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Polymeric drug delivery for the treatment of glioblastoma
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Glioblastoma (GBM) remains an almost universally fatal diagnosis. The current therapeutic mainstay consists of maximal safe
surgical resection followed by radiation therapy (RT) with concomitant temozolomide (TMZ), followed by monthly TMZ (the
“Stupp regimen”). Several chemotherapeutic agents have been shown to have modest efficacy in the treatment of high-grade
glioma (HGG), but blood-brain barrier impermeability remains a major delivery obstacle. Polymeric drug-delivery systems, devel-
oped to allow controlled local release of biologically active substances for a variety of conditions, can achieve high local concen-
trations of active agents while limiting systemic toxicities. Polymerically delivered carmustine (BCNU) wafers, placed on the surface
of the tumor-resection cavity, can potentially provide immediate chemotherapy to residual tumor cells during the standard delay
between surgery and chemoradiotherapy. BCNU wafer implantation as monochemotherapy (with RT) in newly diagnosed HGG has
been investigated in 2 phase III studies that reported significant increases in median overall survival. A number of studies have
investigated the tumoricidal synergies of combination chemotherapy with BCNU wafers in newly diagnosed or recurrent HGG, and
a primary research focus has been the integration of BCNU wafers into multimodality therapy with the standard Stupp regimen.
Overall, the results of these studies have been encouraging in terms of safety and efficacy. However, the data must be qualified by
the nature of the studies conducted. Currently, there are no phase 111 studies of BCNU wafers with the standard Stupp regimen. We

review the rationale, biochemistry, pharmacokinetics, and research history (including toxicity profile) of this modality.
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Glioblastoma (GBM) is the most common malignant primary
brain tumor in adults.! An annual incidence of 4-5 cases per
100 000 persons results in about 12 000 to 15000 new cases
each year in the United States.”* Median survival measure-
ments continue to be reported in months (12-15 months) de-
spite decades of intensive work on multiple therapeutic
targets.*> Overall prognosis remains dismal for patients diag-
nosed with high-grade glioma (HGG), of which GBM is the
most aggressive, with virtually all patients succumbing to the
disease. For the last 10 years, the mainstay of standard therapy
has remained maximal safe surgical resection followed by ex-
ternal beam radiation with concomitant administration of
temozolomide (TMZ), followed by monthly TMZ (a multimodal-
ity approach commonly referred to as the “Stupp regimen”).>®

Multiple advances are being investigated on the surgical front.
Several innovations have surfaced that have shown modest util-
ity for improving the quality and safety of surgical resection.

These include awake intraoperative mapping, intraoperative
MRI, stereotactic guided resection, fluorescence-guided resec-
tion, stereotactic-fused functional MRI-guided resection, and
minimally invasive techniques such as laser ablation.”~° Unfor-
tunately, none of these surgical advances are likely to produce
substantial survival improvements independently due to the in-
filtrative nature of HGGs.

Achieving advances in the treatment of most HGGs requires
the development of therapies with the potential to address the
residual disease that invariably remains after surgical therapies.
Modifications of fractionated and single-fraction radiation ther-
apy (RT), with or without concurrent systemic therapies, have
been investigated.*'° By and large, efforts to increase fraction-
ated RT dose, boost residual disease with stereotactic radiosur-
gery, or apply novel fractionation regimens have been negative
or have only been studied in uncontrolled single arm series.** ~*3
Central failure (within the high-dose RT region and proximate to
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the tumor cavity and residual disease) remains the primary pat-
tern of failure with this disease.™

Various systemic chemotherapies have been utilized for
treating HGG.'> Several agents have been shown to have mod-
est efficacy in the treatment of HGG—including alkylating
agents such as carmustine (BCNU [1,3-bis(2-chloroethyl)-1-
nitrosureal]), carboplatin, procarbazine, cisplatin, and antiangio-
genesis inhibitors (bevacizumab).'® 2! Vaccines and targeted
systemic agents are under investigation, but none has yet been
approved for widespread use.??

Blood-brain barrier (BBB) impermeability remains a major
obstacle to delivering systemic (ie, intravenous) agents to
tumor cells within the CNS. BBB disruption has shown mixed re-
sults for treating HGG, and this technique is not commonly
used.?® Additional limitations of various systemic agents have
included short half-lives, significant hematologic toxicity, and
limited effectiveness at systemically tolerated concentrations.
The most commonly employed systemic agent in current use,
TMZ, appears better tolerated than previous alkylating agents
and has better availability and greater penetration of the BBB.**

When given concurrently with radiation, TMZ has been found
to confer a significant survival advantage compared with RT
alone.® Despite its relative advantages, the efficacy of TMZ is con-
strained by extra-CNS toxicities and biological limits to achieving
sustained tumoricidal tissue concentrations, like most other sys-
temic therapies.?” Therapy intensification with TMZ, in the form
of dose-dense adjuvant TMZ, was also found to have significantly
increased high-grade toxicity without any survival benefit com-
pared with the standard Stupp regimen for GBM.%®

Bevacizumab, which had shown promise in recurrent dis-
ease, has been studied in 2 large prospective trials as a portion
of initial therapy in concert with RT and TMZ but was shown not
to confer a survival advantage.?’?® In interim results from a
multicenter randomized trial in newly diagnosed GBM patients
presented at the 2014 meeting of the Society for Neuro-
Oncology, the addition of treatment with the NovoTTF100A
(tumor-treating fields) device (Novocure Ltd) prolonged survival
by several months compared with treatment of radiation and
TMZ alone.?®

Given the limitations of existing systemically delivered ther-
apies, along with the biological realities inherent in treating in-
filtrative CNS tumors, various investigators have examined the
effectiveness of introducing antineoplastic therapies directly
into CNS tumors. This review will evaluate the work performed
to date on polymeric chemotherapy delivery systems, with a
description of the rationale for this approach, preclinical phar-
macokinetic analyses, efficacy data, and likely future directions
of this treatment strategy.

HGGs, even when gross-totally resected, recur because of the
infiltrative nature of the disease. Most recurrences are local, occur-
ring within 2 cm of the tumor bed.>® These factors form the bio-
logical rationale for employing enhanced local treatments for
gliomas with therapies in addition to maximal safe resection fol-
lowed by RT and concurrent as well as adjuvant TMZ. Many such
additional local approaches have been evaluated, such as direct
introduction of chemotherapeutic agents by polymeric delivery
of wafers placed against the wall of the resection cavity (reviewed
here), direct infusion of toxin conjugates into the tumor, direct in-
fusion of chemotherapy, and application of virus-producing cells
for suicide gene therapy.>*~*° Convection-enhanced delivery

(CED) of tumoricidal agents and brachytherapy to the tumor cav-
ity have also been evaluated.

Polymeric Drug Delivery for Malignant
Primary Brain Tumors

Introduction and Rationale

Polymeric drug delivery systems have been developed to allow
controlled local release of biologically active substances for a
variety of conditions. Their primary advantages relate to their
ability to achieve high local concentrations of active agents
while limiting or eliminating systemic toxicities.

At the time the first polymeric delivery system was being de-
veloped for primary malignant brain tumors, BCNU was widely
considered to be the most effective systemic chemotherapy for
HGG.**~*3 For this reason, BCNU was chosen as the best candi-
date for locally delivered chemotherapy. BCNU is a nitrosourea
that has shown activity against gliomas and other solid tumors.
As a group, nitrosoureas are highly lipid soluble, nonionized,
cell-cycle-nonspecific agents that have good BBB penetration
compared with other systemic chemotherapies. They decom-
pose spontaneously into 2 active intermediates: an isocyanate
group and chloroethyldiazohydroxide. DNA alkylation leads to
the formation of DNA-DNA and DNA-protein crosslinks, which
are mediated by the chloroethyldiazohydroxide intermediate.
The isocyanate intermediate produces carbamoylation of
amino groups, which depletes glutathione, inhibits DNA repair,
and interferes with RNA synthesis.

Systemic BCNU is delivered intravenously and has a half-life of
15-30 minutes. Its systemic hematologic toxicity is such that it
often takes weeks for patient cell counts to recover before anoth-
er dose can be given. Subsequently, tumor cells are typically ex-
posed to intermittent, brief doses of systemically delivered BCNU.

BCNU wafers (poly carboxyphenoxy-propane/sebacic acid
anhydride [PCPP:SA] wafers containing 3.85% BCNU) were de-
signed to release BCNU slowly after being placed on the surface
of the tumor-resection cavity. The advantages gained over sys-
temic BCNU relate to the ability of these wafers to concentrate
BCNU locally, avoid systemic toxicity, and provide durable drug
delivery over several days to weeks.*%***> BCNU wafers also
provide immediate chemotherapy to residual tumor cells during
the standard delay between surgery and chemoradiotherapy.

Over the years, a number of other antitumor agents have
been investigated for local delivery using PCPP:SA wafer tech-
nology. In almost all instances, the agents had been used suc-
cessfully in preclinical studies, but there has been no translation
of these results to clinical care. For various reasons, the surge of
research in PCPP:SA wafer technology for delivering antitumor
drugs abated when the TMZ standard-of-care model emerged,
perhaps because of growing interest in other local delivery sys-
tems such as convection-enhanced delivery of drugs and gene
transfer. Before 2008, antitumor agents that were incorporated
into PCPP:SA wafers and studied in rodent glioma models in-
cluded paclitaxel,*® camptothecin,*”*® hydroperoxycyclophos-
phamide,*? tirapazamine,®® and 5-iodo-2V deoxyuridine.”*>?
It was even found by Brem et al that local delivery of TMZ by
means of PCPP:SA wafers in a rodent glioma model was supe-
rior to oral TMZ in terms of median survival.>
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A few recent studies, also in animal models, have again un-
derscored the potential of the core technology of PCPP:SA wa-
fers for carrying antitumor agents. Bow et al incorporated the
angiogenesis inhibitor minocycline into PCPP:SA wafers for
treatment, combined with either radiation therapy or oral
TMZ, of a 9L glioma rat model.”* The minocycline wafers
were implanted 2 days before radiation therapy. Compared
with radiation therapy alone, the combination of minocycline
wafers and radiotherapy increased median survival by 139%.
Compared with treatment of oral TMZ alone, the combination
of minocycline wafers and oral TMZ increased median survival
by 38%. Local delivery of the angiogenesis inhibitor minocycline
thus appeared to potentiate the effects of radiotherapy and oral
TMZ. In a similar study, Wicks et al incorporated 3-bromopyruvate
(3-BrPA) and dichloroacetate (DCA) into separate PCPP:SA wa-
fers for treatment of a rodent glioma model.>®> These drugs
are inhibitors of cancer-cell-specific aerobic glycolysis. The use
of oral 3-BrPA for glioma has been limited by its ability to cross
the BBB, and the use of oral DCA for glioma has been limited by
toxicity. In this study, both the 3-BrPA wafer and the DCA wafer
significantly increased survival compared with controls. More-
over, the 3-BrPA wafer in combination with oral TMZ signifi-
cantly increased survival compared with either therapy alone.

Polymeric Drug-delivery Systems: Biochemistry

Initially, non-biodegradable polymers were used to deliver sub-
stances locally to tissue cavities; however, these systems were
not optimal due to a variety of factors including the slowing of
drug-release rates over time.>® Most early clinically available
polymeric drug-delivery systems consisted of hydrophilic matri-
ces that absorb water and undergo homogeneous degradation.
Such systems would result in rapid, uncontrolled, inactivation of
agents such as BCNU. The ideal polymeric drug-delivery system
for agents such as BCNU would be hydrophobic and would
degrade from the surface, layer by layer, thus maintaining
the drug until the eroding border of the dissolving polymer
reached the BCNU molecule.

In the early 1980s, biodegradable, hydrophobic polymers
were introduced into medicine in the form of absorbable su-
tures.>” This advance eliminated the rapid-degradation problems
associated with earlier polymers and allowed the development of
more controlled, long-lasting drug-delivery systems.

PCPP:SA wafers were chosen for use with BCNU based on a
variety of preclinical experiments that demonstrated con-
trolled, sustained BCNU release in experimental brain mod-
els.>®>9 After placement into the aqueous environment of the
brain, hydrolysis of the anhydride polymer bonds of current
BCNU wafers causes slow degradation of the polymer matrix,
which releases carmustine at a controlled and nearly constant
rate. Current, commercially available BCNU wafers degrade by
surface erosion (as opposed to bulk erosion) from the outside in
because the aqueous environment breaks down successive lay-
ers of anhydride bonds of the matrix. Once released from the
matrix, carmustine diffuses away from the wafer and into the
local interstitial fluids, down its concentration gradient.®°

Other biodegradable polymeric delivery technologies have
been, or are currently being, explored besides PCPP:SA wafer
technology. A few studies using different polymeric tech-
nologies to carry agents have been conducted in humans.

Biodegradable copolymer polylactic-coglycolic acid (PLGA) mi-
crospheres, loaded with an antitumor agent and delivered by
stereotaxic and computer-assisted approaches to precise
areas of the brain, appear to be safe. Compared with the
PCPP:SA macroscopic wafer, these microspheres could be im-
planted into brain tissue for intraparenchymal delivery; their
very small size could enable multiple and spatially distributed
implantations.®® To date, the use of PLGA microspheres has
been explored for HGG, pain, and spasticity. In an open-label
phase II study, Menei et al randomized 77 participants with
newly diagnosed HGG (1) to injection of 40 g PLGA micro-
spheres incorporating radiosensitizing 5-fluorouracil after
tumor resection followed by radiotherapy (n=38), or (2) to ra-
diotherapy alone after the resection (n = 39).%2 The PLGA micro-
spheres were delivered by multiple stereotaxic injections into the
walls of the resection cavity to a depth of 2 cm and spaced 1 cm
apart. Unfortunately, there was no significant difference in me-
dian overall survival between the treatment arms, although the
trend favored PLGA microspheres (15.2 months vs 13.5 months).
Animal research with PLGA microspheres continues.

In another approach after tumor resection, Sheleg et al im-
planted biodegradable cisplatin-incorporated 6-carboxycellulose
polymer depots (CDDP-D), delivering 45 mg of radiosensitizing
cisplastin, in 11 participants with newly diagnosed GBM (with
whom 21 control patients were compared).®® At 2 or 3 weeks
after resection, both groups received radiotherapy. The implan-
tation of CDDP-D was well tolerated and significantly increased
median survival compared with the control group (427.5 days
vs 211 days, P <.001). Further research on the implantation of
CDDP-D for HGG has not been pursued.

Currently, Rahman et al have been evaluating a novel for-
mulation of PLGA/poly(ethylene glycol) (PEG) microparticle-
based matrices.®* These matrices can be molded into any
size or shape desired, therefore making possible local drug
delivery when there is a partial or irregular brain tumor resec-
tion. In preclinical models to date, the investigators have load-
ed the PLGA/PEG matrices with trichostatin A, etoposide, and
methotrexate and measured release characteristics.

Preclinical Work on BCNU-containing Polymers for
Treatment of Malignant Brain Tumors

Tamargo et al published the first paper on BCNU-embedded
wafers in experimental animals.®® Rats with implanted 9L glio-
sarcomas that were treated with local wafers survived longer
than those treated with systemic chemotherapy or distantly
implanted wafers. These investigators used 2 different prepara-
tions of biodegradable polymers: ethylene-vinyl acetate copol-
ymer (EVAc) and PCPP:SA. They ultimately settled on PCPP:SA,
known as polifeprosan, because of its superior ability to protect
BCNU from prerelease degradation.®®

Initial pharmacokinetic data were derived using radiolabeled
BCNU wafers implanted in rabbit brain models. Grossman et al
(at Johns Hopkins University) demonstrated that BCNU diffused
up to 12 mm away from the wafers.®’ The area of spread and
concentration were largest within 7 days post implantation and
fell to <10% of the original dose at days 14 and 21. The area
of detectable BCNU concentration at days 14 and 21 was
<3 mm from the wafer implantation site. They also compared
directly injected BCNU with that released from wafers and found
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that wafer placement led to considerably longer periods of local
distribution of BCNU than direct injection, confirming the con-
trolled-release property of the wafers. Subsequent studies in mon-
keys documented BCNU concentration at the site of implantation
on day 1 of 3.5 mmol/L, diminishing to 1 mmol/L at a distance of
3mm. By 1 week post implantation, only the tissue within
0.5 mm of the wafers had a BCNU concentration >1 mmol/L.%’
These measured drug concentrations are in excess of the
known inhibitory concentrations of BCNU on human glioma
lines in vitro, which are as low as 15 to 300 pmol/L.6859 These
data indicate that tissue adjacent to the BCNU wafer receives ef-
fective BCNU drug concentrations for at least 1 week post implan-
tation, with rapid concentration falloff thereafter. The Johns
Hopkins group also investigated BCNU wafer pharmacokinetics
in the brains of rats and monkeys.”>’? In the rat experiments,
they found that 10% of the implanted dose concentration of
BCNU extended to 5 mm of the wafer/brain interface on postim-
plantation day 1. This penetration reduced significantly to 1 mm
for days 3-14. They hypothesized that the rapid and distant pen-
etration in the first day was due to increased edema assisting the
normal diffusion of the drug.

Subsequent trials in monkey models demonstrated the safe-
ty of combining external beam RT with BCNU wafer placement.
Brem et al conducted a trial in which 18 monkeys were ran-
domly assigned to one of 4 groups: (i) no intervention control,
(i) bland placebo polymer implantation, (iii) BCNU-loaded poly-
mer implantation, and (iv) a group with implantation of placebo
polymer in the right hemisphere and BCNU-loaded polymer in
the left hemisphere, followed by RT.>* No significant neurolog-
ical toxicities were noted in any of the animals. The authors
concluded that interstitial delivery of BCNU via BCNU wafer
was safe in the primate brain and that concomitant RT did
not lead to any excessive adverse effects. These studies
paved the way for initiating BCNU wafer trials in humans.

Human Trials with BCNU-impregnated Wafers

BCNU-impregnated Wafers as Monochemotherapy for
Recurrent and Newly Diagnosed High-grade Glioma

Studies of BCNU-impregnated wafers as monochemotherapy
for recurrent HGG are summarized in Table 1, and studies
of BCNU-impregnated wafers as monochemotherapy for
newly diagnosed HGG are summarized in Table 2. Brem et al
performed the initial work demonstrating the safety and effica-
cy of BCNU for HGG in humans.**’#” The dose-escalation
study was performed in participants with recurrent HGG and
compared 2 concentrations of BCNU (3.85% and 6.35%).”?
There was no difference in adverse events; however, the lower-
dose group had longer survival, possibly because that treat-
ment group was unbalanced due to having more grade I1I
tumors. Nevertheless, 3.85% was selected as the standard
for ongoing evaluation. A multicenter single-arm study by the
same group demonstrated that delivering RT to the postopera-
tive bed in the presence of BCNU wafers was safe and resulted
inimproved survival compared with historical controls for newly
diagnosed GBM.”® Subsequently, the group published their
double-blind, multicenter, placebo-controlled trial of 222 par-
ticipants with recurrent HGG, which demonstrated improved
6-month mortality comparing implanted BCNU wafers with

placebo (40% vs 53%; P=.06) and a median survival increase
of 8 weeks (31 weeks vs 23 weeks; P=.06).** Approximately
two-thirds of the participants in this trial had GBM. BCNU
wafer placement was associated with significantly reduced
6-month mortality in the GBM patient subset (44% vs 64%;
P=.02). Multivariate adjusted models demonstrated a signifi-
cant overall survival benefit in the intention-to-treat (ITT) pop-
ulation with BCNU wafer (hazard ratio, 0.67; P=.006). The US
Food and Drug Administration subsequently approved BCNU
wafer implantation for use in recurrent HGG.

The role of BCNU wafer implantation in newly diagnosed
HGG was investigated in 2 phase IIT multicenter, double-blind,
placebo-controlled trials (Table 2).“%*>7% The authors of both
studies reported a significant increase in median survival com-
paring participants implanted with BCNU wafers with those im-
planted with control wafers (58.1 vs 39.9 weeks, P=.012, for
Valtonen et al*®; 13.9 vs 11.6 months, P=.03, for Westphal
et al*?). All participants in both trials underwent adjuvant RT.
The study by Westphal et al reported more adverse events
such as cerebrospinal fluid (CSF) leak (5% vs 0.8%) and symp-
tomatic intracranial hypertension (9.1% vs 1.7%) with BCNU
wafer placements. Several criticisms of the Westphal et al
study have been aired. First, the study was designed as an
ITT analysis. The placebo group had more cases of GBM (106/
120 vs 101/120), possibly contaminating the findings. When
the GBM participants were analyzed separately, there was a
nonsignificant (P=.1) increase in survival of 2.1 months (11.4
vs 13.5 months). When the groups were reanalyzed using a Cox
proportional hazards model, the survival became significant
with a 31% risk reduction of death (P =.04). Second, the place-
bo arm of the study did not receive any adjuvant chemotherapy
until recurrence. Today TMZ would be standard of care for both
groups.

BCNU-Impregnated Wafers as Combination
Chemotherapy

Combination chemotherapies using BCNU-impregnated wafers
are attractive for a number of reasons. Chemotherapy has been
shown to improve overall survival in HGG, and further attempts
at improved regimens and combinations are potentially fruitful
areas for ongoing research. One theoretical advantage of com-
bination chemotherapies with BCNU wafers is that immediate
postoperative chemotherapy delivery is possible, in contrast
to most existing treatment paradigms that typically involve a
3-6 week window between surgery and initiation of concurrent
chemoradiation. In addition, combination chemotherapy seeks
to synergize the tumoricidal effects of the chemotherapeutic
agents.

TMZ, an orally administered alkylating agent, has a number
of desirable characteristics for combination with BCNU wafers,
including good bioavailability, good CNS penetration, demon-
strated antitumor efficacy as a single agent and in combination
with RT, and antitumor synergy in preclinical analyses with
BCNU.”>~"7 Therapeutic synergy between TMZ and alkylating
agents such as BCNU has been attributed to the ability of
TMZ to suppress the activity of methylguanine-DNA methyl-
transferase (MGMT), a DNA-mismatch repair enzyme that is
upregulated in glioma cells. Unlike nitrosoureas, which can ac-
tually induce production of MGMT (and promote tumor
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Table 1. BCNU-impregnated wafers as monochemotherapy for recurrent high-grade glioma

Study Year  Study Description Design Results Conclusion/Comments/Complications
Phase

Brem et al’? 1991 Phase I/Il 21 patients with recurrent Dose escalation, single-arm, Mean postimplant survival: Mid-concentration dose (3.85% BCNU) chosen
HGG treated with surgery multicenter 65 weeks (1.93% BCNU) for further study
and 1 of 3 concentrations 64 weeks (3.85% BCNU) No complications
of BCNU wafers 32 weeks (6.35% BCNU) More GBMs in 6.35% group

Brem et al** 1995 Phase IIl 222 patients with recurrent Multicenter, Median postimplant survival Safe and effective for recurrent HGG
HGG treated with surgery placebo-controlled, (P=.006): Similar postop seizure rates for each group
and either BCNU wafers or double-blind 31 weeks (BCNU wafers) Nonsignificant increase in intracranial infection
placebo wafers 23 weeks (placebo wafers) in BCNU group (3.6% vs 0.89%

Olivi et al*** 2003 Phase I 44 patients with recurrent Multicenter, dose-escalation Median overall survival: Seizures, infections, CSF leak, and brain edema

HGG treated with surgery
and escalating BCNU wafer

trial measuring 5 BCNU
doses (6.5%, 10%, 14.5%,

251 days

Maximum tolerated dose:

common in 28% BCNU concentration (3/4
participants), less common in 20% BCNU

doses 20%, and 28%) 20% BCNU concentration (13.6%), 1 participant had
wound infection in 6.5%, 10%, and 14.5%
groups combined (5.6%)
Abbreviations: BCNU, 1,3-bis(2-chloroethyl)-1-nitrosurea; HGG, high-grade glioma.
Table 2. BCNU-impregnated wafers as monochemotherapy for newly diagnosed high-grade glioma
Study Year Study Description Design Results Conclusion/Comments/Complications
Phase
Brem et al’® 1995 Phase I 22 patients with newly diagnosed Multicenter, single-arm Median overall survival: BCNU wafers and XRT safe in combination
HGG treated with surgery and designed to evaluate 40 weeks No increase in neurotoxicity when compared with
BCNU wafers safety of wafers and XRT historical controls.
No wound infection or systemic toxicity.
Valtonen 1997 Phase 32 patients with newly diagnosed Multicenter, Median overall survival: BCNU wafers effective for prolonging survival
et al*® 111 HGG treated with surgery and placebo-controlled, BCNU 58.1 weeks Infection noted in treatment group; frequency not
BCNU wafers or placebo wafers  double-blind Placebo 39.9 weeks reported
P=.012
Westphal 2003/  Phase 240 patients with newly Multicenter, Median intent-to-treat  BCNU wafers significantly effective for prolonging overall
et gl*07% 2006 111 diagnosed HGG treated with placebo-controlled, overall survival: survival in intent-to-treat analysis
surgery and BCNU wafers or double-blind BCNU 13.9 months BCNU wafers effective for prolonging overall survival in

placebo wafers

Placebo 11.6 months

GBM group after applying Cox proportional hazards
model

CSF leak (5% vs 0.8%) and intracranial hypertension (9.1%
vs 1.7%) were more common in the BCNU group

Abbreviations: BCNU, 1,3-bis(2-chloroethyl)-1-nitrosurea; CSF, cerebrospinal fluid; GBM, glioblastoma; HGG, high-grade glioma; XRT, external beam radiation therapy.

INGD 404 A1aAIep Bnup dsWA|od 1D 19 UPAA



Wait et al.: Polymeric drug delivery for GBM

22 T
1
1
20 1 207
1
1 19.7
18 T 18.8 192
1
1 17.5
17.2
& 16 i 17.0
% 1
o 1
£ - i
= 1
@ 13.8
% 12 1
= 1
n 1
T 10 !
T 1
g 1
1
8 &1 1
3 1
= 5 1
1
1
4 1
1
1
2 _ 1
1
1
0 - 1
n =287 n=120 n =44 n=10 n=92 n=41 n=111 n=233 n=24 n=28 n=21 n=15
2005 2003 2009 2006 2013 2008 2012 2009 2012 2012 2008 2010
Stupp Westphal Bock Bota Duntze La Rocca | Lechapt- McGirt Miglierini Noel Pan Thompson
Zalcman

Fig. 1. Reported median overall survival (months) in studies of the combination of BCNU wafers with the standard Stupp regimen for the treatment
of high-grade gliomas compared with the active treatment arm of the phase III studies of temozolomide and radiotherapy®® and the active

treatment arm of the phase II study of BCNU wafers and radiotherapy.

resistance), TMZ can deplete MGMT levels in tumor cells, there-
by (at least in laboratory settings) improving the efficacy of al-
kylating agents.”®

Through 2013, 14 reported clinical trials have investigated
the role of BCNU wafer implantation in combination with the
standard Stupp regimen of RT and concurrent and adjuvant
TMZ (Table 3). Of these, the majority (10) were retrospec-
tive,”®79"87 while 4 were prospective.®®~ ! Overall results
have been encouraging in terms of safety and efficacy. Figure 1
displays the median overall survival available for 10 of these
combination-therapy trials in comparison with the active treat-
ments arms available in the large phase III randomized clinical
trial that established the Stupp regimen®® and the use of BCNU
wafers. %7

Notably, in a prospective observational multicenter study of
92 participants with newly diagnosed malignant glioma treat-
ed with BCNU wafers and the standard Stupp regimen, Duntze
et al reported a median progression-free survival of 10.5
months and a median overall survival of 18.8 months. The in-
vestigators concluded that the survival rates were better than
those usually described when BCNU or TMZ is used alone inde-
pendently from one another, and that these outcomes were
obtained without increased BCNU or TMZ toxicity compared
with their use as monotherapies.”

There have also been a number of reports of BCNU wafers
employed in combination with other treatments, including

40,74

modifications of the standard Stupp regimen (Table 4).92 193

For example, it has been shown that agents such as
06-benzylguanine (06-BG) or TMZ can potentiate the activity of
BCNU by blocking the activity of DNA repair enzymes and could
increase the effectiveness of existing therapies. 06-BG suppresses
tumor 06-alkylguanine-DNA alkyltransferase (AGT) levels,
while TMZ has been shown to potentially deplete levels of
0(6)-MGMT.'%* Weingart et al and Quinn et al separately reported
phase I trials, followed by phase 1I trials, on the use of BCNU
wafers with subsequent 0O6-BG infusions in participants with re-
current GBM.%®193 The phase 11 study of 52 participants showed
a 6-month survival rate of 82%, which compared favorably with
56% for a historical control arm of BCNU wafer therapy alone.
However, these investigators did report increased adverse event
rates, primarily CSF leak (19.2%) and infection (13.4%).®

In a prospective observational report of 35 newly operated
patients with GBM who received BCNU wafers in combination
with 6-month metronomic TMZ and RT, Salmaggi et al found
a median progression-free survival of 12.5 months and median
overall survival of 17.8 months.?® The progression-free survival
was longer than that for any of the previously mentioned
retrospective studies, in which the highest rate of 12-month
survivors was 40%.

For all of the studies cited, there is a heterogeneity of effect,
with substantial limitations due to patient selection bias, large-
ly retrospective analyses, temporal bias with comparison to
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Table 3. Summary of articles describing the use of concomitant therapy of BCNU-impregnated wafers and the standard Stupp regimen

Study Year  Study Phase Description Design N (GBM) Median OS (mo)  Conclusion/Comments/Complications
Bock et al’® 2010 Retrospective Newly diagnosed Resection + BCNU wafer — Stupp 44 (44) 127 19 patients (43%) experienced grade 3 or
grade 4 adverse events
Bota et al®° 2006 Retrospective Newly diagnosed (1) Resection + BCNU 10 (10)  17.2° No difference in survival or toxicity
wafer — Stupp 13 (13) 19.2¢ between the 2 treatments
(2) Resection/biopsy — Stupp
Duntze et al®® 2013 Prospective Newly diagnosed Resection + BCNU wafer — Stupp 92 (74)  18.8 20.6% of patients presented with
observational perioperative adverse events
potentially attributable to BCNU wafer,
including 5 severe infections
La Rocca et al® 2008 Phase II single Newly diagnosed Resection + BCNU wafer — Stupp 41 (40)  19.7 Any grade nausea/vomiting 56.1%, DVT
arm 22%, pulmonary embolism 14.6%
Lechapt-Zalcmman 2012  Retrospective Newly diagnosed Resection + BCNU wafer — Stupp 111 (111) 175 Patients with tumors that were MGMT
et al®? methylated had a significantly longer
OS compared with patients who had
wild-type MGMT (21.7 months vs 15.1
months; P=.025)
McGirt et al®? 2009 Retrospective Newly diagnosed (1) Resection + BCNU 33 (33) 20.7b BCNU wafer + Stupp regimen was not
wafer — Stupp 78 (78) 124 associated with an increase in
(2) Resection + BCNU wafer — RT 45 (45) 147 perioperative morbidity in comparison
(3) Resection/biopsy — Stupp with BCNU wafer 4+ RT alone
regimen Incorporation of TMZ w/or w/o BCNU
wafer had better OS compared with
BCNU wafer + RT
Menei et al® 2010 Retrospective Newly diagnosed (1) Resection + BCNU 83(72) 17 (all patients 4 cases of seizure and 9 cases of
wafer — Stupp receiving intracranial hypertension
(2) Resection + BCNU BCNU wafers)
wafer — other regimens
Miglierini et al®* 2012 Retrospective Newly diagnosed Resection + BCNU wafer — Stupp 24 (22)  19.2 3 cases of grade 3 thrombocytopenia
10 patients stopped TMZ early due to
toxicity or early progression
Noel et al®® 2012 Retrospective Newly diagnosed (1) Resection + BCNU 28 (20) 206 No difference in outcomes between
wafer — Stupp 37 (16) 208 groups
(2) Resection/biopsy — Stupp 4 cases of grade 3 thrombocytopenia
regimen occurred, all in the BCNU wafer group
Pan et al’® 2008 Retrospective Newly diagnosed Resection + BCNU wafer — Stupp 21 (21) 17 Grade 3 cerebritis 9.5%, altered mental
status 5%; no grade 4 toxicities
observed
Ryken et al’? 2011 Phase I, Newly diagnosed Resection + BCNU wafer — Stupp 21 (21)  18.2 (average) 9 grade 3-5 toxicities in 5 patients,
single arm including 1 grade 5

Continued
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Table 3. Continued

Conclusion/Comments/Complications

Median OS (mo)

N (GBM)

Description Design

Study Phase

Year

Study
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Abbreviations: BCNU, 1,3-bis(2-chloroethyl)-1- nitrosurea; DVT, deep-vein thrombosis; HGG, high-grade glioma; MGMT, O(6)-methylguanine-DNA methyltransferase; OS, overall survival;

PE, pulmonary embolism; PFS, progression-free survival; RT, radiation therapy; TMZ, temozolomide.

a

days or weeks converted to months.

P <.05.

b

historical controls, and various combinations of agents used in
addition to TMZ such as bevacizumab,'°? brachytherapy,®’ or
rotational multiagent chemotherapy.®?

There has also been heterogeneity in terms of prognostic
and predictive factors for the efficacy of the BCNU wafer in
combination with the standard Stupp regimen. In one retro-
spective study that did demonstrate an overall survival benefit
with the addition of BCNU wafers, there was no benefit in the
subset of 41 participants who underwent gross total resection
(overall survival of 21.5 months for participants who received
combination therapy including the BCNU wafer vs 19.8 months
for those with the standard Stupp regimen, P = .3).8 MGMT pro-
moter methylation is known to be a prognostic and predictive
factor for TMZ benefit.'°> However, there is disagreement in the
literature about the role of MGMT methylation status in patients
treated with BCNU wafers and the Stupp regimen. In a phase II
trial, LaRocca et al found no difference in overall survival based
on MGMT methylation status for 41 participants treated with
this regimen (median overall survival was 23.3 months for par-
ticipants with methylated MGMT vs 19.7 months for those with
unmethylated MGMT, P =.29).89 On the other hand, in a retro-
spective study of 111 participants treated with the combination
regime, Lechapt-Zalcman et al found a significant difference in
median overall survival based on MGMT status (21.7 months
methylated vs 15.1 months unmethylated, P = .025).8

Toxicity and Adverse Events

A variety of adverse events associated with the use of BCNU
have been reported in the studies previously mentioned in
this review. Recently, 3 published review articles have per-
formed combined analysis of the adverse events from multiple
studies.'®19%1%7 Complications including seizure (5%-16%), CSF
leak (0%-11%), local infection (6% -12%), delayed wound heal-
ing (2%-16%), cerebral edema (2% -25%), malignant cerebral
hypertension or hydrocephalus (7%-10%), and new neurologi-
cal deficit (6%~ 16%) have been reported.'®’ Bregy et al summa-
rized adverse events combining 2 reports on BCNU wafers as
monochemotherapy with 14 reports on the use of concomitant
delayed (weeks) systemic chemotherapy.’® They reported a
combined total estimate of toxicity/adverse events of 42.7%.

It should be noted that the majority of these reports de-
scribed all adverse events experienced by patients in the
BCNU wafer arm of the study under examination, not just
those that were thought to be directly attributable to the addi-
tion of BCNU wafers in combination treatments including radi-
ation and other systemic chemotherapy. Many of the adverse
events—including venous thromboembolism, pneumonitis,
systemic infections, nephrotoxicity, fatigue, gastrointestinal
complications, myelosuppression—are almost certainly the re-
sult of adjuvant systemic chemotherapy and are unrelated to
BCNU released by the implanted wafers since that is virtually
undetectable in the systemic circulation.

In 2008, Attenello et al summarized the institutional expe-
rience with implantation of BNCU wafers at Johns Hopkins Uni-
versity School of Medicine.'°® Between 1996 and 2006, 1013
patients underwent resection for HGG, of whom 288 (28%)
were implanted with the BCNU wafer (166 for primary HGG
and 122 for recurrent HGG). In comparing morbidity between
participants who received the BCNU wafer and those who did

=
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Table 4. Summary of articles describing the use of concomitant therapy of BCNU-impregnated wafers and other treatments, including modifications of the Stupp regimen

Study Year Study Phase  Description Design N (GBM) Median OS  Conclusion/Comments/Complications
(mo)
Affronti 2009 Retrospective  Newly diagnosed (1) Resection + BCNU 36 (36) 16.7 31% grade 3 or 4 hematological toxicity
et al®? wafer — RT 4+ TMZ + rotational 49 (49) 206 16% grade 3 or 4 hematological toxicity
chemotherapy
(2) Resection — RT + TMZ + rotational
chemotherapy
Asher et al®® 2007 Phase II, Newly diagnosed  Resection + BCNU wafer — early TMZ 46 (43) 182 33% of patients who received TMZ 200 mg/m?
single arm (day &) — Stupp regimen experienced grade 3 -4 thrombocytopenia
compared with 5% who received 150 mg/m?
Ewelt et al®* 2008 Retrospective Recurrent Resection + BCNU wafer — TMZ 1 week on/1 25 (25) 18 (from Ten patients with grade 3 and 6 patients with
week off initial grade 4 toxicity
diagnosis)
Gururangan 2001 Phase I Recurrent Resection + BCNU wafer - TMZ up to 12 cycles 10 (7) - Median of 3 TMZ cycles administered
et al®® 1 patient experienced grade 3
thrombocytopenia at the highest dose level
Limentani 2005 Phase I Newly diagnosed  Resection + BCNU wafer — early (day 3 or 4) 16 (14) 22.3¢ No grade 3 or 4 toxicities occurred
et al®® carboplatin — RT
McPherson 2012 Phasel Newly diagnosed ~ Resection + I-125 seeds (3000 cGy) + BCNU 5() 12 Dose-escalation study closed because of
et al’ wafers — RT +adjuvant TMZ radiation toxicity
Quinn et al® 2009 Phase Il single Recurrent GTR + BCNU wafer — 0%-BG 52 (52) 11.6° Treatment-related toxicity included grade 3
arm hydrocephalus (9.6%), grade 3 CSF leak
(19.2%), and grade 3 CSF/brain infection
(13.4%)
Rezazadeh 2011 Phase II Newly diagnosed  Resection + BCNU wafer — dense-dose 10 (10) - 2 patients experienced intracranial hemorrhage
et al10? RT + TMZ — bevacizumab every other week and 1 experienced neutropenic fever
for 12 weeks Through median follow-up of 9 months, 6
patients experienced progression of disease
and 6 patients died
Salmaggi 2013 Phase I, Newly diagnosed  Resection + BCNU wafer — RT 4+ TMZ — daily 35(35) 178 7 patients had to prematurely stop TMZ due to
et al® single arm metronomic TMZ 75 mg/m? up to 6 months toxicity
DVT (n=4) and/or PE (n= 1) occurred in 4 cases
Sampath 2005 Phasel Recurrent GTR + BCNU wafer — Irinotecan up to 6 cycles 10 (10) 20 Mean number of Irinotecan cycles: 2.7
et al'® Median survival from the time of the second
surgery was 13.5 months
Smith et al’®® 2008 Phase II Newly diagnosed  Resection + BCNU wafer — Gamma knife 27 27) 11.5¢9 No acute early toxicity or complications within
surgery — RT the first 3 months
Weingart 2007 Phasel Recurrent GTR + BCNU wafer — 05-BG 32 (32) 11.6° No treatment-related grade 4 events
et all® 10 patients experienced grade 3 CSF leak and 7

patients experienced grade 3 CSF infection

Abbreviations: BCNU, 1,3-bis(2-chloroethyl)-1- nitrosurea; DVT, deep-vein thrombosis; GTR, gross total resection; HGG, high-grade glioma; MGMT, O(6)-methylguanine-DNA
methyltransferase; OS, overall survival; PE, pulmonary embolism; PFS, progress-free survival; RT, radiation therapy; TMZ, temozolamide.
®=days or weeks converted to months.
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not, respectively, the investigators found no statistically signifi-
cant differences in the incidence of pulmonary embolism (4.9%
VS 3.7%, P=.41), deep vein thrombosis (6.3% vs 5.2%, P=.53),
surgical site infection (2.8% vs 1.8%, P=.33), CSF leak (2.8% vs
1.8%, P=.33), seizure (14.6% vs 15.7%, P=.65), wound-
healing problems (0.7% vs 0.4%, P = .63), or symptomatic ma-
lignant edema (4.9% vs 3.7%, P=0.41).

The reported toxicities/adverse events remain one concern
that may have limited the use of BCNU wafers despite evidence
of improved outcomes in some patients with HGG. Despite the
institutional experience at Johns Hopkins University, there ap-
pears to be an increased incidence of seizures, mass effect,
and local/wound infection/CSF leak in patients undergoing
BCNU wafer implantation, congruent with the local nature of
the treatment. Once combination systemic chemotherapy is in-
stituted (most commonly TMZ), the rate of toxicity/adverse
events rises with the inherent toxicities of the associated ther-
apies. There is no good evidence of increased toxicity with the
combination of BCNU wafers and systemic chemotherapy. Also,
as commonly used, the vast majority of BCNU has been deliv-
ered locally well before the initiation of systemic therapy. There
is an increase in seizures and wound healing issues when BCNU
wafers are used for recurrent GBM, as these are high-risk pa-
tients who have undergone multiple previous interventions in-
cluding RT. In a placebo-controlled trial of BCNU wafers in the
treatment setting of recurrent GBM, Brem et al found that sei-
zures (37.3% vs 28.6%, P=.199) were increased in the BCNU
wafer group but were within the expected frequency for post-
operative seizures; likewise, the incidence of serious intracranial
infections (3.6% vs 0.9%) was nonsignificantly more common
with BCNU treatment but was well within the reported range
(9% to 13%) for recurrent glioma surgery.**

Imaging Characteristics of BCNU Wafer Implantation

BCNU wafers themselves—as well as potential edema,
mass effect, and local enhancement after BCNU wafer implan-
tation—can pose a challenge when interpreting immediate,
postimplantation, and distant postoperative MRI. Contrast en-
hancement, diffusion restriction, and T2/fluid-attenuated in-
version recovery (FLAIR) signal are evident in the immediate
(postoperative day 1) period. Contrast enhancement peaks at
1 month post implantation and diffusion restriction may
remain for up to 1 year. The T2/FLAIR signal peaks within the
first 2 months post implantation and resolves thereafter. %910
Given these known imaging changes, one should view postop-
erative imaging of patients with implanted BCNU wafers with
caution. Early postoperative changes classified as recurrence
might actually reflect pseudoprogression from the BCNU wa-
fer’s local effect and/or radiotherapy. Changes in the early por-
tion of therapy based on imaging alone should be weighed
carefully with the known imaging changes of the therapy and
potential early response.

Future Directions

A primary goal of current research efforts is to determine the op-
timal method for integrating BCNU wafers into the standard
Stupp regimen. Two pharmacokinetic observations regarding
BCNU wafers are particularly relevant with respect to the optimal

timing of administration of potentially synergistic systemic agents.
First, tumoricidal concentrations are highest within 1 cm of im-
plantation and fall off over time (2-3 weeks) and distance from
implantation. Second, the majority of BCNU is liberated from the
wafers during the first week after implantation.”®”* With the un-
derstanding that local failure of therapy can often occur at a mod-
erate distance from the immediate tumor resection margin, and
assuming that high local tissue concentrations of BCNU would in-
crease the potential for additive or synergistic effects with other
agents, the kinetics of BCNU dispersion into surrounding brain tis-
sue suggest that systemic agents may be optimally administered
in the early postoperative setting.

A phase I proof of concept evaluation of carboplatin admin-
istered on days 3-4 following surgical resection of malignant
glioma with intraoperative placement of BCNU wafers was pub-
lished by Limentani et al in 2005.% Standard RT was started on
days 14-36. Carboplatin was well tolerated in the initial post-
operative setting, and no grade 3 or 4 toxicities were observed.
Median time to progression was 159 days, and median survival
was 590 days. The authors concluded that their study had
demonstrated the safety of administering chemotherapy in
the early postoperative setting after BCNU wafer placement.

In a phase 1I trial of 46 participants with newly diagnosed
HGG (43 GBM, 3 anaplastic astrocytoma), Asher et al studied
the addition of early TMZ to BCNU wafer implantation and
the adjuvant Stupp regimen.’?® After resection and BCNU
wafer placement, TMZ was begun on day 4 postoperatively. Ra-
diation and concomitant TMZ were then administered, followed
by monthly TMZ at 200 mg/m? for the first 26 participants
(which was subsequently reduced to 150 mg/m? for the re-
maining 20 participants). The treatment was well tolerated at
the TMZ 150 mg/m? dose level. Median progression-free sur-
vival was 8.3 months, and median overall survival was 18.2
months. The 1-year overall survival rate was 76%, representing
a significant improvement (P=.02) compared with the 1-year
overall survival of 59.2% reported by Westphal et al*® for the
experimental arm of the randomized phase III trial using
BCNU wafers with RT (without TMZ).

There has been no prospective, multicenter, double-blind
trial comparing the combination of BCNU wafers and RT/TMZ
therapy with either therapy alone. The retrospective and pro-
spective single-arm data are encouraging in terms of the safety
and efficacy of the combination approach, primarily compared
with the overall outcomes of the large phase I1I randomized
clinical trial that established the Stupp regimen,® although
weighting of the data is qualified by the nature of the studies.
A phase III trial comparing the standard-of-care Stupp regimen
with and without BCNU wafer therapy is unlikely to be conduct-
ed. Larger prospective or database trials are needed to deter-
mine a potential subgroup of benefit for this approach, such
as the potential of overcoming the detrimental effects of
unmethylated MGMT with the inclusion of BCNU wafers. There
are indications of this potential in the literature, but larger and
confirmatory studies are needed.

Other novel concurrent chemotherapeutic agents are being
explored, but recent studies have yielded negative results for
dose-dense adjuvant TMZ and the addition of bevacizumab in
newly diagnosed GBM and for cedirinib alone or in combination
with lomustine in recurrent GBM.?7111:112 It is unlikely that
these agents would have additional benefit in combination
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with BCNU wafers. Future studies investigating the optimal tim-
ing and incorporation of known agents (eg, TMZ) and novel
agents currently being investigated (eg, immunomodulatory
drugs including ipilimumab and PD-1/PDL-1 inhibitors) are
needed to better characterize the potential and future role of
BNCU wafers in the multimodal care of GBM.

BCNU wafer implantation served as the control therapy for a
phase 11T randomized trial investigating the effect of CED of
cintredekin besudotox (IL13-PE38QQR) for recurrent GBM.1*3
Because the investigational therapy was an adjunct to treat-
ment, the BCNU wafer (the only other approved local treat-
ment) was used as the comparator. The 296 enrolled
participants were randomized 2:1 to receive CED or BCNU
wafers, with no significant differences between the 2 groups.
Median survival was 9.1 months for the CED group and 8.8
months for the BCNU wafer group. The occurrence of adverse
events was similar for both groups, except the incidence of
pulmonary embolism was higher in the CED group (8% vs
1%, P=.014). Noting the need for further assessment of CED
drug distribution, the investigators concluded that there was
no survival advantage in using CED of IL13 conjugated toxin
compared with the implantation of BCNU wafers.

Conclusion

HGG remains a vexing problem, with an almost universal failure
to cure patients. In the last 2 decades, the introductions of TMZ
and BCNU wafers represent the only significant advances that
have been confirmed in phase III trials. In a systematic review
and evidence-based clinical practice guideline on the role of cy-
totoxic chemotherapy for managing progressive glioblastoma
(published in 2014 by Olson et al), there were no level I recom-
mendations; level II recommendations were limited to TMZ
(noted as superior to procarbazine) and BCNU wafers (as a
surgical adjunct when cytoreductive surgery was indicated,
“taking into account the associated toxicities”).!” The system-
atic review noted that neither agent was curative. Indeed,
either agent alone in combination with RT improved survival by
roughly 2 months. As this review has shown, when BCNU wafers
and TMZ are employed together sequentially, there appears to
be an additive or synergistic effect, and there are encouraging
data suggesting additional weeks to months of survival.

The available literature fails to clearly delineate which pa-
tients would benefit the most from the addition of BCNU wa-
fers. Inexplicably, previous implantation of BCNU wafers often
disqualified patients from participating in novel HGG trials.’
While the imaging changes noted earlier may be thought to in-
crease the difficulty of defining radiographic progression in tri-
als of novel chemotherapeutics and immunotherapy,
investigators still could—and should—easily include BCNU
wafer use as a stratification factor to allow patients access to
studies and investigative treatment for HGG.

Currently, it is doubtful that combining any of the existing
therapies and/or manipulating their doses and timing is going
to improve overall survival outcomes by more than a few weeks
or months. Even so, such incremental advances with local ther-
apies might well be seen as securing the best stage for our pa-
tients with HGG until the occurrence of future treatment
breakthroughs.
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