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Abstract
Background  The purpose of this review is to summarize our own experimental studies carried out over a 13-year period 
of time using the F98 rat glioma as model for high grade gliomas. We evaluated a binary chemo-radiotherapeutic modality 
that combines either cisplatin (CDDP) or carboplatin, administered intracerebrally (i.c.) by means of convection-enhanced 
delivery (CED) or osmotic pumps, in combination with either synchrotron or conventional X-irradiation.
Methods  F98 glioma cells were implanted stereotactically into the brains of syngeneic Fischer rats. Approximately 14 days 
later, either CDDP or carboplatin was administered i.c. by CED, followed 24 h later by radiotherapy using either a synchro-
tron or, subsequently, megavoltage linear accelerators (LINAC).
Results  CDDP was administered at a dose of 3 µg in 5 µL, followed 24 h later with an irradiation dose of 15 Gy or carbopl-
atin at a dose of 20 µg in 10 µL, followed 24 h later with 3 fractions of 8 Gy each, at the source at the European Synchrotron 
Radiation Facility (ESRF). This resulted in a median survival time (MeST) > 180 days with 33% long term survivors (LTS) 
for CDDP and a MeST > 60 days with 8 to 22% LTS, for carboplatin. Subsequently it became apparent that comparable 
survival data could be obtained with megavoltage X-irradiation using a LINAC source. The best survival data were obtained 
with a dose of 72 µg of carboplatin administered by means of Alzet® osmotic pumps over 7 days. This resulted in a MeST 
of > 180 days, with 55% LTS. Histopathologic examination of all the brains of the surviving rats revealed no residual tumor 
cells or evidence of significant radiation related effects.
Conclusions  The results obtained using this combination therapy has, to the best of our knowledge, yielded the most promis-
ing survival data ever reported using the F98 glioma model.

Keywords  F98 glioma · Cis/Carboplatin · Convection-enhanced delivery · Radiation therapy · Brain tumors · Synchrotron 
radiation
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BCNU	� 1,3-Bis (2-chloroethyl)-1-nitrosourea
C225	� Cetuximab
CED	� Convection-enhanced delivery
CDDP	� Cisplatin
CI	� Combination index
D	� Dexamethasone
DMF	� Dexamethasone, mannitol, furosemide
DRI	� Dose reduction index
DSBs	� DNA double strand breaks
ESRF	� European synchrotron radiation facility
F98EGFR	� F98 glioma cells transfected with the human 

gene encoding EGFR
F	� Furosemide
i.a.	� Intra-arterially
i.c.	� Intra-cerebrally
i.t.	� Intra-tumoral
i.v.	� Intra-venous
ICP-OES	� Inductively coupled plasma-optical emission 

spectroscopy
%ILS	� Percent increase in life span
LET	� Linear energy transfer
LINAC	� Linear accelerator
LTS	� Long term survivors
M	� Mannitol
MeST	� Median survival time
MRI	� Magnetic resonance imaging
PAMAM	� Polyamidoamine
PEP382	� 13 Mer B-cell epitope
PEP455	� 16 Mer HER-1 epitope
SF	� Surviving fraction
SSRT	� Stereotactic synchrotron radiotherapy
Vd	� Volume of distribution
XRT	� Conventional radiotherapy

Introduction and background

The treatment of high grade glioma represents a therapeu-
tic challenge that has defied the efforts of clinicians and 
researchers to achieve 5 year survival rates better than a few 
percent [1]. One of the major problems has been how to cir-
cumvent the blood–brain barrier (BBB) in order to improve 
drug delivery to the brain [2]. The development of convec-
tion-enhanced delivery (CED) as a means to improve brain 
tumor drug delivery was pioneered by Oldfield and Lonser 
and their co-workers at the National Institutes of Health in 
Bethesda, Maryland beginning approximately 25 years ago 
[3–8]. The principle upon which CED is based has been 
described in detail by Morrison [9] and initially was applied 
to the delivery of a variety of test agents to normal brain in 
primates and rats, and subsequently chemotherapeutic agents 
in brain tumor bearing rats. CED is based on the application 
of a continuous hydraulic force by means of a syringe pump 

to produce bulk flow thereby increasing the interstitial con-
centration of a drug beyond that which would occur by diffu-
sion alone. Readers interested in more detailed information 
relating to CED are referred to a review by Lonser et al. [10].

There now is a voluminous literature on the use of CED 
to enhance drug delivery to the brain both in experimental 
animals and in humans. The clinical application of CED for 
the treatment of patients with high grade glioma has been 
reviewed by Jahangiri et al. [11] and more recently by Shi 
and Sanche [12]. Readers interested in this topic are referred 
to these two detailed, clinically oriented review articles. In 
the present review we will focus on our own experimental 
studies using CED or osmotic pumps to increase the concen-
tration of either cisplatin (CDDP) or carboplatin followed by 
external beam photon irradiation to treat brain tumor bearing 
rats. The purpose of these studies was to lay the groundwork 
for future clinical studies in patients with high grade glio-
mas, as will be described later in this review.

Among all the cytoreductive chemotherapeutic agents 
available, platinum containing drugs have played an impor-
tant role for the treatment of solid tumors [13]. However, 
their use for the treatment of brain tumors has been limited 
by their toxicity following systemic administration. Intrac-
erebral administration of these drugs was first reported by 
Kroin and Penn et al. in the early 1980s [14, 15]. They dem-
onstrated that chronic i.c. micro-infusion of Pt containing 
drugs into the brains of non-tumor bearing rats resulted 
in adequate and sustained therapeutic drug levels without 
producing any systemic toxicity [14]. They subsequently 
reported a small but statistically significant increases in the 
survival of 9 L glioma-bearing rats compared to untreated 
controls after a 7 day infusion of CDDP (0.5 mg/mL at a 
flow rate of 0.9 μL/h) [15]. Using the same tumor model, 
Kimler et al. [16] evaluated intratumoral (i.t.) administration 
of CDDP and several other antineoplasic agents, including 
1,3-bis (2-chloroethyl)-1-nitrosourea (BCNU), bleomycin, 
aziridinyl-benzoquinone (AZQ) and acivicin, administered 
in a single 5 μL injection. Their results suggested that i.c. 
administration of drugs possibly could represent a prom-
ising treatment for patients with brain tumors. Following 
up on this, Degen et al. [17] demonstrated that carboplatin 
or gemcitabine, delivered i.c. by CED, were effective in 
the treatment of 9L glioma-bearing rats. Among the rats 
that received carboplatin (40 μg/40 μL; 0.5 μL/min) on 
day 7 after tumor implantation, 3 of 4 animals survived to 
120 days at which time the study was terminated. Two long 
term survivors also were observed in the group treated with 
160 μg/40μL of gemcitabine (0.5 μL/min). The authors 
stated that it was unlikely that chemotherapeutic infusions 
could be uniformly curative since it only had a marginal 
effect in other tumor-bearing rats. They hypothesized that 
sporadic leakage of the infusate along the needle track could 
decrease the volume of distribution (Vd) in some animals, 
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which underscored the importance of real-time imaging to 
monitor drug distribution. In the same study, the toxicity 
of carboplatin and gemcitabine, delivered by CED into the 
striatum or brainstem of non-tumor bearing rats, was evalu-
ated. Toxicity occurred in rats that had received the high-
est doses of the drugs, but they were well tolerated if they 
were administered by CED at lower doses of carboplatin 
(40 µg/40 µL) or gemcitabine (160 µg/40 µL). It must be 
emphasized, however, that the 9L glioma is a highly immu-
nogenic tumor and therapy studies employing this tumor 
model must be interpreted with caution since it can evoke a 
tumor specific immune response [18].

Basic principles and in vitro studies 
to evaluate synchrotron radiation 
in combination with CDDP

Our first studies were initiated by Jacques Balosso et al. 
[19] who carried out a series of experiments using the F98 
glioma model. The F98 glioma (ATCC#CRL-2397) was 

produced by the intravenous (i.v.) administration of ethyl 
nitrosourea (ENU) to pregnant Fischer 344 rats on the 
20th day of gestation [18]. Subsequently the progeny of 
these animals developed brain tumors that, after cloning, 
were designated the F98 glioma. The tumor is composed 
of a mixed population of spindle-shaped and polygonal 
cells. As shown in Fig. 1, when implanted intracerebrally, 
these cells invade contiguous normal brain with islands 
of tumor cells at varying distances from the main tumor 
mass, and many of them form perivascular clusters. This 
tumor has a number of features that resemble human high 
grade gliomas. These include an invasive pattern of growth 
within the brain, weak, if any, immunogenicity and the 
tumor is invariably fatal with an inoculum of as few as 100 
cells [18]. F98 glioma cells overexpress RAS and PDGFB, 
EGFR, cyclin D1 and 2 relative to rat astrocytes [18]. The 
significant advantages of the F98 glioma now have made 
it a widely used brain tumor model for a wide variety of 
experimental studies [18]. Among the most important of 
these have been the studies by Barth and his co-workers 
to evaluate both low and high molecular weight boron 

Fig. 1   The F98 glioma. a Coronal section of the brain of a Fischer rat 
at the time of death (24–28 days) following implantation of 104 tumor 
cells into the right caudate nucleus. b Low power photomicrograph of 
the tumor showing a central cavity surrounded by proliferating tumor 

cells. c High power photomicrograph showing proliferating perivas-
cular glioma cells. d High power photomicrograph showing tumor 
cell invasion into normal brain
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containing delivery agents, administered by CED, for 
Boron Neutron Capture Therapy of brain tumors [20–24].

Balosso et al.’s first study was aimed at evaluating the effi-
cacy of CDDP in combination with irradiation using a mono-
chromatic synchrotron X-ray beam tuned to energies of either 
78.0 or 78.8 keV, which were slightly below or above the K edge 
(78.4 keV) of platinum [19]. The rationale for this approach 
was based on the predicted dose-enhancement triggered by the 
photoelectric effect on Pt atoms by X-rays tuned at the optimal 
energy above the K-edge of Pt following irradiation. Photo-elec-
trons are extracted from the K-shell resulting in the creation of 
vacancies that subsequently are filled by radiative (96%) and 
non-radiative (4%) transitions from outer shells. This generates 
photo-electrons whose energies are directly linked to the dif-
ference between the photons’ energy and that of the Pt K-edge 
and characteristic low energy photons and Auger electrons. The 
latter have short path lengths in tissues and high linear energy 
transfer (LET). Consequently, they can produce lethal DNA 
double strand breaks (DSBs), providing that the high Z elements 
are in close proximity to DNA [25]. CDDP was chosen because 
of its DNA binding properties, the high Z number of Pt, and its 
frequent use as a chemotherapeutic agent for the treatment of 
various solid tumors in combination with conventional radio-
therapy (XRT). The proximity of Pt atoms to DNA was seen as 
an advantage for generating lethal DNA DSBs.

Synchrotron radiation sources offer extremely high X-ray 
fluences, thereby allowing one to obtain a monochromatic 
X-ray beam. At the medical beamline of the European Synchro-
tron Radiation Facility (ESRF) in Grenoble, France, monochro-
matic X-ray beams (ΔE/E = 0.1%) are available within a broad 
energy range (25–150 keV). Initially, studies were carried out 
in vitro, following incubation of F98 glioma cells with 30 µM 
of CDDP for 6 h and irradiation with monochromatic beams 
tuned above or below the Pt K-edge at an X-ray dose of 30 Gy. 
A significantly higher number of radiation-induced DSBs (fac-
tor 1.3) was observed above the Pt K-edge (78.8 keV), com-
pared to those seen below the Pt K-edge (78.0 keV) [19]. It 
must be emphasized however, that the in vitro conditions used 
for these molecular studies resulted in a much higher degree of 
DNA incorporation of Pt atoms than could have been achieved 
with in vitro clonogenic assays or in vivo studies. This enhance-
ment, however, was not observed, even at the molecular level, 
if cells were incubated at concentrations of CDDP that were 
compatible with their survival [26].

Animal studies to evaluate synchrotron 
radiation in combination with i.c. CED 
of CDDP

Based on our in vitro studies, therapy studies were initiated 
in F98 glioma bearing rats. In order to obtain a sufficient 
concentration of Pt in the brain tumor, an intra-tumoral 

bolus injection of CDDP was given to bypass the BBB. In 
the first study [19] the rats received an i.t. injection of 3 µg 
of CDDP in 5 µL of isotonic NaCl, administered over few 
seconds to the tumor site. This was followed 24 h later by 
stereotactic synchrotron radiotherapy (SSRT) using X-rays 
with energies tuned slightly below or above the Pt K-edge 
in a single 15 Gy dose, delivered to the site of the tumor. 
The irradiation volume was a cylinder of 10 mm in diam-
eter and 12 mm in height. Animals that had received either 
SSRT or CDDP alone had a median survival time (MeST) 
of 48 days and 37 days, respectively, and non-irradiated 
controls had MeST of 26 days. The MeSTs obtained for 
the two groups treated with the combination of CDDP and 
SSRT, when the energy was tuned below or above the Pt 
K-edge, were 214 days and 194 days, respectively (Fig. 2 
and Table 1). The MeSTs of the two groups were not 
significantly different (P > 0.6), although better survival 
data would have been predicted if they had been irradi-
ated above the Pt K-edge [19]. For the combined treat-
ment, 33% long term survivors (LTS) were observed at 
1 year, which at the time were the best survival data ever 
reported using the F98 glioma model [18].This experiment 
was repeated a few months later and similar results were 
obtained [19]. Histopathologic examination of the brains 
of the long-term survivors, which were euthanized 1 year 
after treatment, revealed no evidence of residual tumor 
but acellular pseudocysts, surrounded by a fibrous margin, 
were seen at the tumor implantation site. 

Animal studies to compare CDDP in  
combination with SSRT or with conventional 
X‑radiation

These prolonged survival times, obtained using the F98 
glioma model following i.c. delivery of CDDP and SSRT, 
encouraged Hélène Elleaume and her research team to 
further evaluate this therapeutic approach. Since no dif-
ferences were observed when SSRT was performed either 
above or below the Pt K-edge, they questioned their initial 
hypothesis and designed an experiment to compare the 
combined treatment using either low energy synchrotron 
or conventional megavoltage X-rays produced by a lin-
ear accelerator (LINAC). LINACs produce X-rays having 
energies for which Compton interactions are dominant 
in tissues in the presence or absence of high Z number 
elements such as Pt [27]. Therefore, negligible dose-
enhancement would have been expected in the presence 
of Pt atoms. The next study was designed to determine if 
i.t. administration of CDDP in combination with LINAC 
irradiation also would increase the survival of F98 glioma 
bearing rats [28]. One thousand F98 glioma cells were 
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implanted stereotactically into the brains of Fischer rats 
and 13 days later CDDP (6 µg in 20 µL) was adminis-
tered i.c. by CED at a flow rate of 0.5 µL/min. On the 

following day the animals were irradiated with a single 
15 Gy dose of X-rays, administered either using a 6 MV 
LINAC or 78.8  keV synchrotron X-rays at the ESRF 

Fig. 2   Kaplan–Meier survival 
plots of rats bearing F98 glioma 
and subjected to the indicated 
treatments. The survivals are 
plotted against time (days) after 
tumor inoculation. (filled trian-
gle), untreated controls (N = 12, 
MeST = 26 days); (inverted 
empty triangle), 3 μg CDDP 
alone (N = 10, MeST = 37 days); 
(empty circle), 15 Gy alone 
(N = 10, MeST = 48 days); 
(inverted filled triangle), 
3 μg CDDP combined with 
irradiation at 78.0 keV (N = 9, 
MeST = 214 days); (filled cir-
cle), 3 μg CDDP combined with 
irradiation at 78.8 keV (N = 9, 
MeST = 194 days). The MeSTs 
of the two groups that had 
received CDDP and were irradi-
ated either above or below the 
Pt K-edge were not significantly 
different (P > 0.6). Reprinted 
from [19] 400
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Table 1   Summary of treatment protocols combining intracerebral delivery of CDDP or carboplatin with radiation therapy

*Biased, censored survival (end of study)

Injection parameters Irradiation parameters Survival References

Drug Mode Mass/volume Dose
Fractions

Source Energy Mean 
 ± SE
[days]

Median
[days]

% LTS

CDDP Bolus 3 µg/5 µL 15 Gy 1 fraction SSRT 78.0 keV 197* ± 32 214 33.3% Biston et al. [19]
78.8 keV 170* ± 36 194 33.3%

CDDP CED 6 µg/20 µL 15 Gy 1 fraction SSRT 78.8 keV 74* ± 19 56 18% Rousseau et al. [28]
LINAC 6 MV 75* ± 18 48 17%

Carboplatin CED 20 µg/20 µL 24 Gy in 3 frac-
tions

SSRT 80 keV 81* ± 16 60 8.3% Rousseau et al. [29]
LINAC 6 MV 97* ± 15 79 16.6%

Carboplatin Alzet® osmotic 
pump

72 μg in 144 μL
day 7 to 13

15 Gy 1 fraction SSRT 78.8 keV 142* ± 21  > 195* 55% Rousseau et al. [34]

Carboplatin Alzet® osmotic 
pump

72 μg in 144 μL
day 7 to 13

15 Gy 1 fraction LINAC 6 MV 126* ± 8  > 180* 55% Bobyk et al. [31]

Carboplatin CED 20 µg/10 µL 15 Gy in 3 frac-
tions

LINAC 6 MV 83* ± 13 58 22% Yang et al. [33]

Alzet® osmotic 
pump

84 μg in 168 μL
day 7 to 13

15 Gy in 3 frac-
tions

LINAC 6 MV 112* ± 31 78 40%

Carboplatin Alzet® osmotic 
pump

84 μg in 168 μL
day 7 to 13

20 Gy in 4 frac-
tions

LINAC 6 MV 108* ± 21 62 37.5% Yang et al. [30]

CED 10 μg × 2 days 15 Gy in 2 frac-
tions

LINAC 6 MV 82* ± 15 54 25%
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medical beamline. At that time the tumors had a volume 
of approximately 30 mm3, as determined by synchrotron 
computed tomography or MRI. It is noteworthy that 13% 
LTS were observed in the group of rats that had received 
CDDP alone and their mean survival times (MST) and 
MeST were 59 ± 13 days (censored survival) and 32 days 
compared to a MST of 24 ± 1 days and of MeST = 25 days 
for the untreated controls (Fig. 3 and Table 1). Rats, which 
had received CDDP in combination with either 6 MV 
LINAC or 78.8 keV (SSRT), had almost identical cen-
sored MSTs of 75 ± 18 days and 74 ± 19 days, respectively, 
with 17 and 18% long-term survivors (MeST of 48 and 
56 days, respectively) (Fig. 3 and Table 1). The survivals 
were not significantly different from each other (P = 0.9), 
Microscopic examination of the brains of the long-term 
surviving rats revealed an absence of viable tumor cells 
and cystic areas at the presumptive site of the tumor. These 
data established that i.c. CED of CDDP in combination 
with external X-irradiation significantly enhanced the sur-
vival of F98 glioma bearing rats [28]. This was independ-
ent of the X-ray beam energy and probably was not due to 
the production of Auger electrons, as previously had been 
hypothesized. Since a conventional LINAC can be used as 
the radiation source, this would significantly broaden the 
clinical applicability of this approach compared to SSRT, 
which could only be carried out at a very small number of 
specialized facilities.

Studies to further define the therapeutic 
efficacy of CED of CDDP and carboplatin 
in combination with megavoltage 
X‑irradiation

These very promising results, obtained by Elleaume and 
her co-workers at the ESRF, stimulated Rolf Barth and his 
research team at The Ohio State University to join together 
with Elleaume’s team to further evaluate the efficacy of this 
therapeutic modality. In parallel with studies to evaluate 
CED in combination with XRT, other studies were carried 
out in both laboratories to evaluate the efficacy of carbo-
platin [29–34]. Carboplatin is a CDDP analogue that has 
a similar range of clinical effectiveness but fewer delete-
rious side effects [35]. Although it has been reported that 
longer exposure times and higher drug concentrations were 
necessary in vitro when using carboplatin, both compounds 
induced the same number of Pt–DNA adducts [35, 36]. The 
goal of the next study [29] was to evaluate the efficacy of 
i.c. CED of carboplatin in combination with fractionated, 
external beam photon irradiation in F98 glioma-bearing rats.

The toxicity and efficacy of chemotherapy alone first were 
assessed at varying carboplatin concentrations and dosing 
schedules. Animals that received carboplatin at a dose of 
20 μg in 20 μL had a MeST of 45 days, compared to 30 days 
for untreated controls. There was one long term survivor 
(120 days) in the treated group and no early deaths were 
observed. However, the highest doses of carboplatin tested 
(40 μg in 40 μL and 100 μg in 20 μL) were found to be toxic. 

Fig. 3   Kaplan–Meier survival 
plots for F98 glioma-bearing 
rats after intra-tumoral CDDP 
with radiotherapy (6 MV or 
78.8 keV photons). Untreated 
controls (empty diamond) 
(N = 27, MeST = 25 days), 
CDDP combined with 6 MV 
radiotherapy (filled triangle) 
(N = 12, MeST = 48 days, 17% 
long-term survivors), Group 6: 
CDDP combined with 78.8 keV 
radiotherapy (filled square) 
(N = 11, MeST = 56 days, 18% 
long-term survivors). The 
combined treatments were not 
significantly different from each 
other (P = 0.9), Reprinted from 
[28] 0
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Based on these data, Elleaume et al. chose a dose of 20 μg 
of carboplatin in 20 μL NaCl, at a flow rate of 0.5 µL/min, 
administered by CED 13 days after stereotactic implanta-
tion of 1000 F98 cells [29]. One day later, irradiations were 
carried out using either a conventional 6 MV LINAC or a 
monochromatic synchrotron source, tuned to an energy of 
80 keV. The total 24 Gy X-ray dose was administered in 
three daily fractions of 8 Gy each. The MeSTs were 79 and 
60 days, respectively, and the corresponding percent increase 
in life spans (%ILS) were 182% and 114%, respectively, for 
the combination of carboplatin chemotherapy and irradia-
tion with either 6 MV or 80 keV photons [29] (Fig. 4 and 
Table 1). A subset of LTS > 200 days were observed in both 
chemo-radiotherapy groups: 16.6% and 8.3% for 6 MV and 
80 keV, respectively. In contrast, the MeST of the 6 MV 
or 80 keV irradiated controls, chemotherapy alone, and 
untreated controls were 42, 51, 45, and 28 days, respectively.

Studies to further improve the efficacy 
of the combination of carboplatin 
and X‑irradiation

In order to improve the Pt distribution in the tumors, the 
following studies were performed using Alzet® osmotic 
pumps to administer carboplatin over a prolonged period 

of time [31, 34]. Carson and his co-workers previously had 
reported that carboplatin, delivered by Alzet® osmotic 
pumps to the brainstem of rats bearing the F98 glioma, had 
significantly prolonged survival times [37–39]. Based on 
this, we administered carboplatin i.c. by means of Alzet® 
osmotic pumps. Seven days after stereotactic implantation 
of 1000 F98 glioma cells into the brains of Fischer rats, 
carboplatin (72 μg in 144 μL) was delivered at a flow rate 
of 1 μL/h over 6 days, after which the pumps were removed. 
Rats were treated with a single 15 Gy X-ray dose, either 
delivered alone or 24 h after administration of carboplatin. 
Irradiation was performed in the first study at the ESRF 
with monochromatic X-rays tuned above the Pt K-edge 
[34]. Untreated rats had a MeST of 24 days, compared with 
45 days for X-irradiated animals and 30 days for rats that 
received carboplatin alone, with 3 of 13 of the latter surviv-
ing > 195 days at which time the study was terminated. Ani-
mals that had received carboplatin followed by SSRT had a 
censored MST of 142 ± 21 days and a MeST of > 195 days, 
with 6 of 11 rats (55%) still alive at the end of the study 
(Fig. 5, Table 1). This was significantly different (P < 0.05) 
from irradiated or chemotherapy alone control animals. The 
corresponding %ILS, based on MeSTs, were 25%, 85%, and 
713%, respectively, for carboplatin alone, SSRT alone, or 
the combination. Histologic examination of the brains of 
the rats that had received chemo-radiotherapy revealed no 
microscopic evidence of residual tumor in 7 out of 11 ani-
mals. These studies suggested that prolonged administration 
of carboplatin was superior to bolus administration by means 
of CED.

The next study [31] was carried out to demonstrate that 
this effect was independent of the radiation energy used. The 
survival of F98 glioma bearing rats was compared to that of 
rats receiving a similar chemotherapy regimen in combina-
tion with irradiation delivered using a LINAC. Carboplatin 
was administered i.c. to F98 glioma bearing rats over 6 days 
using Alzet® pumps starting 7 days after implantation of 
1000 F98 cells. Radiotherapy was delivered in a single 
15 Gy fraction on day 14. Untreated control animals had a 
MeST of 33 days. Animals that had received either carbo-
platin alone or XRT alone had MeSTs of 52 and 38 days, 
respectively. In the carboplatin alone group, one animal out 
of 7 survived until the end of the study (180 days after tumor 
implantation). Animals that received carboplatin in combi-
nation with XRT had a MST of 126 ± 8 days (censored data) 
and a MeST of > 180 days with a 55% cure rate (Fig. 5 and 
Table 1). The survivals of the chemoradiotherapy groups 
were not significantly different (P = 0.88). This study con-
vincingly established that prolonged i.c. administration of 
carboplatin by means of Alzet® pumps in combination with 
irradiation produced the best survival data ever obtained 
with for the F98 glioma model [18], independently of the 
radiation energy used [31].

Fig. 4   Kaplan–Meier survival curves for F98 glioma bearing rats 
after chemoradiotherapy. Carboplatin was administrated on day 13 
and X-ray dose fractions were delivered on days 14, 15, and 16 after 
tumor implantation. Survival times in days after tumor implanta-
tion for untreated animals (+ and ×, N = 9 and 6, MeSTs = 28 days); 
CED of carboplatin 20  μg/20  μL alone (empty diamond, N = 10, 
MeST = 45  days); irradiation at 6MV alone three fractions of 
8  Gy (empty triangle, N = 11, MeST = 42  days); or in combina-
tion with CED of carboplatin 20  μg/20 μL (filled triangle, N = 12, 
MeST = 79  days); irradiation at 80  keV alone three fractions of 
8  Gy (filled diamond, N = 11, MeST = 51  days) or in combina-
tion with CED of carboplatin 20  μg/20 μL (empty square, N = 12, 
MeST = 60 days). A subset of LTS > 200 days were observed in both 
chemo-radiotherapy groups: 16.6% and 8.3% for 6 MV and 80 keV, 
respectively. Reprinted from [29]
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In vitro studies to define the radiobiologic 
basis for enhancement of the combination 
of carboplatin and megavoltage 
X‑irradiation

The first study in the Barth laboratory [33] was initiated 
in 2008 to further extend the findings of Elleaume and 

her research team. Initially, in vitro clonogenic assays 
were carried out with F98 cells to define the relation-
ship between the carboplatin concentrations alone or in 
combination with a 7 Gy dose of X-rays using a LINAC 
source. As shown in Fig. 6a, the D10 value for cells treated 
with carboplatin alone was 2.5 µg/mL and pretreatment 
with 2.5 µg of carboplatin followed by XRT in a single 

Fig. 5   Kaplan–Meier survival plots for F98 glioma bearing rats 
after chemoradiotherapy. Carboplatin infusion (72  µg) was deliv-
ered from day 7 to day 13, using Alzet® osmotic pumps. Radiother-
apy was delivered in a single 15 Gy fraction on day 14 using either 
6 MV or monochromatic 78.8 keV X-rays. The origin of the x-axis 
corresponds to tumor implantation. 6 MV X-irradiation alone (filled 

triangle, N = 7, MeST = 38  days); Carboplatin in combination with 
6  MV X-irradiation (filled square, N = 11, MeST > 180  days, 55% 
LTS); 78.8 keV synchrotron irradiation alone (empty triangle, N = 8, 
MeST = 45 days); Carboplatin in combination with 78.8 keV synchro-
tron irradiation (empty square, N = 11, MeST > 195 days, 55% LTS). 
Reprinted from [31, 34]

Fig. 6   Clonogenic survival of F98 glioma cells after treatment with 
carboplatin alone or in combination with X-irradiation. a Surviving 
fractions were determined for the F98 glioma cells either treated with 
carboplatin alone (open circle) or followed by X-irradiation (7  Gy) 

(filled diamond). b Surviving fractions of F98 cells wither untreated 
(open circle) or pretreated with carboplatin at concentrations of 1 µg/
mL (filled diamond) or 2.5  µg/mL (filled up-pointing triangle), fol-
lowed by varying doses of X-rays (1–17.5 Gy). Reprinted from [33]
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7  Gy fraction reduced the Surviving Fraction (SF) to 
1.94 × 10−2. Following pretreatment with 5  µg/mL of 
carboplatin and then X-irradiation, the SF was reduced 
to < 6.0 × 10–4 (Fig.  6a). The effects of varying doses 
of X-rays either alone or following pretreatment with 
either 1.0 or 2.5 µg/mL of carboplatin resulted in a dose-
dependent reduction in the SF, as shown in Fig. 6b, with a 
maximum effect at the highest X-ray dose tested, 17.5 Gy 
(SF = 1.1 × 10−3 and 2.6 × 10−4, respectively). The sensi-
tization enhancement ratios [40] were markedly increased 
when the cells were pretreated with 2.5 µg/mL of carbopl-
atin followed by X-irradiation compared to those seen fol-
lowing pretreatment of 1 µg/mL of carboplatin (Fig. 6b). 
Analysis of the clonogenic survival data using a combi-
nation index (CI) plot, based on the Chou-Talay equa-
tion [41] (Fig. 7b) and computerized quantification [40], 
clearly indicated synergism (Fig. 7a, c) and a dose reduc-
tion index (DRI) of 2.10 to 6.79-fold for X-irradiation and 
4.31 to 180.40 fold for carboplatin, which demonstrated a 
favorable DRI > 1 for the combination (Fig. 7c). In vivo, 
this could reduce normal brain toxicity and permit a slight 
escalation of the X-ray dose. Furthermore, the toxicities 
of carboplatin and X-irradiation would not overlap due to 
different molecular mechanisms by which they kill cells.

In vivo studies to further refine this binary 
therapeutic modality

Based on the in vitro studies, a biodistribution study was 
initiated in rats bearing i.c. implants of the F98 glioma [33]. 
Immediately following a 30 min infusion by means of CED 
of 20 µg of carboplatin in 10 µL to the site of the tumor, the 

rats were euthanized and brain, tumor and various organs 
were removed for Pt determinations by means of Inductively 
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). 
The tumor drug concentration was 10.4 µg/g, with virtually 
undetectable amounts in the blood, kidneys and liver and 
very low concentrations (0.8 to 1.2 µg/g) in the left and right 
cerebral hemispheres. Neuropathologic examination of the 
brains of rats that had received 20 µg of carboplatin by CED 
over 30 min or 84 µg by Alzet® pumps over 7 days showed 
only mild reactive inflammation and gliosis in the regions 
immediately surrounding the needle track and these doses 
subsequently were used in the therapy studies described 
below.

Two in vivo studies were carried out to assess therapeu-
tic efficacy. In the first, rats were treated 13 days following 
stereotactic implantation of 1000 F98 glioma cells into the 
caudate nucleus. The total radiation dose was 15 Gy, delivered 
in three 5 Gy fractions of 6 MV LINAC X-rays on days 14, 
15, and 16. Animals that received carboplatin (20 µg in 10 µL 
on day 13) by CED had a MST of 55.2 ± 7.8 days (MeST 
of 46 days), which was significantly longer (P < 0.001) than 
that of rats that received radiotherapy alone with a MST of 
31.8 ± 1.2 days and a MeST of 32 days (Fig. 8a and Table 1). 
Rats that received carboplatin (20 µg in 10 µL on day 13) fol-
lowed 24 h later by the first of three 5 Gy fractions of X-rays 
to the right, tumor bearing hemisphere, had a censored MST 
of 83.4 ± 13.1 days and MeST of 58 days, with 22% surviving 
longer than 180 days. F98 glioma bearing rats that received 
84 µg of carboplatin over 7 days (from day 7 to day 13) by 
means of Alzet® pumps followed 24 h later by three 5 Gy 
fractions of X-rays had the longest survival (censored MST of 
111.8 ± 31.5 days and MeST of 78 days), with 40% long-term 
survivors (> 180 days), as shown graphically in Kaplan–Meier 

Fig. 7   Analysis of clonogenic survival data shown in Fig. 6. a Com-
bination index (CI) plot based on the Chou-Talalay equation and 
the computerized quantitation. The CI was plotted as a function of 
fractional effect levels (fa) (e.g., for 50% inhibition, fa = 0.5) where 
CI < 1, = 1, and > 1 indicate synergism, additive effect, and antago-
nism, respectively. b Normalized isobologram for the non-constant 

ratio combinations. A combination falling in the lower left or upper 
right quadrants of the diagonal, indicates synergism or antagonism, 
respectively. c Fa-DRI plot where the dose reduction-index (DRI) was 
plotted as a function of the fractional effect levels (fa). DRI indicates 
how many folds dose-reduction would be allowed at a given effect for 
the synergistic combination. Reprinted from [33]



202	 Journal of Neuro-Oncology (2020) 149:193–208

1 3

survival plots (Fig. 8b and Table 1). The surviving rats sub-
sequently were euthanized and their brains were subjected to 
histopathologic examination. No residual tumor cells were 
identified and there was a mild infiltrate of lymphocytes with 
scattered clumps of dystrophic calcific debris but no evidence 
of radiation-related changes. If treatment was carried out 
at 17 days following tumor implantation, at which time the 
tumor volumes were 60–80 mm3, as determined by magnetic 
resonance imaging (MRI), the MST was only 44.9 ± 3.5 days 
(MeST of 43 days), indicating that rats bearing larger tumors 
were more resistant to treatment compared to those bearing 
smaller ones (Fig. 8b) [33]. In contrast to these results, F98 
glioma bearing rats that received either oral or i.c. CED of 
temozolomide in combination with radiotherapy had MSTs of 
23.2 ± 1.9 days and 29.3 ± 5.0 days, respectively, which were 
not significantly different (P > 0.6) from the irradiated group 
(21.2 ± 0.8 days) [33].

Studies to further optimize this binary 
therapeutic modality

The next series of experiments in the Barth laboratory 
focused on attempts to further improve the therapeutic effi-
cacy by attempting to optimize the dosing and radiation par-
adigms for the combination of carboplatin and radiotherapy 

[30]. Initially a biodistribution study was carried out in a 
group of 8 rats to determine the variability in tumor and 
normal brain carboplatin concentrations following CED of 
20 µg of carboplatin in 10 µL to either untreated rats or those 
that received a combination of i.v. dexamethasone (D) fol-
lowed by mannitol (M) and furosemide (F). The purpose of 
DMF treatment was to reduce the interstitial pressure within 
the tumor and thereby enhance the micro-distribution and 
uptake of carboplatin [42]. The tumor Pt concentrations in 
both groups showed significant variability from animal to 
animal and ranged from 3.02 to 17.10 µg/g tumor in the 
untreated rats and 8.55 to 18.51 µg/g tumor in the DMF-
treated animals. In contrast, the normal brain concentrations 
in both the untreated and DMF-treated animals were in a 
very narrow range of 0.95 to 3.10 µg/g in the tumor bearing 
cerebral hemisphere. This variability is probably the most 
important factor in determining therapeutic efficacy and is 
the most likely explanation for the poor clinical results that 
have been seen clinically using CED to treat patients with 
high grade glioma [11].

As shown in the Kaplan Meier survival plots shown in 
Fig. 9, the best survival data (MST of 107.7 ± 21 days and 
MeST of 62 days, 37.5% LTS) were obtained from rats that 
received 84 µg of carboplatin, delivered by Alzet® pumps 
from days 7 to 13, in combination with 20 Gy of X-irradiation 
delivered in four 5 Gy fractions [30]. In contrast, the MSTs of 

Fig. 8   A. Kaplan–Meier survival plots of F98 glioma-bearing rats 
after administration of carboplatin by CED or by Alzet® pumps 
alone or in combination with X-irradiation. Survival times in days 
after implantation have been plotted for untreated animals (filled cir-
cle, N = 5, MeST = 23 days), X-irradiation only (15 Gy, open circle, 
N = 5, MeST = 32 days), carboplatin administered by Alzet® pumps 
(84 µg/g over 7 days) (filled square, N = 6, MeST = 59 days), carbo-
platin administered by Alzet® pumps + X-irradiation (open square, 
N = 5, MeST = 78  days). B. Kaplan–Meier survival plots of rats 
bearing F98 gliomas: small tumors (~ 20–25 mm3) or large tumors 

(~ 60–80 mm3). Survival times in days after implantation have been 
plotted for untreated controls (filled circle, N = 5, MeST = 23  days), 
irradiated rats (open circle, N = 5, MeST = 32  days), CED of car-
boplatin in rats with small tumors (filled down-pointing triangle, 
N = 18, MeST = 46  days), CED of carboplatin + X-irradiation in rats 
with small tumors (20 µg over 30 min) + X-irradiation (open triangle 
N = 18, MeST = 58 days), carboplatin administered by Alzet® pumps 
(84  mg/g over 7  days) (filled square N = 6, MeST = 59  days), CED 
of carboplatin + X-irradiation in rats with large tumors (open square 
N = 10, MeST = 43 days). Reprinted from [33]
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untreated controls and irradiated controls were 24.6 ± 1.1 days 
and 35.3 ± 1.8 days, respectively. However, the iso-effective 
radiation dose to late responding tissues was 35 Gy compared 
to only 20.25 Gy for rats that received 15 Gy in three 5 Gy 
fractions. These were calculated using the linear quadratic 
model with an α/β ratio of 10 for acute (tumor) effects and 2 
for late (normal brain) effects in conventional 2 Gy fractions. 
In a third experiment, a dose of 15 Gy (7.5 Gy × 2) in combina-
tion with carboplatin (10 µg/day × 2 days) was carried out to 
determine if the survival data could be improved if the carbo-
platin dose was divided so that a higher drug concentrations 
would be available at the time that radiotherapy was initiated. 
The MST of these rats was 82.1 ± 15.5 days and the MeST was 
54.5 days with a 25% cure rate (i.e., survival > 180 days) [30]. 
As previously indicated, the purpose of these studies was to 
determine if modification of the XRT regimen and the dos-
ing paradigm of carboplatin would result in improved survival 
compared to our earlier results [33]. The clear answer to this 
question was that sustained delivery of 84 µg carboplatin over 
7 days by means of Alzet® pumps in combination with either 
three or four 5 Gy fractions at 24 h intervals resulted in the best 
survival MeSTs of 78 days and 62 days, respectively (Table 1 
and Fig. 9) [30, 33]. Furthermore, there were no treatment-
related deaths and less severe neuropathologic changes with 

the former regimen indicating its superiority. In contrast, rats 
that received an X-ray dose of 22.5 Gy in three 7.5 Gy frac-
tions without the administration of carboplatin had a MST of 
53.2 ± 4.6 days with significant radiation-related morbidity.

Two possible ways that this combination therapy could be 
improved would be to increase the tumor uptake and micro-
distribution of carboplatin. Although DMF treatment margin-
ally increased the tumor drug concentrations, it is unlikely 
that this would have resulted in a significant increase in MST 
compared to animals that did not receive DMF treatment. The 
major problem, which has limited the strong synergy of XRT 
in combination with i.c administration of carboplatin, was the 
great variability in tumor drug concentrations following CED 
[30]. This led us to hypothesize that those animals that were 
cured of their tumors had higher tumor drug concentrations 
and better cellular micro-distribution of the carboplatin.

Another series of experiments were carried out in the 
Barth laboratory to determine if a liposomal formulation of 
CDDP could improve its tumor uptake [43]. Two formula-
tions were used, a commercially available one, Lipoplatin™ 
(Regulon, Inc., Mountain View, CA, USA) [44] and another 
one, CHEMS liposomal formulation synthetized by Rob-
ert Lee and his co-workers at The Ohio State University. 
Unfortunately, Lipoplatin™ was highly neurotoxic when 
administered i.c. by CED to non-tumor bearing Fischer 
rats. CHEMS liposomes on the other hand, initially were 
well tolerated but a variety of dose dependent neuropatho-
logic changes from none to severe were seen at either 10 
or 14 days following their administration [43]. Based on 
these results, no further studies were carried out on CDDP 
containing liposomes.

The major problem associated with any therapeutic study 
carried out using rodent brain tumor models is their rel-
evancy to patients with brain tumors. However, it can be 
stated with a reasonable degree of confidence, if it doesn’t 
“work” in rodents, it probably will not work in humans. The 
rat brain weighs approximately 1.2 g and a human brain 
weighs 1.3 to 1.4 kg, a thousand-fold difference. Although 
CED has been effective in improving the distribution of ther-
apeutic agents in rats with brain tumors, its effectiveness in 
humans is much more problematic, as summarized by Jahan-
giri et al. [11] and in Shi and Sanche’s recent review [12].

Specific molecular targeting 
of the epidermal growth factor receptor 
using platinum containing bioconjugates

The last series of experiments in the Barth laboratory 
focused on specific molecular targeting of the Pt-containing 
drug by linking CDDP either to a specific human EGFR-
targeting monoclonal antibody, C225 (Cetuximab) or to an 
EGF peptide [45]. The conjugation scheme for the former 

Fig. 9   Kaplan–Meier survival plots of F98 glioma-bearing rats 
after administration of carboplatin by CED or Alzet pump in com-
bination with X-irradiation. Survival times in days after implanta-
tion have been plotted for untreated animals (filled circle, N = 5, 
MeST = 25  days), X-irradiation only (5  Gy × 4) (open circle, N = 5, 
MeST = 35.5  days), CED of carboplatin (20  µg) + X-irradiation 6  h 
later (filled down-pointing triangle, N = 8, MeST = 48 days), CED of 
carboplatin at day 7 + X-irradiation (open up-pointing triangle, N = 8, 
MeST = 49  days), CED of carboplatin (20  µg) + X-irradiation 24  h 
later (filled square, N = 8, MeST = 55.5  days), carboplatin (84  µg) 
administered by Alzet® pump (between day 7 and 13) + X-irradi-
ation delivered on day 14 (open square, N = 8, MeST = 62  days), 
and CED of carboplatin (10  µg × 2) on days 13 and 15 + X-irra-
diation (7.5  Gy × 2) on days 14 and 16 (filled diamond, N = 12, 
MeST = 54.5 days). Reprinted from [30]
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has been described in detail elsewhere [46]. Briefly sum-
marized, CDDP molecules were linked to a fifth generation 
polyamidoamine (PAMAM) dendrimer containing 128 reac-
tive terminal amino groups. This in turn was linked to C225 
by means of two heterobifunctional reagents, as previously 
described [46]. In order to have a lower molecular weight 
targeting moiety, two EGF peptides were selected, a 13 mer 
B-cell epitope, designated PEP382, and the other, a 16 mer 
HER-1 epitope designated PEP455. The PEP-Pt conjugates 
were prepared by adding CDDP to the peptides and allowing 
them to react for 48 h, following which the reaction mixture 
was purified by passage through PD MiniTrap G-10 col-
umns. The chemical reaction itself involved the replacement 
of one of the chlorides of CDDP with electron donor groups 
of the peptide [46]. Initially, the cellular uptake and cyto-
cidal activity of the Pt bioconjugates were evaluated in vitro. 
The C225-Pt bioconjugates were devoid of in vitro cytotoxic 
activity compared to CDDP against F98 glioma cells that 
had been transfected with the human gene encoding EGFR 
(F98EGFR) [47]. C225-Pt was less cytotoxic in vitro than free 
CDDP up to a concentration of 1000 µM, suggesting that 
there was reduced release of the drug, even at higher con-
centrations of the bioconjugate. In contrast, PEP455-Pt and 
PEP382-Pt showed equivalent toxicity against F98EGFR cells 
and reduced cell viability to ~ 20% compared to non-plati-
nated PEP455, which was devoid of intrinsic cytotoxicity.

Based on the in vitro data, therapy studies were initi-
ated in F98EGFR glioma bearing rats. The C225-Pt biocon-
jugates and PEP455-Pt bioconjugates were administered 
i.c. by means of CED to in F98EGFR glioma bearing rats. 
The C225-Pt bioconjugate at a Pt dose of 46.16 µg had no 
effect on the MST of tumor bearing rats compared to that 
of untreated controls [46]. This was attributed to lack of 
release of CDDP, which also had been observed in vitro. 
The therapeutic efficacy of PEP455-Pt bioconjugate was 
evaluated in a different way from that we previously had 
employed, which was based on the increase in MST treated 
versus untreated control animals [33]. In this study the tumor 
bearing rats were euthanized at 4 weeks following i.c. CED 
of PEP455-Pt and 6 weeks following tumor implantation. 
Untreated control rats had a MST of 26.3 ± 2.5 days and 
all of the treated rats were euthanized at 42 days follow-
ing tumor implantation. Their brains were removed, fixed 
in formalin, and processed for histopathologic examina-
tion in order to determine tumor status. All of the untreated 
control animals had macroscopic tumor, while in contrast 
57% of the brains of the treated rats were tumor free, 14% 
had microscopic tumors, and 29% had macroscopic tumors. 
This difference in tumor status of treated versus untreated 
animals was statistically significant at the level P ≤ 0.01. On 
the basis of in vitro and in vivo data it was concluded that 
the EGFR-targeting PEP-Pt bioconjugates were superior to 
those employing C225 as the targeting moiety. The problem 

of release of the therapeutic payload is one that has been a 
key factor in limiting the effectiveness of drug-containing 
bioconjugates, and for this reason only a small number of 
drug antibody bioconjugates currently are in clinical use 
compared to “naked” monoclonal antibodies that now are in 
widespread clinical use. Based on our studies we concluded 
that further studies are warranted to assess the therapeutic 
potential of PEP-Pt bioconjugates as part of the expanding 
role of antibody and peptide drug conjugates for the treat-
ment of cancer [48, 49].

Other experimental studies carried 
out to further define the efficacy of this 
binary therapeutic modality

Before concluding this review of our own studies relating to 
CED of CDDP or carboplatin either alone or in combination 
with external beam photon radiation, we briefly would like 
to summarize the studies carried out by David Fortin and his 
research team at the University of Sherbrooke in Quebec, 
Canada using the same therapeutic approach and the F98 
glioma model [50, 51]. They followed a path similar to our 
own in evaluating the therapeutic efficacy of a variety of 
platinum containing drugs, including CDDP, carboplatin, 
lipoplatin™, and oxaliplatin [52–54]. These were adminis-
tered i.v. or intra-arterially (i.a.) with or without blood–brain 
barrier disruption (BBB-D) or i.c. by CED alone or combi-
nation with external beam photon irradiation using a Gamma 
Knife source. The longest MeST was 54 days in animals 
that received 25 µg of carboplatin by CED delivered at a 
rate of 0.5 μL/min for 20 min in combination with a single 
15 Gy dose of radiation. However, there were no long-term 
survivors [54].

In comparison, Barth and his research team obtained 
a MST of 83.4 ± 13.1 and a MeST of 58 days with 22% 
long term survivors using 20 µg of carboplatin in 10 μL, 
administered by CED to the site of the tumor in combination 
with XRT of 15 Gy in three 5 Gy fractions (Table 1) [33]. 
Similarly, Elleaume and her co-workers reported a MeST 
of 79 days and 60 days and 16 and 8% long term survivors, 
respectively, for the combination of carboplatin (20 µg/20 
µL) and irradiation (Table 1) [29]. This was obtained with 
24 Gy of either 6 MV or 78.8 keV X-rays, delivered in three 
fractions of 8 Gy each. The best survival data obtained with 
carboplatin were those reported by Elleaume et al. [31, 34] 
and Barth et al. [33], when carboplatin was administered 
by means of Alzet® pumps over 7 days and irradiation was 
given in a single fraction using either a LINAC or SSRT. 
The MeSTs of rats receiving the combined treatments 
were > 180 days with 55% LTS, irrespective of the radiation 
source. However, with prolonged infusions of carboplatin 
using Alzet® pumps, the treatment was started earlier, when 
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the tumors were smaller, and therefore more responsive. In 
contrast to the results obtained with carboplatin in combina-
tion with XRT [29, 33], the results obtained by Fortin et al. 
following i.v. administration or i.a. administration of oxali-
platin or Lipoxal™ (a liposomal formulation of oxaliplatin) 
with or without BBB-D and XRT, the survival data were 
not as good as those obtained with liposomal carboplatin at 
a dose of 50 µg (MeST of 49.5 days) [55].

Conclusions

The survival data that we have obtained using i.c. CED of 
CDDP or carboplatin in combination with external beam 
photon irradiation are, to the best of our knowledge, the 
best that ever have been obtained with the F98 glioma 
model. However, the fact that we have not succeeded 
in obtaining a 100% cure rate using this rat brain tumor 
model, which resembles human high grade gliomas in a 
number of important ways, indicates that the human cer-
ebral hemisphere, which weighs approximately 650 g, ver-
sus 0.60 g in the rat remains a challenge that CED has yet 
to meet. As stated earlier in this review, “If it doesn’t work 
in a rat brain”, it is highly unlikely that it will “work” in 
a human brain. The encouraging experimental results that 
we have obtained using CED of carboplatin in combina-
tion with external beam XRT is a start. The challenge is 
to translate our success, partial though it may be, suggests 
that CED of therapeutic agents for the treatment of brain 
tumors still has a long way to go before it can be success-
fully applied to patients with high grade gliomas. The sin-
gular advantage of CED is that it circumvents the BBB and 
results in tumor drug concentrations that could be orders 
of magnitude greater than would be achievable following 
intravenous injection (i.v.). This was clearly demonstrated 
in our own study using the F98 glioma where the tumor 
carboplatin concentration after administration of 20 µg in 
10 µL of saline resulted in a tumor drug concentration of 
10.4 µg/g tumor. In contrast, to obtain an equivalent con-
centration following i.v. injection required 25 mg/kg body 
weight. However, one of the most significant problems 
associated with the use of CED to improve drug delivery 
to brain tumors, both clinically and in experimental animal 
studies, has been the significant variability in the uptake 
and microdistribution of the therapeutic agent within the 
tumor itself. This was clearly demonstrated in one of our 
own studies [30] in which carboplatin uptake following 
CED of 20 µg in 10 µl was quantified in a group of eight 
F98 glioma-bearing rats. The carboplatin concentration, as 
determined by inductively coupled plasma-optical emis-
sion spectroscopy, ranged from 3.02 to 17.10 µg/g tumor 
with a mean concentration of 8.50 µg/g. In contrast, the 
normal brain concentrations were in a very narrow range 

(0.95–3.10 µg/g). If this high variability in tumor uptake 
was seen in a rat brain cerebral hemisphere weighing 
approximately 0.60 g, it could be orders of magnitude 
greater in a human high grade glioma in a cerebral hemi-
sphere weighing approximately 650 g.

The failure of a number of clinical trials such as the phase 
III trial PRECISE, which compared an interleukin-13-Pseu-
domonas exotoxin conjugate to BCNU-containing Gliadel 
wafers, did not result in any significant increase in MeST 
of the patients with recurrent gliomas [56], as did several 
other trials [57, 58]. A Phase 1 clinical trial to evaluate the 
toxicity of i.c. CED of Carboplatin in patients with recurrent 
high grade gliomas was carried out by Bradley Elder and his 
colleagues in the Department of Neurosurgery at The Ohio 
State University [59]. Unfortunately, the U.S. Food and Drug 
Administration mandated initial doses of 1 µg and then 2 µg 
and 4 µg of carboplatin in a volume of 54 mL for administra-
tion by CED. This starting dose was one-tenth of the dose 
that which we have administered to a rat cerebral hemisphere 
weighing 600 mg. Clearly there was no chance whatsoever 
of demonstrating anything but the potential toxicity of the 
procedure itself. Sadly, this is but one example of the prob-
lems associated with clinical trials to evaluate the potential 
efficacy of any therapeutic agent administered by CED.

On the other hand, Souweidane et al. [60] have obtained 
encouraging clinical results treating children with diffuse 
intrinsic pontine gliomas (DIPG). The 124I radio-labelled 
monoclonal antibody 849, which recognizes the B7-H3 
surface antigen that is overexpressed in high grade gliomas 
including DIPG, was administered by CED to the pons, 
weighing 16–20 g. The challenge of using CED to treat 
patients with recurrent, diffusely infiltrative, high grade 
gliomas in a 650 g cerebral hemisphere is orders of magni-
tude greater. The development of more effective catheters 
by Steven Gill and his research team is a step in the right 
direction [61]. Further efforts to improve the distribution of 
therapeutic agents in the adult brain, as recently has been 
reported by Gill et al. [62, 63], are promising; but it remains 
to be determined if CED can ever be used effectively to treat 
patients with recurrent, infiltrative high grade gliomas. Only 
time will tell.
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