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Abstract

Background: In this study we determined if treatment combining radiation therapy (RT) with intracerebral (i.c)
administration of carboplatin to F98 glioma bearing rats could improve survival over that previously reported by
us with a 15 Gy dose (5 Gy x 3) of 6 MV photons.

Methods: First, in order to reduce tumor interstitial pressure, a biodistribution study was carried out to determine

if pretreatment with dexamethasone alone or in combination with mannitol and furosemide (DMF) would increase
carboplatin uptake following convection enhanced delivery (CED). Next, therapy studies were carried out in rats that
had received carboplatin either by CED over 30 min (20 ug) or by Alzet pumps over 7 d (84 nqg), followed by RT
using a LINAC to deliver either 20 Gy (5 Gy x 4) or 15 Gy (7.5 Gy x 2) dose at 6 or 24 hrs after drug administration.
Finally, a study was carried out to determine if efficacy could be improved by decreasing the time interval between
drug administration and RT.

Results: Tumor carboplatin values for D and DMF-treated rats were 94 +4.4 and 124 +3.2 ug/g, respectively, which
were not significantly different (P = 0.14). The best survival data were obtained by combining pump delivery with 5
Gy X 4 of X-irradiation with a mean survival time (MST) of 107.7 d and a 43% cure rate vs. 83.6 d with CED vs. 30-35
d for RT alone and 24.6 d for untreated controls. Treatment-related mortality was observed when RT was initiated
6 h after CED of carboplatin and RT was started 7 d after tumor implantation. Dividing carboplatin into two 10 ug

produce less late tissue effects.

doses and RT into two 7.5 Gy fractions, administered 24 hrs later, yielded survival data (MST 82.1 d with a 25%
cure rate) equivalent to that previously reported with 5 Gy x 3 and 20 ug of carboplatin.

Conclusions: Although the best survival data were obtained by pump delivery, CED was highly effective in
combination with 20 Gy, or as previously reported, 15 Gy, and the latter would be preferable since it would
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Background

Although cisplatin and carboplatin are highly effective
anti-cancer drugs, which have been used clinically to
treat a variety of malignancies, they have not been effect-
ive in patients with high grade gliomas [1]. Despite the
fact that their tumoricidal activity can be demonstrated
in vitro [2], their systemic toxicity, high water solubility,
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and inability to effectively penetrate the blood-brain
barrier (BBB) have limited their usefulness for treating
patients with brain tumors. A European Organization
for Research and Treatment of Cancer (EORTC) clinical
trial in patients with supratentorial malignant gliomas,
who had received a combination of cisplatin and RT,
failed to demonstrate any improvement in either progres-
sion free or overall survival [3]. This brought to an end
any further clinical studies to investigate the combination
of platinum (Pt) compounds and photon radiation to treat
high grade gliomas.
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Extensive experimental studies have been carried out
by Elleaume and her research team in France [4-8] and
by us in the United States [9] to evaluate intracere-
bral (i.c.) delivery of either cisplatin or carboplatin in
combination with RT. This combination has produced
the best survival data that ever have been reported
with the F98 rat glioma model [10]. The purpose of
the present study was to determine if therapeutic effi-
cacy could be improved over that previously reported
by [9] using two different RT regimens in combin-
ation with i.c. administration of carboplatin by either
convection enhanced delivery (CED) or Alzet pump
delivery. Both of these approaches can deliver a thera-
peutic agent directly to the site of the brain tumor,
completely bypassing the BBB and allowing one to
obtain a drug concentration that can be up to 1,000x
greater than that achieved by systemic administration
of carboplatin [9]. In the present study the best sur-
vival data and cure rates were obtained by administer-
ing carboplatin via Alzet osmotic pumps or CED in
combination with a 5 Gy x 4 fractionated dose of 6
MYV photons with no treatment-related mortality. How-
ever, equivalent survival data were reported previously by
us [9] using a fractionated 15 Gy dose (5 Gy x 3), and the
latter appears to be the optimum regimen since it would
reduce long term radiation related effects on the brain.

Methods

F98 rat glioma model

The F98 rat glioma has been propagated in vitro and
in vivo since 1971 and, as described in a recent review
[10], it has been used in a wide variety of studies in
experimental neuro-oncology. It is a radioresistant tumor
that is invariably fatal with an inoculum of as few as 100
cells. F98 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 5% fetal bovine serum, as
previously described [9]. All animal studies were carried
out in accordance with the Guide for the Care and Use of
Laboratory Animals (National Academy Press, Washington,
DC, 1996) and the protocol was approved by the Institu-
tional Laboratory Animal Care and Use Committee. Male
Fischer rats (Animal Production Branch, National Cancer
Institute, Frederick, MD) weighing ~200-220g were used
in the present study. A stereotactic implantation proced-
ure was employed [11]. F98 glioma cells were suspended
in DMEM containing low gelling temperature agarose at a
concentration of either 10% cells/10 pl for therapy studies
or 10° cells/10 pl for biodistribution studies. These were
injected into the right caudate nucleus over 10-15 sec.

Biodistribution of carboplatin in F98 glioma bearing rats

A greater number of cells were used for biodistribution
studies in order to have a larger tumor mass for
determination of carboplatin concentrations. In order to
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reduce tumor interstitial pressure [12], a biodistribution
study was carried out to determine if pretreatment with
dexamethasone (D), alone or in combination with man-
nitol and furosemide (DMF) would increase the tumor
uptake of carboplatin in F98 glioma bearing rats follow-
ing i.c. convection enhanced delivery (CED) compared
to untreated rats. Eleven to 13 d after tumor implantation,
biodistribution studies were initiated in either untreated
rats or those that had received either intraperitoneal (i.p.)
D (3 mg/kg b.w.) daily x 3 alone or in combination with
intravenous (i.v.) M (2.5 g/kg b.w.) at 0.25 ml/min over 10
min and iv. F (2 mg/kg b.w.) over 15 min. As reported by
Boucher et al,, this regimen produced a marked reduction
in the intratumoral interstitial fluid pressure in F98 glioma
bearing rats [12]. Carboplatin (Hospira Inc. Lake Forrest,
IL) was administered by CED (0.33 pl/min over 30 min)
[9]. Immediately following termination of CED, samples of
blood were taken and the animals were euthanized, their
brains were removed, tumors were carefully dissected out,
weighed, frozen, and stored at -20°C and eventually
processed for Pt determinations by means of inductively
coupled plasma—optical emission spectroscopy (ICP-OES)
[9]. Based on the atomic weight of Pt (195.1), the concen-
trations of carboplatin (M.W. 371 Da) were calculated by
multiplying the Pt values by 1.90.

Therapy studies

The first set of experiments was carried out using a
20 pg dose of carboplatin, administered i.c. by CED
(0.33 pl/min) over 30 min at either 7 d or 13 d after
tumor cell implantation or alternatively by infusion
using Alzet osmotic pumps (model #2001, Durect Corp.,
Cupertino, CA) over 7 d (84 pg in 168 pl at 1 pl/hr). In
order to determine if the time interval between drug
administration and RT would improve survival times, rats
were irradiated at either 6 or 24 hr later with 6 MV
photons using a Siemens Mevatron linear accelerator.
The rats were irradiated under continuous isoflurane
anesthesia in a specially fabricated circular plexiglas
chamber divided into 4 compartments radiating out from
the center. The animals’ bodies were shielded using a
pinwheel-shaped cerrobend block so that only the right
cerebral hemisphere of their heads, which were pointed
inwards towards the center, was irradiated. The chamber
had an inlet and outlet for administration of isoflurane
and oxygen via an anesthesia machine (model Aestiva/5
7900, GE Datex-Ohmeda). The tumor bearing right cere-
bral hemisphere was irradiated in either four 5 Gy or two
7.5 Gy fractions. The radiation dose was calculated to
mid-point of the brain along the anterior-posterior axis. In
the second study, rats received two divided doses of
carboplatin (10 pg in 20 pl) by CED on days 13 and 15
following tumor implantation and they were irradiated
with 7.5 Gy on days 14 and 16.
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Evaluation of therapeutic response

All experimental animals were weighed 3 times per week
and their clinical status was evaluated at the same time.
Once the animals had progressively growing tumors, as
evidenced by sustained weight loss (20% of their body
weight following treatment) they were euthanized by
exposure to CO,. Survival times were determined by
adding 1-2 days to the time between tumor implant-
ation and euthanization. Rats surviving >180 d were
designated as “cured” and were euthanized. The brains of
all animals in the therapy studies were removed after
death, and processed for neuropathologic examination,
stained with hematoxylin and eosin (H&E), and examined
microscopically.

Neuropathologic evaluation of glioma bearing rats
following CED of carboplatin and X-irradiation

Four groups, consisting of 6—7 tumor bearing rats each,
received CED of carboplatin (20 pg in 10 pl) on d 13 or
14 following implantation of 10* F98 glioma cells and
were irradiated with four 5 Gy fractions beginning 24 hr
following CED. Cohorts of 6-7 rats were euthanized at
1, 2, 3, or 4 weeks following termination of X-irradiation
(25, 32, 39, and 46 d following implantation). Their
brains were removed, fixed in 10% buffered formalin,
sectioned coronally, and then processed for neuropatho-
logic examination.

Statistical evaluation of data

The mean carboplatin concentrations + standard devia-
tions were computed for tumor and the right and left
cerebral hemispheres for both untreated and DMF-
treated animals. A two-tailed, two sample t test was used
to determine statistical significance (P-value <0.05). To
study the effects of treatment on survival, the MST,
standard error (SE), and median survival time (MeST)
were calculated for each group and Kaplan-Meier
survival curves were plotted. An overall Log Rank test
was performed to test for equality of survival curves over
the six groups, and between individual groups [13]. The
overall a level was 0.05, and multiple comparisons were
adjusted using the Bonferroni correction [14]. The per-
cent increased life span was determined, as previously
described [15]. In order to determine the sample size
that would have been required to demonstrate statistical
significance following CED of carboplatin to untreated
and DMF-treated rats, sample size calculations were car-
ried out using SAS 9.3 (SAS Institute, Cary, NC). Proc
Power procedure with a one-way ANOVA. Sample sizes
were calculated with power =0.8, based on the group
means and pooled standard deviation of the Pt con-
centration in tumor of untreated rats vs DMF-treated
rats with an a level = 0.05.
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Results

Biodistribution studies

The biodistribution data for two groups of eight F98 gli-
oma bearing rats that had received 20 pg of carboplatin
either alone or following pre-treatment with either D
alone or DMF are summarized in Table 1. Since the
carboplatin values following the administration of dexa-
methasone D alone or DMF were equivalent, these values
were combined. The mean tumor values and ranges for rats
that received carboplatin alone were 9.41 +4.40 pg/g and
3.02-17.10 pg/g, respectively. The corresponding values for
rats pre-treated with DMF were 1243 +3.17 pg/g and
8.55-18.51 pg/g. Although these differences in carbo-
platin values were not significant (P = 0.14) there was a
suggestion that DMF treatment increased the tumor
carboplatin concentrations. In contrast to the broad
ranges that were seen in the tumor carboplatin values,
the normal brain values for the right (tumor bearing)
and left cerebral hemispheres were all in a very narrow
range. The carboplatin values in normal brain of un-
treated vs. DMF treated rats were not significantly dif-
ferent (P=0.22 and 0.52 for right and left cerebral
hemispheres, respectively).

Therapeutic efficacy of X-irradiation in combination with
i.c. carboplatin

In the first series of experiments, a radiation dose of
20 Gy in four 5 Gy fractions was administered to the
right, tumor bearing cerebral hemisphere in combin-
ation with 20 pg of carboplatin, administered by CED
or 84 ug by Alzet pump infusion. The survival data
are summarized in Table 2 and Kaplan-Meier survival
plots are shown in Figure 1. The best survival data
with no treatment-related toxicity were seen in rats
that received carboplatin via Alzet pumps between
days 7 and 13 following tumor implantation with a MST of
107.7 £20.7 d and a cure rate (i.e., survival > 180 d) of 43%.
Rats that received carboplatin by CED on day 13, followed
24 hrs later by the initiation of RT, had a MST of 83.6 £
21.5 d, with a 25% cure rate. If RT was initiated 6 hrs
following CED, the MST was 80.6 + 18.5 d. However, there
were 2 of 8 treatment-related early deaths (d 27and 29)
and if these were excluded, the cure rate was 29%. If
administration of carboplatin by CED was carried out on d
7 following implantation and RT was initiated on d 8, the
MST was 72.1 +17.3 d and a cure rate of 25% with 2 or 8
early treatment-related deaths (d 9 and 10), which were
attributed to cerebral edema. In contrast, untreated con-
trols had a MST of 24.6 + 1.1 d and X-irradiated rats had
an MST of 35.3 + 1.8d, both within a very narrow range
compared to rats that received RT in combination with
carboplatin, which had very broad ranges. Using the Log
Rank test, the overall difference between the various treat-
ment groups and untreated controls was highly significant
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Table 1 Biodistribution of carboplatin in F98 glioma bearing rats following CED in either untreated or dexamethasone,

mannitol, and furosemide treated rats®

Carboplatin concentration (ug/g tissue)®

Animal no. Untreated DMF treated

Tumor R Brain L Brain Tumor R Brain L Brain
1 3.02 141 1.35 8.55 1.63 1.01
2 6.34 0.82 045 10.16 1.22 0.78
3 7.92 1.55 1.00 10.63 1.83 112
4 8.15 1.13 092 1064 1.79 083
5 8.84 1.62 0.88 12.85 3.10 1.34
6 9.84 0.92 0.30 1332 0.95 0.99
7 14.10 205 0.84 14.81 1.30 0.82
8 17.10 1.74 1.34 18.51 2.28 0.96
Mean + SD° 941 £4.40 141 £042 0.89 £0.37 1243 £3.17 1.76 £0.68 0.98 +0.18
Median 8.50 148 0.90 11.75 1.71 0.98
Tumor: brain ratios 6.7:1 10.6:1 7.0 12.7:1

®Rats received either i.p. dexamethasone (D) (3 mg/kg b.v. daily for 3 days) or i.p. dexamethasone (D) followed by i.v. mannitol (M) (2.5 g/kg b.w.) at 0.25 ml/min
over 10 min, followed 15 min later by i.v. furosemide (F) (2 mg/kg b.w.). Since the carboplatin values were equivalent, these were combined.

PRats were euthanized at ~20 min following termination of CED, their brains removed, tumors dissected out, as well as the remainder of the tumor bearing right
and non-tumor bearing left cerebral hemispheres. Platinum concentrations were determined by means of ICP-OES and then converted to carboplatin by

multiplying by 1.9.
°SD designates the standard deviation.

(P <0.0001), as were the differences between animals that
were X-irradiated vs. those that received combination
therapy (P <0.003).

In the second series of experiments, a 15 Gy dose
(7.5 Gy x 2 fraction) in combination with carboplatin
(10 pg/dx2 d) was carried out to determine if the
survival data could be improved if the carboplatin
dose was divided so that a higher drug concentration
would be available at the time that RT was initiated.
These data are summarized in Table 3 and Figure 1.
The MST of these rats was 82.1 +15.5 d with a 25%
cure rate and no treatment-related early deaths. Rats
that received a divided dose of carboplatin alone by

CED had a MST of 46.8 +7.5 d, and those that only had
received RT had a MST of 30.0 +1.9 d (P =0.0006).
Neuropathologic examination of the brains of the non-
surviving rats that received carboplatin by either CED or
Alzet pump delivery, followed by X-irradiation, revealed
both macroscopic and microscopic deposits of tumor at
the times of their deaths. In contrast, the brains of the
long-term survivors (>180 d) showed no microscopic
evidence of tumor.

A summary of the radiation dosing schedules and the
equivalent doses compared to conventional 2 Gy frac-
tions are shown in Table 4. Based on these calculations,
a 15 Gy dose in three 5 Gy fractions, as previously

Table 2 Survival data of F98 rats following CED of carboplatin in combination with X-irradiation

Survival times (days)® % Increased life span

Treatment group? N Mean + SE Median Range Mean Median
Untreated controls 5 246 +1.1 25 21-28 0 0
X-irradiation 5 353+18 355 31-39 43 42
CED of carboplatin (on day 13) + X-irradiation (6 h later) 8¢ 80.6 +18.5° 48 27->180(2) 227 92
CED of carboplatin (on day 13) + X-irradiation 8 836 £21.5 55.5 39->180(2) 240 122
CED of carboplatin (on day 7) + X-irradiation gd 72.1 +173¢ 49 9->180(2) 193 96
Alzet pump delivery® (d 7-13) + X-irradiation 8 107.7 +£21 62 42->180(3) 337 148

3Stereotactic intracerebral implantation of 10> F98 glioma cells was carried out on d 0. Carboplatin (20 pg in 10 L) was administered by convectionenhanced
delivery at a flow rate of 0.33 pL/min. for 30 min. on d 13 following implantation. Alternatively, they received 84 ug of the drug by Alzet pumps over 7 d
(168 pl at 1 pl/h). Animals received 20 Gy of 6 MV LINAC X-rays, delivered in 5 Gy fractions beginning 24 hrs after CED unless otherwise indicated.

PN indicates the number of animals per group and SE designates the standard error. Survival of >180 d indicates that these animals have been cured of their

tumors. The number in parenthesis indicates the number of long-term survivors.

Three treatment-related early deaths on d 27 and 29 were included in these calculations.
%Two treatment-related early deaths on d 9 and 10 were included in these calculations.
€Carboplatin was administered by Alzet pump (84 pg over 168 hr) followed 24 hr later by X-irradiation.
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Figure 1 Kaplan-Meier survival plots of F98 glioma bearing rats following administration of carboplatin by CED or Alzet pumps in
combination with X-irradiation. Survival times in days after implantation have been plotted for untreated animals (e), X-irradiation only
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reported [9], was the best in terms of normal tissue
sparing and produced identical MSTs in F98 glioma
bearing rats compared to 20 Gy in four 5 Gy fractions
(83.4-d vs. 83.6 d, respectively).

Neuropathologic evaluation following combination
therapy

At one week following administration of carboplatin (20 pg)
by CED and termination of X-irradiation (5 Gy x 4), the
brains of only 2 of 7 rats were microscopically positive for
tumor. However, it should be pointed out that since as
few as 100 tumor cells can be fatal, it is more than likely
than not that a high percentage of these animals would
have died of their brain tumors if they had been followed
for a longer period of time. The brains of the other rats

showed focal changes consisting of gliosis, scattered
infiltrates of lymphocytes and macrophages (Figure 2B)
compared to those of untreated rats (Figure 2A), which
had highly infiltrative tumors. At 2 weeks, the brains of 5
of 6 rats were microscopically positive for tumor. How-
ever, there was considerable variability in the anatomic
locations of these microscopic foci of tumor cells, includ-
ing subcortical, leptomeningeal, and the wall of the right
lateral ventricle suggesting that the whole cerebral hemi-
sphere was involved. At 3 weeks following treatment, the
brains of 5 of 7 rats were microscopically positive for
tumor, but only one of these animals had macroscopically
visible (1-2 mm) tumor, extending from the wall of the
lateral ventricle to the cortical surface. At 4 weeks, 2 of 8
rats presumptively had died of their tumors, based on a

Table 3 Survival time of rats bearing F98 gliomas following CED of carboplatin (10 pg x 2) and 15 Gy X-irradiation

(7.5 Gy x 2)

Survival times (days)“ % Increased life span
Treatment group? N Mean + SE Median Range Mean Median
Untreated 5 246+1.1 25 21-28 0 0
X-irradiation® 4 30019 30 28-32 22 20
CED of carboplatin 5 468+ 75 43 33-67 90 72
CED of carboplatin + X-ray 12 82.1+155 545 35> 180(3) 234 118

3Stereotactic intracerebral implantation of 10> F98 glioma cells was carried out on d. 0. Carboplatin (10 ug in 10 pL) was administered by convection enhanced

delivery at a flow rate of 0.33 pL/min. for 30 min on day 13" and 15™.

PAnimals received 15 Gy of 6 MV LINAC X-rays, delivered in two 7.5 Gy fractions on day 14" and 16",
Survival of >180 d. indicates that these animals have been cured of their tumors. The number in parenthesis indicates the number of long-term survivors.
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Table 4 Comparison of radiation dosing paradigns
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Equivalent dose®

Physical dose and fractionation regimen®

Total dose 15 Gy (5 Gy x 3)°
Acute responding tissues (a/f = 10) 18.75 Gy
Late responding tissues (a/f3 = 2) 26.25 Gy

15 Gy (75 Gy x2)
21.88 Gy
3563 Gy

20 Gy (5 Gy x4)
25 Gy
35 Gy

2Using an o/ ratio of 10 for acute (tumor) effects and 2 for late (normal brain) effects, the doses indicated were at conventional 2 Gy fractions.

PDose regimen utilized in our previously published data [9].

20% loss of body weight. The remaining 6 rats all showed
microscopic evidence of tumor, and in 3 animals the
tumors were macroscopically evident. It is noteworthy
that the microscopic tumor deposits were too small to be
detected by magnetic resonance imaging (MRI), where the
limit of resolution is >1 mm, which would have been
equivalent to 10° tumor cells. Therefore, neuropathologic
examination was a more powerful approach to detect a
much smaller tumor cell burden. In contrast to the rats
that received both carboplatin and X-irradiation, the
brains of animals that received a fractionated 20 Gy dose
of X-irradiation alone all had macroscopic tumors at the

time of death (3, 3, 5, and 7 mm in greatest dimension on
days 31, 34, 37, and 39, respectively).

Discussion

As previously reported by us [9], a 20 pg dose of carbo-
platin administered by CED over 30 min, or an 84 ug
dose given over 7 d by Alzet pumps, in combination
with X-irradiation, were shown to be non-neurotoxic.
Doubling the dose of carboplatin to 40 pug by CED or
168 pg by Alzet pump ifusion was associated with sig-
nificant neurotoxicity [9]. Therefore, the lower doses
were selected for the studies described in the present

Figure 2 Neuropathologic correlates. (A) Brain of an untreated F98 glioma bearing rat that died on d. 26 following tumor implantation. The
tumor measured 4 mm in diameter, had a central zone of necrosis, and was highly infiltrative of normal brain. (B) Brain of an F98 glioma bearing
rat that received 20 ug of carboplatin by CED, followed 24 hrs later by the first of four 5 Gy fractions of 6 MV photons, and was euthanized one
week later (25 d after tumor implantation). No tumor cells were identified in this and two additional sections. There is a focal area of gliosis. The
superficial white matter shows debris, which possibly could have represented tumor cells that had been killed as a result of treatment, scattered
lymphocytes and macrophages, and prominent white matter vacuolation. Otherwise, the remainder of the brain was histologically unremarkable.
(C) Brain of an F98 glioma bearing rat that received four 5 Gy fractions, administered on days 14, 15, 16 and 17 following tumor implantation and
died on d 34. The tumor measured 5 mm with a prominent, necrotic central core and was infiltrative of surrounding white matter. There are
scattered dilated (ectatic) vessels and prominent areas of hemorrhage, both of which may be radiation related. (D) Brain of an F98 glioma
bearing rat that received 20 ug of carboplatin on d 7 after implantation followed by four 5 Gy fractions of 6 MV photons and died on d. 44. The
tumor measured 3 mm with a central necrotic core. There are focal collagen deposits with hyalinization and multiple microscopic foci of
hemorrhage, which most likely are radiation related changes. All sections were stained with H & E and photographed at a magnification of 200x.
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study. Similarly, in a previous study using the F98 glioma
model [16] we observed that an X-ray dose of 22.5 Gy,
delivered to the whole brain, resulted in a 30% rate of
radiation related deaths. Therefore, we chose a max-
imum dose of 20 Gy, delivered to the tumor bearing
cerebral hemisphere, in four consecutive 5 Gy fractions.
As shown in the present study, this was well tolerated.
Based on the previous findings [9], in the present study
the dose of carboplatin was set at either 20 pg by CED
or 84 pg by Alzet pump delivery in combination with a
maximum radiation dose of 20 Gy to the tumor bearing
cerebral hemisphere. However, in order to determine if
the survival data could be further improved over that pre-
viously reported by us [9], we also initiated X-irradiation
at either 6 or 24 hrs following administration of carbopla-
tin or divided it into two 10pg doses on days 1 and 3 with
a 24 hr interval between drug administration by CED and
X-irradiation with two 7.5 Gy fractions.

Turning next to the biodistribution data, the purpose
of DMF treatment was to reduce interstitial pressure
within the tumor [12] and thereby enhance the uptake
and possibly the microdistribution of carboplatin. Al-
though the differences in mean tumor carboplatin values
for D alone and DMF-treated rats were not statistically
significant, there was a suggestion that those animals
that had received DMF had higher carboplatin values
with a narrower range compared to those that did not.
However, given the broad range, it would have required
two groups of 102 animals each to attain a level of statis-
tical significance (power =0.8, a=0.05) and it would
have been highly unlikely in small cohorts of animals to
demonstrate any significant differences in MSTs. There-
fore, such studies were not carried out. This is not
dissimilar from what was observed in the EORTC trial
evaluating the combination of RT and temozolomide
[17,18] where 573 patients were required to demonstrate
a small difference (2.5 months) in overall median sur-
vival time. Since the reduction in interstitial pressure is
transient [12], a single DMF treatment would not have
been useful in increasing carboplatin concentration in
animals that had received the drug by Alzet pump infu-
sions. Because of the transiency of the effect, we elected
to determine drug concentrations at a short time inter-
val following termination of CED. However, it is possible
that the differences in drug concentrations might have
increased over longer time intervals if there were differ-
ences in the drug uptake and efflux.

As indicated earlier, the purpose of the present study
was to determine if modification of the RT regimen and
the dosing paradigm of carboplatin would result in
improved survival data compared to those previously
reported [5-9]. The very clear-cut answer to this question
is that sustained delivery of carboplatin (84 pg in 168 pl)
by Alzet pumps in combination with either a total dose of
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20 Gy or, as previously reported [9], 15 Gy in three 5 Gy
fractions, produced the greatest increases in MSTs (107.7 d
vs. 111.8 d, respectively), with no treatment-related deaths.
However, this might have been due to the higher total dose
of the drug and its improved tumor microdistribution. In-
creasing the radiation dose to 20 Gy and administering car-
boplatin by CED resulted in an identical MST as that
previously reported by us (83.6 d vs. 83.4 d, respectively)
[9]. However, as shown in Table 4, the 20 Gy dose would
have resulted in 35 Gy to late responding tissues such as
vascular endothelium compared to 26.25 Gy with the 15
Gy dose. It is noteworthy that an additional dose of 6.25
Gy of 6 MV photons to the tumor, at conventional 2 Gy
fractions (Table 4), did not have any effect on the MST,
suggesting that major determinant of efficacy was drug
rather than radiation-related. As previously reported [16],
rats that received an X-ray dose of 22.5 Gy in three 7.5 Gy
fractions had a MST of 53.2 +4.6 d with significant radi-
ation-related morbidity. Modifying the carboplatin dosing
paradigm to two 10 pg doses and the RT regimen to two
7.5 Gy fractions resulted in an almost identical MST
(82.1 d vs. 83.4 d) as that previously reported [9].
Two possible ways that this combination therapy might be
improved would be to increase tumor uptake and the
microdistribution of carboplatin or to administer a neu-
tralizing agent to decrease systemic toxicity associated
with a higher dose of chemotherapy, as previously re-
ported with “RADPLAT” in the treatment of advanced
squamous carcinomas of the head and neck [19]. Al-
though DMF treatment marginally increased the tumor
drug concentration, 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 RT in combination with i.c. administration of
carboplatin [9], is the tremendous variability following
CED of the drug (Table 1). We hypothesize that those
animals that were cured of their tumors had higher
tumor concentrations and better microdistributions of
carboplatin. Although there may have been some differ-
ences in the sizes of the tumors at the time that the drug
was administered, this does not seem to be an adequate
explanation for the broad ranges in tumor carboplatin
concentrations that were observed. If this is the case for
a rat brain tumor model where each tumor has a volume
of ~25-30 mm? in a cerebral hemisphere that weighs 600
mg [9], the problem is orders of magnitude greater in the
case of a patient with a highly infiltrative glioma in a cere-
bral hemisphere that weighs ~600 g. Although CED is
superior to direct intratumoral injection [20-24], it is still
a work in progress [20], and more likely than not it can be
significantly improved. As has been reported previously by
us [9], a 20 pg dose of carboplatin administered i.c. by
CED resulted in a tumor drug concentration of 10.4 pg/g,
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which was equal to that attained by a dose of 20 mg
(20,000 pg) administered intravenously. The major ques-
tion that must be addressed, therefore, is, “How can
administration of a therapeutic agent to a brain tumor be
improved to achieve a higher and more homogeneous
distribution of various therapeutic agents?” Basically this
is a problem that will require diverse expertise to solve
but it is not unreasonable to expect that such improve-
ments will be made and that CED ultimately will prove to
be highly effective clinically [25,26].

Conclusions

Our results provide strong proof-of-principle that i.c. CED
of carboplatin alone or in combination with X-irradiation
can result in significant prolongations in MSTs and cures
of a brain tumor that has been incurable by all other
therapeutic strategies except for one [15]. As a first step in
clinically translating these findings a Phase I trial currently
is in progress at The Ohio State University to evaluate i.c.
CED of carboplatin (72 ml over 3 days) in patients with
recurrent high grade gliomas.

Abbreviations

RT: Radiation therapy; DMF: Dexamethasone, mannitol, and furosemide;
CED: Convection enhanced delivery; LINAC: Linear accelerator; MST: Mean
survival time; EORTC: European Organization for Research and Treatment of
Cancer; BBB: Blood-brain barrier; i.c.: Intracerebral; i.v.: Intravenenous;

i.p.. Intraperitoneal; ICP-OES: Inductively coupled plasma — Optical emission
spectroscopy; SE: Standard error; MST: Mean survival time; MeST: Median
survival time; SD: Standard deviation; ANOVA: Analysis of variance;

MRI: Magnetic resonance imaging.

Competing interests
The authors declare that there are no competing interests.

Authors’ contributions

WY: Carried out all of the animal studies and contributed to the design of
experiments, and the evaluation of data. RFB: Had overall responsibility for
the project, evaluated data and wrote almost the entire manuscript.

TH: Assisted in carrying out animal studies, performed carboplatin
determinations, analyzed the data and wrote the section on statistical
analysis; RIN: Assisted in carrying out the animal studies. MW: Carried out the
animal radiations with the assistance of NG, WY, TH and RIN. LA and RFB
reviewed brain slides and wrote the section on neuropathologic evaluation.
JCG contributed to the design of experiments and writing the manuscript.
All authors read and approved the final manuscript.

Acknowledgments

We thank Mr. Jim Sommerfeld for designing and fabricating a rat radiation
chamber, Dr. Hamdy Awad for assistance in helping us set up a
procedure for continuous inhalational anesthesia, Mr. Andy Pultz for
providing us with carboplatin, Ms. Sara Lim for helping to prepare survival
plots, Mr. Shawn Scully and Dr. Adrian Suarez for assistance with
photomicroscopy and Mrs. Heidi Bosworth for expert secretarial assistance.
Support for this project was provided by the Musella Foundation, Voices
Against Brain Cancer, The Ohio State University Department of Pathology,
and the Kevin J. Mullin Memorial Fund for Brain Tumor Research.

Author details

'Department of Pathology, The Ohio State University, Columbus, OH 43210,
USA. “Department of Radiation Oncology, The Ohio State University,
Columbus, OH 43210, USA. *Department of Pathology, Mater Dei Hospital,
University of Malta Medical School, Msida, Malta. 4Current address:
Department of Health Outcomes and Policy, College of Medicine, University
of Florida, Gainesville, FL, USA.

Page 8 of 9

Received: 16 September 2013 Accepted: 31 December 2013
Published: 14 January 2014

References

1. Kelland L: The resurgence of platinum-based cancer chemotherapy.
Nat Rev Cancer 2007, 7:573-584.

2. Stewart DJ, Molepo JM, Eapen L, Montpetit VA, Goel R, Wong PT, Popovic P,
Taylor KD, Raaphorst GP: Cisplatin and radiation in the treatment of
tumors of the central nervous system: pharmacological considerations
and results of early studies. Int J Radiat Oncol Biol Phys 1994, 28:531-542.

3. Anonymous: Cisplatin does not enhance the effect of radiation therapy
in malignant gliomas. EORTC Brain Tumor Group. Eur J Cancer 1991,
27:568-571.

4. Biston MC, Joubert A, Adam JF, Elleaume H, Bohic S, Charvet AM, Esteve F,
Foray N, Balosso J: Cure of fisher rats bearing radioresistant F98 glioma
treated with cis-platinum and irradiated with monochromatic
synchrotron X-rays. Cancer Res 2004, 64:2317-2323.

5. Bobyk L, Edouard M, Deman P, Rousseau J, Adam JF, Ravanat JL, Esteve F,
Balosso J, Barth RF, Elleaume H: Intracerebral delivery of carboplatin in
combination with either 6 MV photons or monoenergetic synchrotron
X-rays are equally efficacious for treatment of the F98 rat glioma.

J Exp Clin Cancer Res 2012, 31:78.

6. Rousseau J, Barth RF, Fernandez M, Adam JF, Balosso J, Esteve F, Elleaume
H: Efficacy of intracerebral delivery of cisplatin in combination with
photon irradiation for treatment of brain tumors. J Neurooncol 2010,
98:287-295.

7. Rousseau J, Barth RF, Moeschberger ML, Elleaume H: Efficacy of
intracerebral delivery of carboplatin in combination with photon
irradiation for treatment of F98 glioma-bearing rats. Int J Radiat Oncol Biol
Phys 2009, 73:530-536.

8. Rousseau J, Boudou C, Barth RF, Balosso J, Esteve F, Elleaume H: Enhanced
survival and cure of F98 glioma-bearing rats following intracerebral
delivery of carboplatin in combination with photon irradiation.

Clin Cancer Res 2007, 13:5195-5201.

9. Yang W, Huo T, Barth RF, Gupta N, Weldon M, Grecula JC, Ross BD, Hoff BA,
Chou TC, Rousseau J, Elleaume H: Convection enhanced delivery of
carboplatin in combination with radiotherapy for the treatment of brain
tumors. J Neurooncol 2011, 101:379-390.

10.  Barth RF, Kaur B: Rat brain tumor models in experimental neuro-oncology:
the C6, 9L, T9, RG2, F98, BT4C, RT-2 and CNS-1 gliomas. J Neurooncol 2009,
94:299-312.

11. Yang W, Barth RF, Adams DM, Ciesielski MJ, Fenstermaker RA, Shukla S,
Tjarks W, Caligiuri MA: Convection-enhanced delivery of boronated
epidermal growth factor for molecular targeting of EGF receptor-positive
gliomas. Cancer Res 2002, 62:6552-6558.

12. Boucher Y, Salehi H, Witwer B, Harsh GR, Jain RK: Interstitial fluid pressure
in intracranial tumours in patients and in rodents. Br J Cancer 1997,
75:829-836.

13. Madsen RWMM: Statistical Concepts. Englewood Cliffs, NJ: Prentice Hall;
1986.

14. Klein JPMM: Survival Analysis Techniques for Censored and Truncated Data.
2nd edition. New York: Springer; 2003.

15. Barth RF, Yang W, Rotaru JH, Moeschberger ML, Boesel CP, Soloway AH, Joel
DD, Nawrocky MM, Ono K, Goodman JH: Boron neutron capture therapy
of brain tumors: enhanced survival and cure following blood-brain
barrier disruption and intracarotid injection of sodium borocaptate and
boronophenylalanine. Int J Radiat Oncol Biol Phys 2000, 47:209-218.

16.  Barth RF, Grecula JC, Yang W, Rotaru JH, Nawrocky M, Gupta N, Albertson
BJ, Ferketich AK, Moeschberger ML, Coderre JA, Rofstad EK: Combination of
boron neutron capture therapy and external beam radiotherapy for
brain tumors. Int J Radiat Oncol Biol Phys 2004, 58:267-277.

17. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ,
Belanger K, Brandes AA, Marosi C, Bogdahn U, et al: Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med
2005, 352:987-996.

18. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC,
Ludwin SK, Allgeier A, Fisher B, Belanger K, et al: Effects of radiotherapy
with concomitant and adjuvant temozolomide versus radiotherapy
alone on survival in glioblastoma in a randomised phase Il study: 5-year
analysis of the EORTC-NCIC trial. Lancet Oncol 2009, 10:459-466.



Yang et al. Radiation Oncology 2014, 9:25
http://www.ro-journal.com/content/9/1/25

20.

21,

22.

23.

24.

25.

26.

Rabbani A, Hinerman RW, Schmalfuss IM, Amdur RJ, Morris CG, Peters KR,
Robbins KT, Mendenhall WM: Radiotherapy and concomitant intraarterial
cisplatin (RADPLAT) for advanced squamous cell carcinomas of the head
and neck. Am J Clin Oncol 2007, 30:283-286.

Kunwar S, Chang S, Westphal M, Vogelbaum M, Sampson J, Barnett G,
Shaffrey M, Ram Z, Piepmeier J, Prados M, et al: Phase Ill randomized trial
of CED of IL13-PE38QQR vs Gliadel wafers for recurrent glioblastoma.
Neuro Oncol 2010, 12:871-881.

Ferguson S, Lesniak MS: Convection enhanced drug delivery of novel
therapeutic agents to malignant brain tumors. Curr Drug Deliv 2007,
4:169-180.

Lopez KA, Waziri AE, Canoll PD, Bruce JN: Convection-enhanced delivery in
the treatment of malignant glioma. Neurol Res 2006, 28:542-548.

Raizer J: Issues in developing drugs for primary brain tumors: barriers
and toxicities. Toxicol Pathol 2011, 39:152-157.

Mehta Al, Choi BD, Ajay D, Raghavan R, Brady M, Friedman AH, Pastan |,
Bigner DD, Sampson JH: Convection enhanced delivery of
macromolecules for brain tumors. Curr Drug Discov Technol 2012,
9:305-310.

Sampson JH, Raghavan R, Brady M, Friedman AH, Bigner D: Convection-
enhanced delivery. J Neurosurg 2011, 115:463-464. discussion 465-466.
Asthagiri A, Walbridge S, Heiss J, Lonser R: Response to editorial,
convection-enhanced delivery. J Neurosurg 2011, 115:467-473.

doi:10.1186/1748-717X-9-25

Cite this article as: Yang et al: Radiation therapy combined with
intracerebral administration of carboplatin for the treatment of brain
tumors. Radiation Oncology 2014 9:25.

Page 9 of 9

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	F98 rat glioma model
	Biodistribution of carboplatin in F98 glioma bearing rats
	Therapy studies
	Evaluation of therapeutic response
	Neuropathologic evaluation of glioma bearing rats following CED of carboplatin and X-irradiation
	Statistical evaluation of data

	Results
	Biodistribution studies
	Therapeutic efficacy of X-irradiation in combination with i.c. carboplatin
	Neuropathologic evaluation following combination therapy

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

