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amount of â€˜Â°Band n.,, must be delivered to the tumor to sustain a
lethal 1Â°B(n,a)7Licapture reaction. These requirements are discussed
in detail in several recent reviews and monographs (1â€”3).Two low
molecular weight boron compounds, sodium undecahydromercapto
closo-dodecaborate (Na2B ,2H1,SH or BSH) and p-dihydroxyboryl
phenylalanine (BPA), have been used clinically as capture agents for
the treatment of brain tumors by means of BNCT. BSH has been used
by Hatanaka and Nakagawa (4) to treat over 150 patients, and BPA is
currently being used in a clinical trial that has been initiated at the
Brookhaven National Laboratory (5). Although these compounds are

not truly tumor selective, in part they may attain higher concentrations
within neoplastic cells by virtue of a partial compromise of the

integrity of the BBB within the tumor. Considerable effort has been
directed toward the design and synthesis of new boron compounds
and delivery agents that potentially could be used to target brain
tumors for BNCT (2). Less effort, however, has been directed toward
optimizing the route and regimen used to administer these boron
compounds. Using the F98 rat glioma model, we have recently re
ported that the i.c. administration of BPA significantly increased the
amount of boron delivered to an intracerebral glioma (6). Boron
uptake could be further augmented by i.c. infusion of a hyperosmotic

solution of mannitol, which disrupted the BBB, followed by i.c.
injection of either BPA (6) or BSH (7). The purpose of the present
study was to determine whether i.c. injection of either BSH or BPA,
alone or in combination with BBB-D, would result in a significant
increase in efficacy of BNCT using a well-characterized rat brain
tumor model (8), which has been incurable by any therapeutic mo
dality, including chemotherapy (9), radiotherapy (9), immunotherapy
(10), and BNCT (11).

MATERIALS AND METHODS

Tumor Model and Biodistrlbution Studies. The F98 rat glioma was
cloned from an undifferentiated neoplasm, which had been transplacentally

induced following administration of N-ethyl-N-nitrosourea to a pregnant
Fischer rat, and has been propagated both in vitro and in vivo since 1971.
Following intracerebral implantation, its biological behavior closely simulates
that of human glioblastoma multiforme in that it forms a progressively growing
tumor with islands of tumor cells at varying distances from the centrally
growing mass (11), and it does not spread outside the brain, is weakly
immunogenic (10), and invariably kills the host with an inoculum containing

as few as 10 cells (10). For biodistribution studies, 10-week-old Fischer rats

(Charles River Laboratories, Wilmington MA) weighing â€”200g were ster
eotactically implanted with 100,000 F98 glioma cells into the right caudate
nucleus using a procedure previously described in detail by us (6). Studies
were initiated 11â€”13days after intracerebral implantation, at which time the
tumors ranged in weight from 89 to 178 mg (6). Boron 10 enriched (>99%)
BPA (Mr208.0) was converted to a fructose complex to increase its solubility
(6), and was administered at a dose of 500 mg of BPA/kg of b.w. Boron
10-enriched (>99%) BSH (Mr 210.6) was administered at a dose of 65 mg/kg
of b.w., so that its boron content (â€”30mg of boron/kg of b.w.) approximated
that of BPA (â€”24mg of boron/kg of b.w.). Both compounds were purchased
from Boron Biologicals, Raleigh, NC. Because the boron content of each of
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administration of the capture agent with or without BBB-D using a
collimated beam of thermal neutrons at the Brookhaven Medical Re

search Reactor. The median survival times of rats given BSH or BPA i.c.
were 52 and 69 days, respectively, for rats with BBB-D; 39 and 48 days for
rats without BBB-D; 33 and 37 days for Lv. injected rats; 29 days for
irradiated controls and 24 days for untreated controls. Lc. injection of
either BSH or BPA resulted in highly significant enhancement (P = 0.01
and P = 0.0002, respectively) of survival times compared to Lv. injection,
and this was further augmented by BBB-D (P 0.02 and P = 0.04,
respectively) compared to Lc. injection. Normal brain tissue tolerance
studies were cari@iedout with non-tumor-bearing rats, which were treated
In the same way as tumor-bearing animals. One year after irradiation, the
brains ofthese animals showed only minimal radiation-induced changes in
the choroid plexus, but no differences were discernible between Irradiated
controls and those that had BBB-D followed by l.c. injection ofeither BSH
or BPA. Our data clearly show that the route of administration, as well as
BBB-D, can enhance the uptake of BSH and BPA, and, subsequently, the
efficacy of boron neutron capture therapy.

INTRODUCTION

BNCT3 is based on the nuclear capture reaction that occurs when
â€˜Â°Ba nonradioactive isotope of natural elemental boron, is irradiated

with low-energy n.j, (<0.025 eV) to produce high linear energy
transfer a particles and recoiling 7Li nuclei (â€˜Â°B+ 11th@ [â€ẫ€˜B]â€”@4He

(a) + 7Li + 2.31 MeV). For BNCT to be successful, a sufficient
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BNCT OF BRAIN TUMORS

these compounds varied somewhat from lot to lot, the doses were adjusted
accordingly to deliver the desired amount of boron. Rats were injected i.v. via
the penile vein or i.c. via the internal carotid artery. On the basis of our earlier
pharmacokinetic studies, which defined the optimum tumor and normal brain
boron concentrations (6, 7), animals were killed 2.5 h after injection of either
BPA or BSH. A sampleof blood was taken;the brainwas removed;the tumor
was dissected from surrounding normal brain, weighed, and then frozen; and
all specimens were stored at â€”70Â°Cfor boron analysis at a later date. Boron
uptake was quantified by means of direct current plasma-atomic emission
spectroscopy (12). T:Br and T:Bl boron ratios were calculated for each
individual animal within an experimental group, and then the mean and SD
were determined. All boron values were normalized to 1 g of tissue sample by
multiplying the boron content (in @g)by the appropriate factor. BBB-D was
carried out using a procedure originally described by Neuwelt and Barnett (13)
and slightly modified by us (6) by infusing a 25% solution of mannitol (1.6
mol/liter, equal to 1.373 mOsmol; American Regent Laboratory, Inc., Shirley,
NY) retrograde via the internal carotid artery. Approximately 10% of animals
died within 6â€”12h following BBB-D, and their deaths were attributed to
cerebral edema.

Therapy Experiments. BNCT was initiated 14 days after stereotactic
implantation of 1000 F98 glioma cells into Fischer rats, randomized into
groups of 10â€”12animals each, except for untreated and irradiated controls,
which had 20 animals per group. A smaller number of tumor cells were used
in therapy studies because the larger inoculum (10' cells) used in the pharma
cokinetic studies resulted in death 15â€”20days after implantation. Animals
were taken to the Medical Department, Brookhaven National Laboratory,
Upton, NY, and rested for 1day, following which they were given either BPA
(500 mg/kg b.w. or 0.48 mol/animal) or BSH (65 mg/kg b.w. or 0.06 mol/
animal) iv. or ic. with or without BBB-D. All irradiations were performed at
the Brookhaven Medical Research Reactor 2.5 h after administration of the
compound. Irradiation geometry, body shielding, and dosimetry have been
described in detail elsewhere (14), but briefly were as follows. All irradiated
rats were anesthetized with a 1.2: 1 ratio of ketamine/xylazine and placed

supine in a lithium-6 body shield/head stabilizer. The head was adjusted
perpendicular to the neutron beam, which was collimated to 1.15 cm using a
marked lucite plate as a template. The neutron fluence (ncm2) was deter
mined by multiplying the reactor power level in MW by the duration of
irradiation in mm to yield a dose in MW-ruin. The physical dose rate (Gy/
MW-rain) of the radiobiologically significant beam components was 0.039
Gy/MW-min (per @gof â€˜Â°B/g)for the â€˜Â°B(n,a)7Licapture reaction; 0.093
GyIMW-min for the â€˜4N(n,p)'4Creaction with tissue nitrogen; 0.27 GyIMW
mm for the fast neutron interaction with tissue hydrogen [â€˜H(n,n')p};and 0.19
Gy/MW-min for the total gamma dose (beam and â€˜H(n,y)2Hreaction). Upon
completion of BNCT, the animals were returned to Columbus, OH, for
observation and followed until their time of death.

All animals were weighed at least three times per week following irradiation
to monitor their clinical status. As determined from previous studies with the
F98 glioma, the combination of sustained weight loss, ataxia, and periorbital
hemoiThage indicated that death was imminent (11, 14). Therefore, to mini
mire discomfort, animals displaying these signs were euthanized and survival

times were determined from the day of tumor implantation to the day of
euthanization plus 1 day. The brains of all animals were removed after their
death, fixed in formalin, and cut coronally at 2-mm intervals using a rat brain
slicer, and those sections that contained the tumor were processed for histo

logical examination. The tumor size index, which was defined as the maximal
cross-sectional area (mm2) in a coronal section of brain taken through the

tumor, was determined by morphometric analysis using a two-dimensional
digitizing program with a Silicon Graphics Personal Iris computer, model
4D25TG.

Normal Brain Tolerance to BNCT. In parallel with the therapy experi
ments described above, a study to evaluate the radiation effects of BNCT on
normal brain was initiated in non-tumor-bearing rats. Three groups, containing
5 animals each, all had BBB-D followed by ic. injection of physiological

saline (0.9% NaCI), BPA at a dose of â€”24mg of boron/kg of b.w., or BSH at
a dose of â€”30mg of boron/kg of b.w. The animals were irradiated, as
previously described, at the Brookhaven Medical Research Reactor for 8
MW-mm, returned to Columbus, and observed weekly until the time of
sacrifice 12months later. Prior to euthanization, the animals were anesthetized,
as previously described, perfused with PBS (pH 7.2) followed by the infusion

of Cajal's formol-bromide fixative (2% w/v ammonium bromide in 14%
formalin) using a pump at a pressure of 110â€”120 mm Hg. Following 24 h of

fixation, the brains were sliced coronally at the level of the optic chiasm and
2 mm anterior and posterior to it. Brain slices were postfixed for an additional
24 h, following which they were dehydrated, embedded in paraffin, sectioned
at 5 ,&m,and then stained with H&E or luxol fast blue periodic acid Schiff.

Evaluation of Data and Statistical Analysis. A one-way ANOVA was
performed on the logarithmic rather than the arithmetic values for boron
concentrations and their ratios because it was determined in previous studies

(6, 7) that these values were not normally distributed. For variables that
achieved statistical significance (P < 0.05) using the overall F test, multiple
pairwise comparisons were performed using Tukey's multiple comparison

method. The therapeutic response was evaluated by determining the prolon
gation in MST and MeST, in days, following tumor implantation. The %ILS
was calculated from the equation:

Survival time of treated â€”survival time of untreated

Survival time of untreated
x 100

MST and MeST were determined for each group of animals. The MeST is only
based on the middle observation in a series and would not be influenced by a
subset of long term surviving animals, whereas the MST is based on all of the
survival data, including long-term survivors. Because with BNCT we would
predict that with increasing effectiveness there would be a greater number of
long-term survivors, and these might not be evident if only the MeST were
reported, the MST also has been reported.

In analyzing the survival data, the seven test groups were compared overall
by means of a simultaneous test of their equality using Cox's proportional

hazards model (15). Because the model fits all of the survival curves simul
taneously and the primary information consists of death times within every

group, each survival time is plotted so that each observed death time is
represented on each curve, which has all of the points corresponding to the

death times rather than only those of animals within a specific group. However,
because the curves may overlap, not all of the points may be evident. The test
for proportionality was performed to determine whether Cox's model was
appropriate. Because the overall test comparing the groups with respect to

survival was significant (a = 0.05) and appropriate, pairwise comparisons of
the following treatment groups were made using Cox's model: BSH i.v. versus
BPA iv.; BSH i.c. versus BPA i.c.; BSH i.c.IBBB-D versus BPA i.c.IBBB-D;
BSH i.v. versus BSH ic.; BSH i.c. versus BSH i.cJBBB-D; BPA ic. versus
BPA i.v.; and BPA ic. versus BPA i.cJBBB-D. It should be noted that a
Kruskal-Walhis overall test, followed by pairwise Wilcoxon-Gehan tests, could
have been performed instead of the proportional hazards tests. However, the
advantage of the proportional hazards model was that fitted survival curves

used all of the data in one analysis.

RESULTS

Biodistribution Studies. Although the administered dose of BSH
contained â€”25% more boron than the dose of BPA, higher tumor

boron values consistently were obtained with BPA (Table 1). For
purposes of statistical analysis, all boron concentrations were con

verted to their log equivalents. The overall difference in log tumor
boron concentrations for the six test groups at 2.5 h after injection was
significant at the level P = 0.0008. BBB-D followed by i.c. admin
istration resulted in the highest tumor values for BPA (94.5 p@g/g)and
BSH (48.6 p.g/g) compared to 42.7 and 30.8 @g/g,respectively, for
i.c. injection without BBB-D and 20.8 and 12.9 p.g/g, respectively, for
i.v. injection. It should be noted that BBB-D followed by i.v. injection
did not result in any increase in tumor uptake compared to i.v.
injection without BBB-D (6). Following i.v. administration, tumor
uptake values for BSH and BPA were not significantly different from
one another, but they were different from all other groups (P < 0.05).
Boron uptake of normal brain in the ipsilateral, tumor-bearing cerebral
hemisphere ranged from 3.! @g/gfor i.v. BSH without BBB-D to 11.8
@Lg/gfor i.c. BPA with BBB-D and 1.5 p.g/g to 7.9 p.g/g in the

contralateral hemisphere for the same test groups. Although boron
1130
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Table 1 Biodistribiaion of boron in F98 glionza-bearing rats at 2.5 h after administration of either BSH orBPABoron

Concentration (,@g/g)a
Borondose

G,@pa (â€˜Â°Bmg/kg) Tumor Ipsilateral brainc Contralateral brain Blood T:Br Ratio'@ T:BlRatioiv.

BSH(30) 12.9Â±4.2 3.1 Â±1.4 1.5Â±0.6 11.3Â± 1.6 4.6Â± 1.6 1.1Â±0.4i.v.
BPA (24) 20.8 Â±6.7 4.6 Â±1.6 3.1 Â±0.4 6.2 Â±2.0 5.0 Â±2.1 3.2 Â±1.7i.c.
BSH (30) 30.8 Â±12.2 3.5 Â±1.4 1.9 Â±0.8 11.2 Â±5.7 8.2 Â±1.3 3.0 Â±1.3i.c.
BPA (24) 42.7 Â±4.9 7.9 Â±3.2 5.2 Â±0.7 5.8 Â±1.5 5.9 Â±2.0 8.5 Â±3.5i.c.

+ BBB-D BSH (30) 48.6 Â±17.2 4.4 Â±1.8 3.2 Â±1.6 11.3 Â±4.3 12.3 Â±4.7 5.0 Â±2.7i.c.
+ BBB-D BPA (24) 94.5 Â±69.1 11.8 Â±3.5 7.9 Â±3.2 6.8 Â±1.2 7.5 Â±4.3 10.9 Â±6.3a

Boron levels were determined by direct current plasma-atomic emission spectroscopy. Each point represents the arithmetic mean Â±SD of 3-5 rats.
b BSH (65 mg/kg b.w.) or BPA (500 mg/kg b.w.) were administered over 5 mm by the route indicated. The corresponding molar doses were 0.06 mol for BSH and 0.48 molforBPA

for ratsweighingâ€”200g.C
Ipsilateral brain, nonnal brain from the tumor-bearing cerebral hemisphere; contralateral brain, non-tumor-bearing hemisphere.

d T:Br and T:B1 boron ratios were calculated for each individual animal within an experimental group, and then the means and SD for these were determined. T:Br ratioswerecalculated
using boron values obtained for the ipsilateralhemisphere.Table

2 Physical and RBE equivalent radiation doses delivered to tumor, brain, andbloodPhysical

dose (Gy)'@ RBE equivalent dose(Gy)@'Group

Agent Tumor Brain Blood Tumor BrainBloodi.v.

BSH 8.42 5.38 7.94 17.44 10.4616.36iv.
BPA 10.90 5.86 6.35 32.88 10.0915.57i.c.
BSH 14.02 5.51 7.84 30.40 10.7416.29i.e.
BPA 17.74 6.88 6.23 58.82 11.4215.10ic.

+ BBB-D BSH 19.58 5.79 7.94 41.78 11.3916.30i.c.
+ BBB-D BPA 33.84 8.10 6.54 119.67 13.0116.28Irradiated

controls None 4.42 4.42 4.42 8.22 8.228.22a

Physical dose estimates were based on tissue boron concentrations shown in Table I . This includes contributions from fast neutrons, @â€˜photons, and â€˜@â€˜N(n,p)'4Candâ€˜@B(n,a)7Lireactions.b

For estimation of RBE equivalent doses, the following RBE values were used: â€˜4N(n,p)'4C reaction, 3.2; â€˜Â°B(n,a)7Li,3.8 for BPA in tumor, 1.3 for BPA in brain, and 2.3forBSH
in bothtumorandbrain;-@â€˜photon,1.0.

Table 3 Survival times of F98 glioma-bearing rats following BNCJ' and iv. or ic. injection of BSH or BPA with or withoutBBB-DSurvival

time (days)a%ff,5b

MedianGroup Agent Range Mean Â±SDMedianiv.

BSH 27â€”42 33Â±6 31
iv. BPA 32-42 37Â±3 37
i.e. BSH 32â€”55 40 Â±8 39
i.e. BPA 38â€”87 52 Â±15 48
i.c. + BBB-D BSH 34â€”74 52 Â±13 52
i.e. + BBB-D BPA 46@365c 95 Â±95 69
Irradiated controls None 26-34 29 Â±4 30
Untreated controls None 20-30 24 Â±3 2429

54
63

100
117
188

25a

MST and MeST were determined for groups of 8-10 rats each, except for untreated and irradiated control groups, which had 18 animals each.
b@ was defined relative to MST and MCST of untreated controls.
CIncludedin this groupwasonelong-termsurvivor,which wassacrificedat 1 yearandappearedto be tumor freeat autopsy.

BNCI' OF BRAIN TUMORS

values of the ipsilateral and contralateral cerebral hemispheres were
not significantly different from one another, T:Br ratios were calcu
lated on the basis of the slightly higher boron content of the ipsilateral
hemisphere. The best composite T:Br ratio (12.3:1) was obtained with
i.c. BSH with BBB-D, and the best T:Bl ratio (10.9:1) was observed
with i.c. BPA with BBB-D.

BNCT. Physical and RBE equivalent radiation doses delivered to
the tumor, brain, and blood for each of the seven experimental groups
are summarized in Table 2. A RBE of 3.8 was assumed for the
â€˜Â°B(n,a)7Lireaction with BPA as the capture agent (16) in tumor and
1.3 in normal brain, and 2.3 in both tumor and brain with BSH as the
capture agent (17). As would have been predicted from the boron

uptake data, the greatest contribution to the radiation dose was attrib
utable to the â€˜Â°B(n,a)7Licapture reaction. The highest physical (33.84
Gy) and RBE (1 19.67 Gy) equivalent doses were delivered to the
tumor following BBB-D and i.c. injection of BPA. The corresponding
physical and RBE equivalent doses for BSH were 19.58 and 41 .78 Gy,
respectively. i.c. injection of BSH or BPA without BBB-D resulted in
tumor RBE equivalent doses of 30.40 Gy for BSH and 58.82 Gy for
BPA compared to 17.44 and 32.88 Gy, respectively, following i.v.
injection and 8.22 Gy for irradiated controls. Normal brain doses

ranged from 13.01 Gy for i.c. BPA with BBB-D to 10.46 Gy for i.v.
BSH. Among the various experimental groups, radiation doses dcliv
ered to the blood fell within a narrow range of 15.10 Gy for i.c. BPA
to 16.31 Gy for i.v. BSH. All animals except one (see Fig. 3) died with
progressively growing tumors. The mean tumor size index (Â± SD)
was 25.4 Â± 5.5 mm2 for untreated controls and ranged from
19.9 Â±6.1 to 22.7 Â±6.4 for the various treated groups. None of these
differences were statistically significant.

Survival data are summarized in Table 3, and computer-generated

survival curves, based on Cox's proportional hazards model (15), are

shown in Fig. 1. The MST and MeST of the irradiated controls were
29 and30days,respectively,andasexpected,theseweresignificantly
different from each of the treated groups (P < 0.006). The propor
tional hazards assumption of the model was met (P 0.3752), and the
overall comparison of the groups was significant (P < 00001). The
MSTs of animals that received either BSH or BPA i.v. were 33 and 37
days, respectively, which were not significantly different from one
another (P = 0.36), but were different from the irradiated controls
(P = 0.0001 and 0.0055, respectively). In contrast, the MSTs follow
ing i.c. injection of either BSH or BPA without BBB-D were 40 and
52 days, respectively, which were significantly different from one
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Fig. 1.Survivalcurvesof P98glioma-bearingrats follow
ing neutron irradiation. Survival time in days after implanta
ton is given for irradiated controls(O), BSH iv. (s), BPA iv.
(A),BSH i.e.(0),BPA i.e.(s),BSH ic.withBBB-D (0).
and BPA i.e. with BBB-D (i). Cox's proportional hazards
modelperformsa simultaneousfitof thesurvivalcurvesusing
all the data points, using a partial likelihood approach (15).
Therefore, the number ofdata points in each curve includes all
of the death times, rather than only those animals in a specific
group. However, because the curves overlap, not all of the
points may be evident.

Survival Time(Days)

another (P = 0.01). The greatest prolongation in survival time was
seen in animals that had BBB-D, followed by i.c. injection of BPA
with a MST > 95 days and a MeST of 69 days, which were signif
icantly different from BSH i.v. and i.c. and BPA i.v. at the level of
P = 0.0001 and from BSH i.c.IBBB-D (P < 0.05). The therapeutic
gains associated with BBB-D followed by i.c. injection of either BSH
or BPA compared to i.c. injection without BBB-D were significant at
the levels of P = 0.02 and P = 0.04, respectively. When MeSTs were
plotted as a function of tumor boron concentrations, survival time
increased linearly with boron content, irrespective of the compound
(Fig. 2).

Among the animals that had BBB-D followed by i.c. BPA, there
was one animal that appeared to be tumor free by magnetic resonance
imaging at 3.5 months. Following euthanization 1 year after BNCT,
histopathological examination of the brain of this rat revealed no

evidence of actively growing tumor (Fig. 3B). There was dilation of
the lateral ventricle (hydrocephalus ex vacuo) of the tumor-bearing
hemisphere, which extended to a small cystic cavity that remained
following destruction of the tumor by BNCT (Fig. 3D). The white
matter showed very mild gliosis (Fig. 3C), but neurons were preserved
up to the margins of the cystic cavity, which had reactive astrocytes
that decreased in number with distance. Small blood vessels adjacent
to the cystic cavity showed either minimal or no evidence of radiation
damage, and the choroid plexus did not show any evidence of path
ological change.

Normal Brain Tolerance. As summarized in Table 2, the esti
mated RBE equivalent radiation doses delivered to the normal
brain were 8.22, 11.39, and 13.01 Gy for rats that had BBB-D
followed by i.c. saline, BSH, or BPA, respectively. Although the
boron concentrations in the ipsilateral and contralateral cerebral

Fig. 2. MeSTs (Table 3) have been plotted as a function
of tumor boron concentrations (Table 1) for animals that
had been injected with either BSH or BPA, with or without
BBB-D.

â€”â‚¬I--BSH
â€”*-BPA

I â€˜@@ I@ I â€˜@ â€˜ I â€˜I â€˜@ â€˜I'
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0

Fig. 3. A, photomicrograph showing invasive pattern of growth of the F98 glioma in a non-BNCT treated rat. Islands of tumor cells (arrow) infiltrate the peritumoral region adjacent
to themainmassof thetumor(left).B, low-powerphotomicrographof thebrainof theonesurvivingrat thathadBBB-Dfollowedby ic. BPAandBNCTandwassubsequentlywas
euthanized 12 months later. There was dilation of the lateral ventricle (arrow) of the tumor-bearing cerebral hemisphere (hydrocephalus cx vacuo), and ependymal lining cells were
flattened. C, section stained for glial fibrillary acidic protein. White matter adjacent to the original site of the tumor showed very mild gliosis (arrow). but neurons were preserved up
to the margins of a small cystic cavity (arrow: D), which was all that remained of the original tumor. Small blood vessels adjacent to this cavity showed either minimal or no evidence
of radiation damage. E and F, representative pbotomicrographs showing the choroid plexus of the brains of non-tumor-bearing rats that had BBB-D and ic. injection of BPA followed
by BNCI' and then were euthanized 12 months later. The choroid plexis ranged from normal appearing (arrow; F) to areas showing very mild changes consisting of vacuolation or
flattening (arrow; F) of epitheial cells and stromal edema. These did not appear to be noticeably different among rats that had BBB-D followed by ic. saline, BSH. or BPA.

hemispheres were not statistically different from one another, the
radiation doses delivered to the normal brain were calculated using
the higher boron concentrations measured in the ipsilateral hemi
sphere. The contralateral hemisphere may have received a dose that
was 30â€”50% less than this, but there were no discernible his
topathological differences between the right and left cerebral hemi
spheres. The neuroanatomic sites of primary interest were the
fimbriae, choroid plexus, and leptomeninges (18â€”21).No evidence

of neuronal loss or gliosis was seen in the fimbriae. The choroid
plexus ranged from normal appearing (Fig. 3F) to very mild
changes consisting of vacuolation or flattening of epithelial cells
and stromal edema (Fig. 3E), but these did not appear to be
noticeably different among the three groups of rats. More rarely,
there was dilation of small vessels of the choroid plexus, but there
was no evidence of epithelial cell atrophy. No pathological
changes were seen in the leptomeninges.
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only 8 days among irradiated controls and increased to 319 days
among animals that had BBB-D followed by ic. BPA. This was
associated with a 188% increase MeST and 313% in MST compared
to irradiated controls. Our data clearly show that the route of admin
istration, as well as disruption of the BBB, can enhance the uptake of

BSH and BPA, and subsequently, the efficacy of BNCT. Although the
blood-tumor barrier is often partially disrupted, as shown in experi
mental studies by the uptake of horseradish peroxidase (28) or cmi
cally by the visualization of the tumor using contrast-enhanced mag
netic resonance imaging (29), the contiguous tumor-infiltrated white
matter and gray matter of the brain have relatively intact barriers (30).
Even if the main bulk of tumor has a permeable vascular endotheium,
the periphery, which may contain infiltrative tumor cells, has de
creased permeability to antitumor agents (13, 29â€”31).Endotheial cell
clefts in microvessels of the tumor may vary widely from nonnal to
abnormal within different regions of the same tumor (32). Osmotic
BBB-D transiently and reversibly disrupts the BBB and blood-tumor
barrierand thereby increases the delivery of drugs to areas of the brain
that had an intact barrier prior to disruption (13). These observations
provided the rationale for using i.c. injection in combination with
BBB-D to enhance the delivery of BSH and BPA to F98 glioma
bearing rats. As is evident in a photomicrograph of this tumor (Fig.
3A), there are islands of tumor cells in the peritumoral region at some
distance from the main mass of the tumor. We postulate that these

cells were more effectively targeted by i.c. injection either alone or in
combination with BBB-D. In rats with larger tumors, i.c. injection
alone has been shown to be almost as effective in enhancing drug
delivery as i.c. injection combined with BBB-D.4 Intra-arterial injec
tion of antineoplastic agents can increase their concentration in brain
tumors (33), especially for those drugs that have high extraction
coefficients (34, 35). Pharmacodynamic studies have shown that
agents with rapid blood clearance, moderate lipophilicity, and low
neurotoxicity are more effectively delivered by the i.c. route (34).
These observations have important clinical implications, especially
because both BPA (5) and BSH (36) are currently being used in
clinical trials of BNCT for patients with glioblastomas.

Turning to our normal brain tolerance data, there appeared to be no
significant differences in the radiation changes seen in the brains of
rats that received radiation alone compared to those that received
BBB-D followed by i.c. injection of either BSH or BPA. Although the
boron levels of the ipsilateral tumor-bearing, barner-disrupted cere
bral hemispheres at 2.5 h after injection were slightly greater than
those of the contralateral, non-barrier--disrupted hemispheres, there
were no noticeable histopathological differences. This was probably
due to the fact that the estimated RBE equivalent doses, which ranged
from 8.22 Gy for irradiated controls to 13.01 Gy for rats that received
i.c. BPA with BBB-D, were all below the tolerance dose, i.e., the dose
required to produce significant pathological changes (18â€”20).Opti
mization of the time interval between i.c. injection with or without
BBB-D and BNCF is essential not only to maximize tumor boron
uptake but also to minimize normal brain boron levels. As reported
previously by us (6, 7), higher tumor boron levels were observed 1 h
after i.c. administration of either BPA or BSH, but these were asso
ciated with unacceptably high normal brain boron levels. On the other
hand, by 2.5 h, normal brain boron levels had fallen significantly, but
tumor boron levels were still high. The time interval required to
achieve an optimum T:Br ratio may provide a partial explanation for
the failure of a number of investigators (37â€”39)to demonstrate that
hyperosmotic mannitol-induced BBB-D could enhance the delivery of

4 E. Neuwelt, personal communication.
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DISCUSSION

In the present study, we have shown that i.c. injection of either BSH
or BPA resulted in a 2-fold increase in tumor boron uptake compared
to values obtained following i.v. injection, and this was further in
creased to 4-fold, compared to i.v. injection, if BBB-D was carried out

prior to i.c. injection. These increases in tumor boron uptake were
associated with corresponding increases in MST and MeST of F98
glioma-bearing rats following BNCT. The difference in MST between
animals that had received BSH or BPA i.v. was not significant. This
is particularly noteworthy because the present study is the first that we
are aware of to directly compare these two compounds with one
another in the same series of experiments using an essentially non
immunogenic rat brain tumor (10). The terms CF (22) and, more
recently, CBE (23) have been introduced to emphasize the complexity
of calculating a RBE value for the â€˜Â°B(n,a)7Lireaction. Both of these
terms attempt to compare the radiobiological effects of the
â€˜Â°B(n,a)7Licapture reaction associated with a particular boron corn
pound relative to those produced by external beam photons. Our
survival data for brain tumor-bearing rats that received either BSH or

BPA i.v. suggest that they had identical CFs or CBES. Other previ
ously published data (16, 24, 25), including the RBE values that we
have used for BPA and BSH in the present study (3.8 and 2.3,
respectively), have assigned a higher value to the RBE (CF or CBE)
for BPA compared to BSH. These data, as well as our own, illustrate
the difficulties associated with assigning a RBE, CF, or CBE value to
the â€˜Â°B(n,a)7Li reaction associated with a boron compound. In our
studies, the increase of MeST and %ILS appeared to be directly
proportional to the tumor boron concentrations, independent of the
compound infused, and both parameters increased linearly as a func
tion of boron concentration (Fig. 2). Coderre et a!. (16) reported that
the apparent compound-dependent RBEs of BPA and dimerized BSH
[(B12H, 1S-SB12H4Y4 or BSSB], as determined by clonogenic cell
survival following BNCT, were â€”3.8 and â€”1.2, respectively. Never

theless, the survival times of rats given either BPA or dimerized BSH
followed by BNCT were similar when the compounds were admin
istered in amounts that resulted in similar â€˜Â°Bconcentrations in the

tumor. The authors suggested that this paradox may have been due to
different compound-dependent mechanisms by which tumor cells
were killed. This has been our rationale for using BSH and BPA in

combination with one another for BNCT of the F98 glioma (26). At
this point in time, therefore, it would seem prudent to exercise a
certain amount of caution before either pronouncing BPA superior or
dismissing BSH as a boron delivery agent for BNCT. If our rat data
can be extrapolated to the human, then i.v. BPA and BSH might be
expected to produce similar clinical results, but i.c. BPA with or
without BBB-D might be more effective than BSH. If the levels of
BPA were higher than BSH in normal brain, this could have an
adverse effect on its tolerance. Our present data suggest that the CF or
CBE are not only dependent upon the chemical composition and
biochemical properties of the boron capture agent, but also upon how
it is administered, which could significantly affect microdistribution.
Because the radiation effects of the â€˜Â°B(n,a)7Licapture reaction occur
at the level of individual cells, only microdosimetric techniques can
provide a true estimate of the radiation that is delivered to the tumor
(27).

The survival data that we have obtained in the present study with
i.c. injection of either BSH or BPA with or without BBB.D were
superior to those obtained with i.v. or, as previously reported by us,
with i.p. administration of these compounds (14, 26). Particularly
noteworthy was the survival curve of animals that had received BPA
i.c. with BBB-D (Fig. 1). The increased survival times of tumor
bearing rats were associated with a widening of the range, which was
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cytotoxic drugs, as well as a variety of test agents in brain tumor
bearing animals.

In Hatanaka's clinical studies, carried out between 1968 and 1992,
the majority of patients received BSH intra-arterially via either the
vertebral or carotid arteries (4, 36). A recent analysis of these data,
carried out by Kageji et al. (40), concluded that there were no
significantly measurable increases in tumor boron content associated
with intra-arterial compared to i.v. administration of BSH. Based on
this, it was recommended that BSH be administered i.v. because this
route is safer than the intra-arterial one. Our fmdings, which revealed
a significant therapeutic gain associated with i.c. administration of
either BSH or BPA with or without BBB-D, suggest that intra-arterial
administration needs to be further evaluated, perhaps in larger animals

such as dogs and clinically in humans. BBB-D has been used as a
means of increasing the uptake of low molecular weight cytoreductive
chemotherapeutic agents that are normally ineffective against human
brain tumors (41, 42). One of the problems associated with the use of
BBB-D for this purpose is the increased neurotoxicity that may result
from exposure of critical regions within normal brain to highly toxic
drugs (29). Because both BSH and BPA, as well as new boron
compounds that are currently being evaluated, are not known to be
neurotoxic, BBB-D could provide a powerful approach to further
increase tumor boron uptake, especially by tumor cells disseminated
within those parts of the brain that have an intact BBB. One of the

significant advantages of BNCT is that the time interval between
boron compound administration and irradiation can be adjusted to
maximize tumor uptake and obtain the best composite T:Br and T:Bl
ratios. At this time, further evaluation of BBB-D as a means of
increasing tumor uptake of low and high molecular weight boron
containing compounds is warranted using both a small animal model

such as the rat and a large animal model such as the dog. Barrier
disruption may be particularly useful for higher molecular weight

delivery agents such as boron-containing liposomes (2), antibodies
(43), or epidermal growth factor (44), which normally would not
traverse the BBB. There are alternative approaches to osmotic
BBB-D. Recently, it has been reported that the bradykiin analogue
RMP-7 can selectively increase the permeability of the rat RG-2
glioma to drugs of various molecular weights (45â€”47).Studies are
currently in progress in our laboratory to study the effects of RMP-7
on the tumor uptake of BPA.

In the present study, we have shown that the efficacy of BNCT can
be enhanced by the combination of i.c. injection of either BSH or BPA
and BBB-D in a rat glioma that heretofore has been incurable. These
observations have important clinical implications. What can realisti
cally be expected clinically from BNCT at this time and in the near
future? It remains to be determined whether clinical cures of glioblas
tomas can be achieved with either BSH or BPA, but it is not unrea
sonable to expect that there might be a significant prolongation in life
span and quality of life over that attainable with current therapeutic
modalities for brain tumors. Furthermore, a change in the pattern of
tumor recurrence from within a 2-cm zone adjacent to the surgical

margins (48, 49) to more distant sites within the brain would further
suggest therapeutic efficacy. Our data show that optimization of the
route of boron compound delivery may have an important impact on
this. Further studies are currently in progress in our laboratory to
optimize the delivery of low and high molecular weight boron corn
pounds to enhance the efficacy of BNCT.
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