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This study evaluated the pharmacokinetics and biodistribution
of 4-borono-2-18F-fluoro-L-phenylalanine (18F-FBPA) after intra-
carotid injection and with blood–brain barrier disruption
(BBB-D) in F98 glioma-bearing F344 rats. The pharmacokinetics
of L-p-boronophenylalanine (BPA) and 18F-FBPA following dif-
ferent administration routes were compared to demonstrate the
optimal delivery route and the time period for thermal neutron
irradiation. Methods: F98 glioma-bearing rats were injected
intravenously or intracarotidly with 18F-FBPA and BPA and with
or without mannitol-induced hyperosmotic BBB-D. The boron
concentration and 18F radioactivity in tissues were determined
by invasive (inductively coupled plasma mass spectroscopy,
�-counting) and noninvasive PET methods. Results: The bio-
distributions of 18F-FBPA and BPA in F98 glioma-bearing rats
were similar after intracarotid administration with BBB-D. The
accumulation of BPA and 18F-FBPA in brain tumor and the
tumor-to-ipsilateral brain ratios were the highest after intraca-
rotid injection with BBB-D, whereas the retention of boron drugs
in contralateral brains exhibited only nonsignificant differences
compared with those after intracarotid injection without BBB-D
and intravenous injection. The high boron concentration in brain
tumor (76.6 �g/g) and the high tumor-to-ipsilateral brain ratio
(6.3) may afford enough radiation doses to destroy the tumor
cells while sparing the normal tissues in boron neutron capture
therapy. The pharmacokinetic parameters of kel, k12, k21, and V1

for intracarotid injection of 18F-FBPA with BBB-D derived from
the open 2-compartment model are 0.0206 � 0.0018 min�1,
0.0260 � 0.0016 min�1, 0.0039 � 0.0003 min�1, and 3.1 � 0.1
mL, respectively. The effect of BBB-D varied depending on the
anesthetic agents used and the anesthetic conditions. A smaller
degree of BBB-D and, thus, lower boron concentrations in
tumor and ipsilateral brain were observed under isoflurane an-
esthesia than under ketamine anesthesia. The k12/k21 ratio may
serve as a good indication for evaluating the extent of BBB-D,

tumor uptake, and tumor-to-brain ratio after intracarotid injec-
tion of boron compounds. Conclusion: Our findings provide
important information for establishing an optimal treatment pro-
tocol when intracarotid injection with BPA after BBB-D is ap-
plied in clinical boron neutron capture therapy.
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Boron neutron capture therapy (BNCT) is based on the
nuclear capture reaction that occurs when 10B is irradiated
with thermal or epithermal neutrons to produce high linear
energy transfer �-particles and recoiling 7Li nuclei (1,2).
For successful clinical applications of BNCT, there must be
a selective accumulation of 10B in the tumor, low levels in
normal tissues, and sufficient thermal neutron fluence de-
livered to the tumor site. Considerable efforts have been
dedicated to the development of boron-delivering agents
that could target tumors for BNCT, but, until now, only 2
low-molecular-weight boron compounds, sodium sulfhy-
dryl borane (Na2B12H11SH [BSH]) and L-p-dihydroxyboryl-
phenylalanine (BPA), have been clinically used as neutron
capture agents for the treatment of brain tumor and other
tumor types (3,4). Although these compounds lack speci-
ficity, they may attain higher concentrations in neoplastic
cells by virtue of a partial compromise of the integrity of the
blood–brain barrier (BBB) within the tumor.

Barth et al. (5,6) has reported that using intracarotid
infusion of a hyperosmotic solution of mannitol, which
disrupts the BBB, followed by intracarotid injection of
either BPA or BSH, the boron uptake in brain tumor and
animal survival could be higher than by other delivery
routes. However, the boron content in tumor, normal brain,
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and blood after intracarotid injection with BBB disruption
(BBB-D) of boron compounds also exhibited higher varia-
tion than by other delivery routes. To ensure the efficacy of
BNCT, it would be essential to determine the pharmacoki-
netics and the concentration of boron compounds in brain
after intracarotid injection with BBB-D for each individual
patient before neutron irradiation is conducted. We used
4-borono-2-18F-fluoro-L-phenylalanine (18F-FBPA) as a
PET probe to investigate noninvasively the pharmacokinet-
ics of BPA after hyperosmotic BBB-D in F98 glioma-
bearing Fischer 344 rats. The radioactivity of 18F-FBPA in
tumor and normal tissues was measured by �-scintillation
counter, and the boron content in tissue samples was deter-
mined using inductively coupled plasma mass spectroscopy
(ICP-MS). This study demonstrated the pharmacokinetics
and biodistribution of 18F-FBPA and BPA after intracarotid
injection with hyperosmotic BBB-D in a glioma-bearing rat
model. Our results could help in optimizing the treatment
protocol for BNCT of brain tumors.

MATERIALS AND METHODS

18F-FBPA Synthesis and F98 Glioma Brain Tumor
Model in Rats

The procedures for 18F-FBPA preparation, F98 glioma cell
culture, and the glioma-bearing Fischer 344 rat (male, 12–14 wk
old, about 250–280 g) model were detailed in our previous report
(7). The radiochemical purity of 18F-FBPA was �97%. The animal
experiments were approved by the Laboratory Animal Care Panel
of the National Yang Ming University.

Intracarotid Artery Injection and Osmotic BBB-D
Thirteen days after tumor implantation, the rats were anesthe-

tized by intraperitoneal administration of a 4:1 mixture of ket-
amine and xylazine at a dose of 0.016 mL/g of body weight (BW)
or with isoflurane using a vaporizer system (Fluosorber; VetClick).
The left common, external, and internal carotid arteries were
exposed, and the proximal portion of the external carotid artery
was temporarily clamped with an aneurysm clip. The distal end of
a polyethylene (PE 10) catheter linked with a Mini-port (Smiths
Medical MD) was inserted into the left external carotid artery, then
to the common carotid artery bifurcation, and fixed at the 3- to
4-mm proximal portion of the external carotid artery with an
aneurysm clip. The distal portion of the external carotid artery and
every branch of the external carotid artery were coagulated, and a
small volume of heparin (100 IU/mL of normal saline, �0.4 mL)
was infused to ensure that it flowed up the internal carotid artery.
After intracarotid injection, the cannula was removed, the external
carotid artery was ligated, and the neck dissection was closed.
BBB-D was accomplished using the method described by Neuwelt
et al. (8,9) with some modifications. Briefly, a 25% mannitol
solution (1.6 mol/L) was warmed to 37°C, filtered through a
0.22-�m membrane filter (Millex-GV, no. SLGVR25LS; Milli-
pore Corp.), and infused through the catheter into the external
carotid artery for 30 s at a rate of 0.25 mL.kg�1.s�1. This dose has
been reported to produce a reversible BBB-D without significant
neuronal damage (10). The control animals were infused with
normal saline instead of mannitol.

Pharmacokinetics of 18F-FBPA Determined by PET
The procedures for PET were described in detail in our previous

report (7). PET was performed on the 13th day after tumor im-
plantation. Three groups of rats—intravenous (n � 3), intracarotid
(n � 6), and intracarotid with BBB-D (n � 6)—were anesthetized
with isoflurane using a vaporizer system and received intracarotid
or intravenous injections of 18F-FBPA at a dose of 29.6 MBq/kg of
BW for 5 min immediately after intracarotid infusion of either
25% (w/v) mannitol or normal saline. Data acquisition by PET was
initiated at the first minute after drug administration. Dynamic
coronal images were acquired using ten 60-s frames and ten 2-min
frames, followed by 10-min frames up to 4 h after injection.
Time–activity curves were plotted for both tumor and ipsilateral
normal brain ROIs.

Biodistribution of 18F-FBPA
The biodistribution of 18F-FBPA was determined on the 13th

day after tumor implantation. Each tumor-bearing rat was anes-
thetized with isoflurane using a vaporizer system and received an
intracarotid injection of 18F-FBPA at a dose of 29.6 MBq/kg of
BW for 5 min immediately after intracarotid infusion of 25% (w/v)
mannitol. At 0.5, 2.5, and 4 h after injection, rats were sacrificed
with chloroform (Merck, catalog no. 1.02445). Tumors, ipsilateral
brain, contralateral brain, and blood were removed, and parts of
these tissues were assayed for radioactivity with a �-scintillation
counter (Cobra II Autogamma; Packard). The uptake of 18F-FBPA
in tissues was expressed in counts per minute (cpm) corrected with
decay and normalized to the percentage injected dose per gram of
tissue (%ID/g).

Pharmacokinetic Model Analysis
Blood samples (0.1 mL each) were collected from the femoral

arterial catheter during PET at 1, 5, 10, 15, 20, 25, 30, 50, 70, 90,
120, 150, 180, 210, and 240 min after 18F-FBPA administration.
The radioactivity of blood samples was assayed with a �-scintil-
lation counter and was expressed in MBq/mL of blood sample.
Pharmacokinetic parameters were estimated after fitting a nonlin-
ear regression curve to the data point of blood radioactivity using
the open 2-compartment model (Cp � Ae��t 	 Be�
t). Nonlinear
regression analysis using programs incorporating the SigmaPlot
software was then performed to calculate the gross rate constants
(A, �, B, 
). The micro rate constants of kel (rate constant of
elimination), k12 (rate constant of central compartment to periph-
eral compartment), k21 (rate constant of peripheral compartment to
central compartment), and V1 (central compartment volume of
distribution) were calculated using Matlab 6.5 with in-house–
designed Matlab codes under Windows XP professional OS.

Biodistribution of 10B-BPA
The biodistribution study of BPA was performed on the 13th

day after tumor implantation. Each tumor-bearing rat was anes-
thetized by intraperitoneal administration of a 4:1 mixture of
ketamine and xylazine at a dose of 0.016 mL/g of BW and received
intracarotid injection of BPA at a dose of 300 mg/kg of BW for 5
min immediately after intracarotid infusion of 25% (w/v) mannitol.
At 0.5, 1, 2, 3, 4, and 6 h after injection, rats were sacrificed with
chloroform. Tumor, ipsilateral brain, contralateral brain, and blood
were removed and parts of these tissues were assayed for boron
concentration by ICP-MS and were calibrated with the standard
curve derived from the measurement of boric acid standard (pur-
chased from the National Institute of Standards and Technology).
The results were normalized to �g/g of tissue. The advantages of
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ICP-MS over other methods are higher sensitivity, lower detection
limit, and simultaneous measurement of 10B-to-11B isotopic ratio
and total boron content in a sample (11).

Effect of Anesthesia on Biodistribution of BPA
The F98 glioma-bearing rats were randomly divided into 2

groups. Group 1 (n � 6) rats were each injected intravenously with
500 mg/kg of BW of BPA for 5 min immediately after intracarotid
infusion of 25% (w/v) mannitol and kept anesthetized with isoflu-
rane for 2.5 h. Group 2 (n � 6) rats received the same drug
treatment as in group 1 except that a ketamine mixture was used
instead. At 2.5 h after drug administration, rats were sacrificed
with chloroform. Tumor, ipsilateral brain, contralateral brain,
and blood samples were removed and assayed for boron concen-
tration by ICP-MS. The boron concentration was normalized to
�g/g of tissue.

Statistical Analysis
All values are shown as mean � SD. Statistical analyses were

performed using an unpaired Student t test to evaluate the signif-
icance of differences in values between 2 treated groups. Simple
regression analysis was performed to establish the correlation
among the radioactivity of tumor ROI, k12/k21, and tumor-to-
ipsilateral brain ratio. A 2-tailed value of P � 0.05 was considered
significant.

RESULTS

Pharmacokinetics of 18F-FBPA Determined by PET
The time–activity curves of 18F-FBPA in tumor and ip-

silateral brain derived from dynamic PET images are shown
in Figure 1A. The uptake of 18F-FBPA in tumor differed
significantly for various delivery routes. Among them, the
intracarotid injection with BBB-D was the highest. In con-

trast to tumor uptake, insignificant differences were found in
normal brain uptake of 18F-FBPA in spite of the different
administration protocols used. The derived tumor-to-ipsilat-
eral brain ratios after 18F-FBPA administration (Fig. 1B)
showed that the ratios were about 5.1 at 145–165 min after
intracarotid injection with BBB-D, 3.1 at 98–112 min after
intracarotid injection without BBB-D, and 2.4 at 45–62 min
after intravenous injection, respectively.

Pharmacokinetic Model Analysis
The time–activity curves of 18F-FBPA in blood after

intracarotid injection of 18F-FBPA with and without BBB-D
were shown in Figure 2. Biexponential time–activity curves
of blood after intracarotid injection of 18F-FBPA with and
without BBB-D were observed and, thus, the open 2-com-
partment model was used to estimate the pharmacokinetic
parameters. The pharmacokinetic parameters of kel, k12, k21,
and V1 for intracarotid injection with BBB-D derived from
the time–activity curve of 18F-FBPA in blood were
0.0206 � 0.0018 min�1, 0.0260 � 0.0016 min�1, 0.0039 �
0.0003 min�1, and 3.1 � 0.1 mL, whereas those for intra-
carotid injection without BBB-D were 0.0071 � 0.0014
min�1, 0.0160 � 0.0017 min�1, 0.0061 � 0.0004 min�1,
and 3.6 � 0.1 mL, respectively (Table 1).

Biodistribution of 18F-FBPA
The accumulation of 18F-FBPA in tumor, ipsilateral

brain, contralateral brain, and blood of F98 glioma-bearing
Fischer 344 rats at 0.5, 2.5, and 4 h after administration of
18F-FBPA (29.6 MBq/kg of BW) by various routes are
shown in Table 2. The biodistribution revealed that the

FIGURE 1. Pharmacokinetics of 18F-FBPA for F98 glioma-bearing rats determined by PET. (A) Time–activity curves of 18F-FBPA
in tumors and ipsilateral brains of F98 glioma-bearing rats derived from dynamic PET images after intracarotid (i.c.) injection with
and without BBB-D and after intravenous (i.v.) injection. (B) Tumor-to-ipsilateral brain ratio of 18F-FBPA.
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uptake of 18F-FBPA in tumor was significantly higher than
that in blood and in normal brain during the entire study
period. The tumor-to-ipsilateral brain ratio reached a max-
imum (4.8) at 2.5 h after administration of 18F-FBPA with
BBB-D, which confirmed the PET finding (Fig. 1B). Al-
though the tumor-to-contralateral brain and tumor-to-blood
ratios were even higher at 4 h (5.9 and 7.9, respectively)
than those at 2.5 h (5.7 and 6.7, respectively) after injection,
the tumor retention of 18F-FBPA at 4 h (1.48 � 0.25 %ID/g)
was significantly decreased from that at 2.5 h (2.63 � 0.72
%ID/g).

Biodistribution of 10B-BPA
The boron concentrations in tumor, ipsilateral brain, con-

tralateral brain, and blood at various time after intracarotid
injection of 300 mg/kg of BW of BPA with BBB-D were
assayed by ICP-MS (Fig. 3A). The time period between 0.5
and 6 h after administration of BPA with BBB-D was taken
as the elimination phase. One hour after administration of
BPA, the contralateral brain boron concentration–time pro-
file was taken as the absorption phase. The tumor-to-con-
tralateral brain ratio showed a rapid decrease in the first 1 h
after drug administration and declined slowly in the elimi-
nation phase (Fig. 3B). The tumor-to-ipsilateral brain ratio
reached a plateau at 2–3 h after drug administration and then
declined slowly. The distribution of boron in F98 glioma-
bearing rats at 2.5 h after various routes of administration of
500 mg/kg of BW of BPA is shown in Table 3. The boron
concentration in tumor (76.6 � 12.1 �g/g) was higher after
intracarotid injection with BBB-D than that after intraca-
rotid injection without BBB-D (43.1 � 5.6 �g/g) and after
intravenous injection (19.5 � 4.5 �g/g). Besides, the tumor-
to-ipsilateral brain, tumor-to-contralateral brain, and tumor-
to-blood ratios were also significantly higher after intraca-
rotid injection with BBB-D than those after intracarotid
injection without BBB-D and after intravenous injection

(Table 3). The results revealed that the intracarotid injection
with BBB-D would be the optimal delivery route to attain
the highest tumor uptake of BPA and the tumor-to-normal
tissues ratios.

Effect of Anesthesia on Biodistribution of 10B-BPA
The boron concentrations in tumor, ipsilateral brain, con-

tralateral brain, and blood at 2.5 h after administration of
500 mg/kg of BW of BPA under different anesthesia con-
ditions are shown in Figure 4. The boron concentrations in
tumor and the ipsilateral brain of the isoflurane-anesthetized
rats were significantly lower than those of ketamine mixtu-
re–anesthetized rats (P � 0.01), whereas the boron concen-
trations in the contralateral brain (P � 0.11) and the blood
(P � 0.52) were similar in the 2 groups.

DISCUSSION

BNCT is a binary system for cancer treatment that was
designed to selectively target heavy charged-particle radia-
tion to tumors at the cellular level. To allow more thera-
peutic agents to diffuse into the brain and intracerebral
neoplasms, a procedure that can temporarily open the BBB
has been used (12). Intracarotid administration of hyper-
tonic mannitol or cereport leads to a reversible and transient
opening of the BBB. When the BBB-D method was applied
in clinical chemotherapy and also in preclinical BNCT, the
efficiency of treatment (13,14) and the survival of animals
after neutron irradiation increased significantly (15,16).
However, to our knowledge, the detailed pharmacokinetics
after intracarotid injection of BPA with or without BBB-D
has not been reported previously. Therefore, we investi-
gated the pharmacokinetics after intravenous and intraca-
rotid injection of 18F-FBPA and BPA with or without
BBB-D using noninvasive and invasive methods.

This study showed that the accumulation of radioactivity
in tumor was the highest after intracarotid injection of
18F-FBPA with BBB-D than by other delivery routes (Fig.
1A); the time–activity curve showed a biphasic kinetic
pattern. The uptake of 18F-FBPA in tumor after intravenous

TABLE 1
Estimated Pharmacokinetic Parameters Derived from
Time–Activity Curves of Blood of F98 Glioma-Bearing

Fischer 344 Rats After Intracarotid (i.c.) Injection of
18F-FBPA With and Without BBB-D

Parameter i.c. i.c. 	 BBB-D

kel (min�1) 0.0071 � 0.0014 0.0206 � 0.0018
k12 (min�1) 0.0160 � 0.0017 0.0260 � 0.0016
k21 (min�1) 0.0061 � 0.0004 0.0039 � 0.0003
V1 (mL) 3.6 � 0.1 3.1 � 0.1
k12/k21 2.6 � 0.2 6.7 � 0.5

Each point represents mean � SD of 6 rats.
All P values for comparison of kel, k12, k21, V1, and k12/k21 were

�0.01.

FIGURE 2. Time–activity curves of 18F-FBPA in blood of F98
glioma-bearing Fischer 344 rats after intracarotid (i.c.) injection
with and without BBB-D. Data points were fitted with open
2-compartment model (Cp � Ae��t 	 Be�
t). r2 � 0.97–0.99.
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administration showed a reasonable delay absorption phase.
The time to reach the maximum tumor-to-ispilateral brain
ratio was 145–165 min (ratio � 5.1) after intracarotid in-
jection with BBB-D, 98–112 min (ratio � 3.1) after intra-
carotid injection without BBB-D, and 45–62 min (ratio �
2.4) after intravenous injection (Fig. 1B). The pharmacoki-
netics of 18F-FBPA in F98 glioma-bearing rats derived from
dynamic PET images were further supported by biodistri-
bution studies (Table 2), which showed a tumor-to-ipsilat-
eral brain ratio of 4.8 at 2.5 h after intracarotid injection
with BBB-D. The time–radioactivity curves of tumor and
ipsilateral brain after intracarotid injection of 18F-FBPA
with BBB-D (Fig. 1A) were almost equivalent to the time–
boron concentration curves of tumor and ipsilateral brain
after intracarotid administration of BPA with BBB-D (Fig.
3A). These results indicated that the pharmacokinetics of
18F-FBPA after intracarotid injection with BBB-D were
similar to those of BPA. From the biodistribution (Fig. 3;
Tables 2 and 3) and PET study (Fig. 1), we have shown that
intracarotid injection of 18F-FBPA and BPA with BBB-D
not only significantly increased the accumulation of boron

drugs in brain tumor—compared with the results after in-
tracarotid injection without BBB-D or intravenous injec-
tion—but also largely elevated the tumor-to-brain and tu-
mor-to-blood ratios. The boron concentration in brain tumor
(76.6 �g/g) at 2.5 h after intracarotid injection of 500 mg/kg
of BW of BPA with BBB-D was 4-fold higher than that
after intravenous injection (19.5 �g/g; Table 3). The high
boron concentration in brain tumor and high tumor-to-
ipsilateral brain ratio (6.3) may afford enough radiation
doses to destroy the tumor cells while sparing the normal
tissues in BNCT (1,2).

In the absence of lethal treatment toxicities, prolongation
of a patient’s life depends on preventing tumor regrowth;
thus, tumor cell survival probability is a key parameter in
treatment success (17). For BNCT, the main operational
factors that dominate the effectiveness are intracellular bo-
ron concentration and thermal neutron fluence. Increasing
the neutron exposure will increase the nonspecific back-
ground dose to the normal tissues and produce no net gain
in the therapeutic ratio. Maximizing the delivery of boron to
tumor would be the most effective way to optimize BNCT

FIGURE 3. Biodistribution of 10B-BPA for F98 glioma-bearing rats. (A) Boron concentration in tumor, ipsilateral brain, contralateral
brain, and blood of F98 glioma-bearing Fischer 344 rats after intracarotid injection of BPA (300 mg/kg) with BBB-D. (B)
Tumor-to-normal tissue ratio of boron concentration. Rats were under ketamine mixture anesthesia.

TABLE 2
Biodistribution of 18F-FBPA in Tumor (T), Ipsilateral Brain (IB), Contralateral Brain (CB), and Blood (Bd) of F98

Glioma-Bearing Fischer 344 Rats at 0.5, 2.5, and 4.0 Hours after Intracarotid Administration
of 18F-FBPA (29.6 MBq/kg of BW) with BBB-D

Time (h)

Accumulation (%ID/g) Ratio

T IB CB Bd T/IB T/CB T/Bd

0.5 3.32 � 0.92 1.15 � 0.44 0.87 � 0.20 1.72 � 0.15 2.9 3.8 1.9
2.5 2.63 � 0.72 0.55 � 0.21 0.46 � 0.12 0.39 � 0.08 4.8 5.7 6.7
4.0 1.48 � 0.25 0.42 � 0.08 0.24 � 0.04 0.18 � 0.06 3.5 5.9 7.9

Each point represents mean � SD of 4 or 5 rats. Rats were under isoflurane anesthesia.
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(2). The results of this study indicated that intracarotid
injection of BPA with BBB-D, compared with other deliv-
ery routes such as intravenous or intracarotid, builds the
highest boron concentration in tumor and, thus, may exhibit
a dramatic effect on the therapeutic efficacy. The most
common delivery route of boron drugs in clinical BNCT to
date is intravenous administration. The patients in past
BNCT studies have not shown a significant benefit from
BNCT treatment (18,19), perhaps partially because of the
insufficient boron content and boron-to-normal tissue ratio
to reach a tumor curative radiation dose by intravenous
administration of boron-containing drugs.

Lower tumor-to-ipsilateral brain and tumor-to-blood ra-
tios derived from 18F radioactivity measurement (Fig. 1B;
Table 2) than those obtained from boron concentration
determination (Fig. 3B; Table 3) were repeatedly observed
in this study. To address this issue, a study was performed

to clarify whether this phenomenon was caused by the
different elements determined. A mixture of 18F-FBPA
(29.6 MBq/kg of BW) and BPA (300 mg/kg of BW) was
administered into the glioma-bearing rats by intracarotid
injection with BBB-D. The 18F radioactivity in the tumor
and tissue samples was measured with a �-scintillation
counter, and the boron content in the samples was deter-
mined with ICP-MS at 24 h after 18F radioactivity measure-
ment. The tumor-to-ipsilateral brain, tumor-to-contralateral
brain, and tumor-to-blood ratios obtained from boron con-
centration determination were 7.2, 8.1, and 8.3, respec-
tively, and those obtained from 18F radioactivity measure-
ment were 7.6, 8.3, and 8.9, respectively, at 2.5 h after drug
administration (Table 4). Agreement between the ratios
eliminated our doubt and revealed the same biodistribution
of 18F-FBPA and BPA after intracarotid administration with
BBB-D, which is similar to our previous study that showed
the biodistribution of 18F-FBPA was consistent with that of
BPA after intravenous administration (7).

To further elucidate the differences observed in Tables 2
and 3, another study using intracarotid injection of BPA into
the BBB-disrupted glioma-bearing rats, but anesthetized
with different agents, was performed. The results (Fig. 4)
showed that the boron concentrations of the contralateral
brain and blood under different anesthetic conditions were
similar, whereas the boron concentrations of tumor and
ipsilateral brain in the isoflurane-anesthetized rats were
lower than those in the ketamine mixture–anesthetized rats.
Our results indicated that the degree of the BBB-D induced
by mannitol infusion was less in glioma-bearing rats under
isoflurane anesthesia than that under ketamine mixture an-
esthesia. It has been suggested that the degree of hyperos-
molar BBB-D depends on the anesthetic conditions and the
anesthetic agents used (20–22). Isoflurane, fentanyl, and
pentobarbital anesthesia decreased the basal permeability of
the BBB when compared with the awake condition. Chi et
al. (23) have demonstrated that the degree of BBB-D in-
duced by hyperosmolar mannitol was less under isoflurane
anesthesia than that under pentobarbital anesthesia.

The pharmacokinetics derived from the open 2-compart-
ment model after intravenous injection of BPA and BSH in

FIGURE 4. Boron concentration in tumor, ipsilateral brain (IB),
contralateral brain (CB), and blood at 2.5 h after administration
of 500 mg/kg of BW of BPA under isoflurane/ketamine mixture
anesthesia.

TABLE 3
Boron Concentration in Tumor (Tumor [T] Implanted in Left Brain Region), Ipsilateral Brain (IB), Contralateral Brain (CB),

and Blood (Bd) of F98 Glioma-Bearing Fischer 344 Rats at 2.5 Hours After Administration
of BPA (500 mg/kg) by Various Routes

Route

Boron concentration (�g/g) Ratio

T IB CB Bd T/IB T/CB T/Bd

i.c. 	 BBB-D 76.6 � 12.1 12.1 � 3.5 10.1 � 1.5 9.2 � 2.4 6.3 7.6 8.3
i.c. 43.1 � 5.6 10.5 � 0.9 9.3 � 0.2 9.5 � 1.4 4.1 4.6 4.5
i.v. 19.5 � 4.5 7.8 � 1.4 8.4 � 1.6 9.0 � 1.2 2.5 2.3 2.2

i.c. � intracarotid; i.v. � intravenous.
Each point represents mean � SD of 5 or 6 rats. Rats were under ketamine mixture anesthesia.
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clinical BNCT have been reported (24–26). Some investi-
gators have proposed modified 3-compartment models to
describe the observed pharmacokinetics in brain after intra-
venous injection of 18F-FBPA in clinical and animal appli-
cations (27,28). In this study, the time–activity curves of
blood obtained after intracarotid injection of 18F-FBPA with
and without BBB-D (Fig. 2) were both biexponential, but
with different slopes in the elimination phase during the
study period. Thus, the open 2-compartment model was
used to estimate the pharmacokinetic parameters. The
higher value of k12 in the intracarotid group with BBB-D
than that in the intracarotid group without BBB-D (Table 1)
indicated that 18F-FBPA was transported from blood into
the brain more readily through the hyperosmotically dis-
rupted BBB. In addition to BBB-D, mannitol has been
reported to increase the glomerular filtration rate and renal
blood flow (29). Our previous study (7) showed that renal
clearance is the major metabolism route of 18F-FBPA and,
thus, the elimination of 18F-FBPA (kel; Table 1) from the

blood in the intracarotid group with BBB-D should be faster
than that in the intracarotid group without BBB-D, which
was also observed in this study. Elevation of the boron
concentration in the brain tumor after intracarotid injection
of boron compounds was highly dependent on the extent of
BBB-D; therefore, it is critical to assess the extent of
BBB-D for each individual patient before neutron irradia-
tion is conducted. The k12/k21 ratio, which is linearly corre-
lated with the accumulation of 18F-FBPA in tumor (r2 �
0.915; Fig. 5A), and the tumor-to-ipsilateral brain ratio
(r2 � 0.941; Fig. 5B) may render a direct indication of
BBB-D and provide the information needed for actual dos-
age adjustment to achieve optimal BNCT.

CONCLUSION

This study demonstrated that the boron concentration in
tumor and the tumor-to-normal brain ratio after intracarotid
injection of BPA with BBB-D are significantly higher than

TABLE 4
Biodistribution of 18F-FBPA and BPA in Tumor (T), Ipsilateral Brain (IB), Contralateral Brain (CB), and Blood (Bd) of F98

Glioma-Bearing Fischer 344 Rats at 2.5 Hours After Intracarotid Injection of a Mixture of
18F-FBPA (29.6 MBq/kg) and BPA (300 mg/kg) with BBB-D

Element

Accumulation Ratio

T IB CB Bd T/IB T/CB T/Bd

18F (%ID/g) 4.63 � 0.72 0.61 � 0.08 0.56 � 0.12 0.52 � 0.08 7.6 8.3 8.9
10B (�g/g) 45.5 � 3.4 6.3 � 0.23 5.6 � 0.12 5.5 � 0.33 7.2 8.1 8.3

Each point represents mean � SD of 3 rats. Rats were under ketamine mixture anesthesia.

FIGURE 5. Correlation among tumor region of interest (ROI), k12/k21, and tumor-to-ipsilateral brain ratio. (A) Correlation
between radioactivity of tumor ROI and k12/k21. (B) Correlation between tumor-to-ipsilateral brain ratio and k12/k21. Each point
represents one rat. Radioactivity of tumor ROI and tumor-to-ipsilateral brain ratio were derived from PET images at 2.5 h after
intracarotid injection of 18F-FBPA with and without BBB-D. k12/k21 ratio was obtained from pharmacokinetic analysis of blood
of the same rat.
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that by other delivery routes. The biodistributions of 18F-
FBPA and BPA after intracarotid administration with
BBB-D in glioma-bearing rats were almost equivalent; thus,
an 18F-FBPA PET scan may reveal the pharmacokinetics of
BPA after intracarotid injection with BBB-D and suggest
the optimal window for effective BNCT. The BBB-D in-
duced by intracarotid injection of hyperosmolar mannitol
could vary depending on anesthetic agents and anesthetic
conditions and should be considered in the design of treat-
ment protocols of BNCT. The k12/k21 ratio offered a good
indication of the extent of BBB-D and could be used to
evaluate the boron concentration in the tumor and tumor-
to-brain ratio after intracarotid injection of BPA with
BBB-D in the future clinical BNCT application.
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