivered through CED in the treatment of refractory and
recurrent malignant brain tumors was performed with 18
participants.19 No systemic clinical toxicity or postmortem
extra-CNS findings were attributable to CED of Tf-CRM107.
Among 15 evaluable patients, nine had greater than 50%
reduction in tumor volume and two had a complete radio-
graphical response. Tumor response appeared to be both
concentration- and total dose-dependent. Peritumoral focal
brain injury was seen in patients who received a concentra-
tion of drug greater than 1.0 �g/mL. Subsequently, 0.67
�g/mL intermediate concentration of Tf-CRM107 was se-
lected for Phase II testing. A Phase II multicenter, open-label,
single-arm study was then performed to investigate the safety

and efficacy of intratumoral Tf-CRM107 in the treatment of
recurrent or progressive malignant glioma.42 In 34 (44 pa-
tients enrolled) evaluable patients, five displayed a complete
response and seven had a partial response. Thirteen patients
were alive 1 year after infusion, and one patient survived for
3.1 years. No high-grade systemic toxicity was associated
with this trial.

Many malignant gliomas and other tumors that metas-
tasize to the brain express high levels of epidermal growth
factor receptor as a result of gene amplification or mutation
during neoplastic transformation.45 This receptor has two
natural ligands, epidermal growth factor and transforming
growth factor alpha, the latter of which was coupled with a
genetically engineered Pseudomonas exotoxin (PE 38) to
produce the TP-38 ligand–exotoxin construct. Nineteen pa-
tients with recurrent malignant gliomas (16 GBM, one glio-
sarcoma, one anaplastic astrocytoma, and one anaplastic
oligodendroglioma) and one with metastatic spindle cell sar-
coma were enrolled in a Phase I trial that used delivery of
TP-38 by CED.35 Tumors in two of the 15 patients with
residual disease at the time of therapy demonstrated radio-
graphical responses. At the time of publication, four patients
had no radiographical recurrence of tumor and were 55, 56,
69, and 116 weeks from the time of TP-38 therapy. Currently,

FIGURE 4.4. Real-time MR imaging of con-
vective distribution of interleukin-13 bound to
Pseudomonas toxin (IL13-PE) and gadolinium-
DTPA in a diffuse brainstem glioma. A–C,
Serial coronal T1-weighted MR imaging dur-
ing convection-enhanced delivery of IL13-PE
co-infused with a surrogate MR imaging
tracer, gadolinium-DTPA (total volume in-
fused, 1.4 mL). Sequential imaging during
infusion demonstrates perfusion of the hy-
pointense tumor (arrowheads) in the pons
with drug as shown by the region filled with
gadolinium-DTPA (white area). D, Volume of
distribution increases linearly with volume
of infusion (R2 � 0.92). The overall volume of
distribution to volume of infusion ratio was
3.7 � 0.4.

Clinical Neurosurgery • Volume 55, 2008 Drug Delivery Techniques

© 2008 The Congress of Neurological Surgeons 31



TP-38 therapy is being investigated in a multicenter Phase II
study in patients with recurrent or progressive GBM sched-
uled to undergo gross total resection.

Gliomas are found to express high levels of the IL-13
receptor, whereas normal glia and neurons express very low
levels or none at all.6 Cintredekin besudotox (CB), a recom-
binant protein consisting of interleukin-13 and a truncated
form of the Pseudomonas exotoxin (PE38QQR), has under-
gone extensive clinical testing. Three Phase I studies have
been conducted to determine the optimization of catheter
placement (IL13PEI-103), intraparenchymal infusate distri-
bution (IL13PEI-105), and the maximum tolerated infusate
toxicity (IL13PEI-002) of CB.15 The studies included a total
of 51 patients with malignant gliomas, 46 of which were
GBM. There was no systemic toxicity associated with CED
of CB. Neurological adverse events possibly attributed to CB
occurred at a frequency that can be expected in a population
of patients undergoing a surgical procedure for the treatment
of a MG. Aside from establishing the maximum tolerated
infusate, these studies revealed that infusion durations up to 6
days were well tolerated and deferred stereotactic catheter
placement improved catheter positioning and drug distribu-
tion. Recently, a Phase III trial including 288 patients ran-
domized to either IL13-PE therapy through CED or Gliadel
wafer implantation after surgical resection of GBM (PRECISE
trial) was performed. Median survival was similar between
the IL13-PE-infused patients (36.4 weeks) compared with
patients who underwent Gliadel wafer placement (35.3
weeks; P � 0.48).16

Analogous to other recombinant cytotoxic proteins,
IL4-PE uses the overexpression of interleukin-4 receptors on
MG cells to garner cytotoxic specificity.30 A circular permu-
tation of the interleukin-4 ligand increased receptor binding
affinity and this protein was coupled with a modified Pseudo-
monas exotoxin to yield the potent tumoricidal agent, cpIL4-
PE.14,43 An initial pilot study was performed in nine patients
to assess the usefulness of intratumoral CED of cpIL4-PE.
Dramatic tumor necrosis was observed in six patients, three
of whom required surgery within 2 weeks of cpIL4-PE
administration. Interestingly, the histopathology reflected the
exquisite specificity of the drug, because areas of tumor
necrosis were admixed with normal intervening brain tissue.
One patient achieved a complete response and remained
recurrence-free after 18 months. Although systemic toxicity
was avoided, a high incidence of cerebral edema attributed to
tumor necrosis was found.31 A subsequent Phase I dose-
escalation study concluded the maximum tolerated dose of
cpIL4-PE was a 40-mL infusion of 6 �g/mL. The most
frequent neurological adverse events included seizures
(84%), headache (45%), weakness (32%), and cerebral
edema (32%). No systemic toxicity was directly associated
with intratumoral IL4-PE infusion. Although not designed to
assess efficacy, 72% of patients showed greater than a 50%

reduction in tumor enhancement. Approximately half of these
patients had a radiographical response for at least 4 weeks,
suggesting a durable effect of cpIL4-PE rather than transient
alteration of enhancement patterns resulting from CED. The
significant incidence of extensive tumor necrosis and wors-
ening cerebral edema has prompted the incorporation of
postinfusion surgical resection into ongoing Phase II trials.43

Radiolabeled Chimeric Monoclonal Antibodies
The necrotic core of a malignant solid tumor provides

a milieu containing a universal intracellular antigen (i.e.,
histone H1 complexed to deoxyribonucleic acid), which is
targeted specifically by the murine monoclonal antibody
constituent of 131I-chTNT-1/B MAb (Cotara, Peregrine Phar-
maceuticals, Inc.; Tustin, California). The antigen–antibody
complex serves as an insoluble, nondiffusible anchor for the
localized delivery of Cotara and its cytotoxic 131I component
to surrounding viable tumor cells. A multi-institutional Phase
I–II trial was conducted to assess the safety and feasibility of
this radiolabeled chimeric monoclonal antibody therapy
through CED in patients with recurrent malignant gliomas or
newly diagnosed GBM not amenable to surgical resection.29

A total of 51 patients were enrolled, the first 12 of whom
participated in the dose-finding Phase I portion of the study.
The delivery of 15,000 cGy to the baseline clinical target
volume required a calculated dose of 1.64 mCi/cm3. During
Phase II testing, 26 patients received a 1.0-mCi/cm3 dose and
13 patients received a 1.5-mCi/cm3 dose. This was followed
by repeat dosing in the 41% of patients who displayed no
radiographical progression of tumor within 8 weeks after
initial treatment. Single photon emission computed tomogra-
phy scans were performed 2 weeks postinfusion to assess the
activity and localized penetration of Cotara. In a subgroup of
six patients who received correlative analysis with preoper-
ative MR imaging, tumor volume coverage varied from 46 to
88%. Overall, the infusions provided adequate localization of
radiation therapy coverage with little exposure to surrounding
“tumor-free” brain. Although this study was not designed to
assess efficacy, analysis of 11 evaluable patients with recur-
rent GBM receiving a total dose between 1.25 and 2.5
mCi/cm3 revealed a median survival of 37.9 weeks. One
patient had a partial response, six had stable disease, and two
patients were alive 104 weeks after treatment. Sixteen percent
of patients were found to have brain edema, hemiparesis, and
headaches that could be attributed to Cotara administration.
One patient receiving a maximal total dose of 3.0 mCi/cm3

died as a result of radiation-induced necrotic changes.

Future Applications
The real-time determination of drug distribution in

future studies will be critical to ensure adequate drug deliv-
ery, determine true efficacy of putative therapeutic com-
pounds, gain insight into the properties of CED in the human
diseased CNS, and enhance safety. Real-time imaging of
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surrogate tracer or labeled drugs will provide investigators
the opportunity to determine if drug distribution was suffi-
cient to treat a targeted region of the CNS. This information
will be critical to determine if the drug delivered by CED was
efficacious. Clinical trials performed to date were not de-
signed to include dependable and precise techniques to de-
termine drug distribution, and thus ambiguity remains as to
whether treatment failures are attributable to inadequate de-
livery or true ineffectiveness of the tested drug. Insights into
CED in the human CNS under a variety of pathological
conditions can be ascertained through real-time imaging.
Factors affecting drug perfusion, including maximal infusion
rate, cannula design, and anatomic variables (e.g., ependymal
walls, pial surface, and resection walls), will be better under-
stood with real-time imaging feedback. Finally, the ability to
image drug distribution should enhance the safety of convec-
tive infusion. Imaging will permit cessation of perfusion if
infusate is being distributed in unintended regions or once a
targeted CNS region is completely treated.

CONCLUSION
The inability of surgical resection and radiation therapy

to cure MG necessitates improved adjuvant therapies to
enhance survival and ultimately provide a cure. Future de-
velopments that exploit the unique properties of surgically
mediated drug delivery techniques could lead to improved
treatment paradigms for MGs and, ultimately, improved sur-
vival.
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