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Abstract. Background: The boron concentration (BC) in the
blood, rather than in normal tissue, is often used as the
reference to calculate the BC in tumor for boron neutron
capture therapy (BNCT). The aims of this study were to justify
whether BC in the blood is equal to that of normal tissue, and
to verify the macro- and microdistributions of boron in tumor.
Materials and Methods: BALB/c nude mice bearing SAS
human oral carcinoma xenografts were intravenously injected
with 400 mg/kg of boronophenylalanine (BPA). Macro- and
microdistributions of boron in the tumor were assayed with
18 -fluoro-L-boronophenylalanine-fructose (FBPA-Fr)/micro-
positron-emission tomography (PET) and alpha track
autoradiography, respectively. Results: The BCs assayed from
the blood, normal tissue and tumor varied even on sampling at
the same time points post-BPA administration. The ratio of BC
in normal tissue to that in blood, i.e. N/B ratio, remains about
1.31 at 30 to 45 min post-BPA administration. Furthermore,
18F_FBPA-Frimicro-PET imaging and autoradiography also
showed heterogeneous boron distribution in the tumor.
Conclusion: The heterogeneous distribution of boron in the
tumor is a limiting factor for the precise calculation of BC in
the tumor. Here we suggest that the N/B ratio could be used
to calculate the true BC in the tumor and in normal tissue for
BNCT. '8F-FBPA-Fr/PET imaging is useful to justify the N/B
ratio for BNCT treatment.
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The success of boron neutron capture therapy (BNCT) is
highly dependent on accurate calculation of the boron
concentration (BC) in tumor and normal tissue and
homogeneous distribution of boron in the tumor (1). Under
BNCT treatment, the BC in blood is generally calculated as
being equal to that in normal tissue and is used to calculate
the BC in tumor. Thus, we examined the consistency of the
BC between normal tissue and blood, and investigated boron
microdistribution in the tumor region. BNCT is a binary
treatment modality that depends on an optimal drug that
contains '°B and high-quality thermal neutrons. It is based on
a nuclear reaction between the stable isotope (1°B) and a
thermal neutron, and yields high linear energy transfer (LET)
a and ’Li particles. The path length of these heavy particles
is in the range of 5-9 um (around one cell diameter) in the
tissue, and they have a high relative biological effectiveness
(2, 3). Boronophenylalanine (BPA), an analog of tyrosine, has
been utilized as a boron drug for BNCT, and accumulates in
tumor more than in normal tissue. Neutron irradiation can
begin at a suitable time when the BC in the tumor is
sufficiently high and the tumor-to-normal tissue (T/N) ratio
is effective. At a high T/N ratio, the tumor cells are destroyed
with minimal damage to normal cells (4). Therefore, precisely
calculating the macroscopic and microscopic distribution of
boron can improve the therapeutic efficacy of BNCT.
I8F_BPA positron-emission tomography (PET) has been
extensively utilized to determine the macrodistribution of
boron drug and the T/N ratio before BNCT treatment (5, 6).
In a clinical trial of BNCT, which included a clinical trial of
BNCT for head and neck cancer at the Tsing Hua open pool
reactor, the tumor to blood (T/B) ratio was assumed equal to
T/N, to calibrate the boron dose in both tumor and normal
tissue. The dose that could be tolerated by normal tissues that
surround tumors was considered to be the limiting dose of
radiation (7-9). However, the T/N ratio may not equal T/B;
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boron drug in the blood is eliminated very rapidly and the
BC in normal tissue gradually increases after BPA injection
(10, 11). It has been reported that ratio of I8p activity in
tumor to that in normal brain (T/N) was not equal to that of
the T/B after '8F-BPA administration (5). The T/B ratio
exceeded that of tumor to tongue ratio in a head and neck
squamous cell carcinoma animal model after the
intraperitoneal injection with BPA (12, 13). The
pharmacokinetics of boron drug vary among tumor, blood
and normal tissue. A conversion factor between T/B and T/N
is required to accurately calculate the true BC in a tumor and
normal tissue for BNCT. The normal tissue to blood (N/B)
ratio and the microdistribution of boron drug in tumor in
BNCT should therefore be evaluated.

Another important factor that determines the success of
BNCT is the microdistribution of boron in a tumor. Neutron
capture autoradiography (NCAR) using CR-39 nuclear track
detectors has been applied to analyze the boron distribution
in tumors. The track detector is easy to handle and
sufficiently sensitive to o and 'Li particles. It is very
effective in NCAR (14-17). LR115 is a nuclear track
detector, more efficient and sensitive for a-particles than is
the CR-39 detector (18-20). In this study, the biodistribution
of BPA and '3F-FBPA-Fr/micro-PET images were used to
evaluate the macrodistribution of boron drug, and an LR115
detector was used to investigate the microdistribution of
boron in BALB/c nude mice bearing SAS cell xenografts.

Materials and Methods

Cell culture. A human oral squamous cell carcinoma cell line (SAS)
was cultured in Dulbecco’s modified essential medium (DMEM;
GIBCO, Grand Island, NY, USA) that contained 10% heat-inactived
fetal bovine serum (FBS), 100 U/ml penicillin and 100 pg/ml
streptomycin (GIBCO) in a humidified atmosphere of 5% CO, and
95% air at 37°C. A total of 2x10° cells were seeded in the T75 flask,
and cells were harvested by trypsinization (0.05% trypsin).

Preparation of BPA-fructose solution. The BPA-fructose solution
was prepared according a previous publication (21). Fructose (2.2
g) was dissolved in 30 ml double-deionized water to form the
fructose solution. One gram of BPA (98% 19B enrich; Syntagon,
Sodertalje, Stockholm, Sweden) was added to the fructose solution
and the pH value was adjusted to 9.5-10 using 5 N NaOH. The
mixture was stirred until all of the powder had dissolved, and the
pH value was readjusted to 7.4 using 1 N HCI. The BPA solution
was filtered through a 0.2 pum filter, and the final BC of the BPA
solution was 1200 ppm.

Animal model and BPA administration. Six-week-old male BALB/c
nude mice were obtained from the National Laboratory Animal
Center, ROC. Before the experiment, the mice were kept in a cage
for at least one week at a temperature of 22+2°C and a humidity of
50+10%. The animals had access to unlimited food and water. Mice
were injected subcutaneously with 1x10° cells suspended in 100 pl
phosphate buffered saline (PBS) into the forelimb under anesthesia
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with 2-3% isoflurane. When the tumor reached a suitable size
(~70 mm?3), the mice were administered 400 mg/kg BPA via
injection into a tail vein. Mice were sacrificed at 3, 15, 30, 45 and
60 min after BPA administration; the tumor, blood, mandible,
tongue, heart, lung, liver, stomach, intestine, pancreas, spleen, and
kidney were collected for BC analysis. The data were presented as
the mean number of samples from 3 mice per treatment group that
were analyzed individually.

BC analysis. Mouse tissue samples were stored at —20°C. Each
sample was thawed at room temperature and weighed in a Teflon
tube. Three milliliters of 65% v/v nitric acid and 0.5 ml of hydrogen
peroxide were added to the Teflon tube. The samples were digested
in a microwave apparatus (MLS 1200 Milestone, Fatebenefratelli,
Sorisole, Italy). The microwave digestion program was 3 min
heating at 300 W, 2 min heating at 250 W, and cooling for 20 min.
The resulting solution was diluted with double-deionized water to
a total volume of 25 ml. BC analysis was performed by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES, OPTIMA
2000 DV; PerkinElmer Instruments, Norwalk, CT, USA). The
analytical wavelength was 249.773 nm. The temperature of the
argon plasma was 6000-7000 K, and the flow rate of the liquid was
about 2 ml/min.

Preparation of 18F-fluoro-L-boronophenylalanine fructose (18F-
FBPA-Fr). About 5.5 GBq !8F-F, was produced from Ne that was
mixed with 0.9% F, in an aluminum target body that was irradiated
with 8.5 MeV deuteron for 2 hours at a beam current of 40 pA.
[!8F]Acetyl hypofluorite was generated by passing !8F-F, through
a KOAc/AcOH column (flow rate, 50-60 ml/min). The [!8F]Acetyl
hypofluorite was bubbled into 4 ml trifluoroacetic acid (TFA) that
contained 20 mg BPA in a 5 ml Reacti-vial at ambient temperature.
TFA was removed by N, gas (flow rate, 200 ml/min) under reduced
pressure. The residue was dissolved in 2 ml acetic acid (0.1%), and
then filtered through a 0.22 um filter to yield the raw product. The
raw product was purified using a reversed-phase semi-preparative
high-performance liquid chromatography (HPLC) system. The 8F-
FBPA was eluted between 23 and 25 min and was collected. The
solvent was removed under reduced pressure; sodium bicarbonate
(0.5 ml, 8.4%) and fructose (1.0 ml, 0.5 mol/l) were then added and
the solution was filtered through a 0.22 um membrane filter into a
sterile vial to yield the final product, 18F-FBPA-Fr (22).

Dynamic micro-positron-emission tomographic (micro-PET)
imaging and analysis. Dynamic micro-PET images of the SAS
tumor-bearing mice were obtained using the micro-PET R4 system
(Siemens, Knoxville, TN, USA). Each tumor-bearing mouse was
anesthetized with 2-3% isoflurane and imaged in the prone
position. The mouse was administered approximately about 7 MBq
I8F-FBPA-Fr (injected dose, ID) and immediately imaged. The
dynamic image was acquired using 10 frames of 1 min, followed
by 5 frames of 10 min for 60 min after !8F-FBPA-Fr
administration. The matrix size was 256x256 pixels. The field of
view (FOV) was 7.89 cm, and the slice thickness was 0.423 mm.
Regions of interest (ROIs) analysis used to quantify tumor tracer
uptake were manually defined using the dedicated software AMIDE
(23). The '8F-FBPA-Fr distribution in the tumor was analyzed at
—8.83, —-10.52, and —14.33 mm from the centerline of the image
(transverse plane). Adaptive isocontour threshold ROIs for the
tumor were drawn on the transverse planes. The ROIs in the active
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and non-active tumor regions were delineated to analyze
I8F-FBPA-Fr activity on the transverse planes at -9.68 to —11.37
mm from the centerline of the image. Active tumor regions were
defined as those in which the mean activity exceeded 4 %ID/g.
Non-active tumor regions were defined as those in which the
maximum activity was below 2.7 %ID/g.

Autoradiographic analysis of microdistribution of boron in tumor.
The mice were sacrificed and tumors were removed and frozen.
Tumor sections with a thickness of 80 um were prepared using a
freezing microtome, and placed on a polymethyl methacrylate
slide. LR115 films (Kodak-Pathe, Paris, France) were directly
covered on the slide with a tumor section for neutron
autoradiograpy. The slides were placed in a polyethylene (PE)
phantom and irradiated with netrons for 20 min. The thermal
neutron flux was 1.37x1010 n/cm?/s at the exit of the beam. After
neutron irradiation, the LR115 films were etched in 10% NaOH at
a temperature of 58°C for 10 min. The etched LR115 films were
viewed under an optical microscope that was equipped with a
digital camera to capture images of the a-tracks.

The intensity of the o-track images was 8 bits. The image
resolution was 1600x1200 in RGB color mode, such that the highest
image intensity did not exceed a pixel value of 256 in an individual
channel. BC distributions were analyzed throughout the image and
three profiles were obtained at y-positions of 600, 783, and 900
along the x-positions. The analyses yielded a relative BC
distribution. The profile of intensity was processed using a program
that was coded by Hsiao et al. (24, 25).

Statistical analysis. The data were expressed as meanz=standard
deviation (SD). Three mice per treatment group were analyzed
individually. The difference of BC in tissues was analyzed by
Student #-tests.

Results

Biodistribution of BPA in tumor-bearing mice. BCs of organs
in tumor-bearing mice were analyzed at 15, 30, 45, and 60
min after the administering of a 400 mg/kg dose of BPA. The
BCs of the mandible did not differ with time (p>0.3) after
administration. Although the BC of skin and tongue began
to decrease at 30 min, the BC of other normal tissue began to
decrease 15 min after administration. The BC of tumor
increased throughout the time-course of the experiment.
However, the BC was mainly accumulated in the pancreas,
and secondly in the kidney (Figure 1).

BCs and boron T/N and T/B ratios. The BCs of tumor at 3,
15, 30, 45 and 60 min after administration were 11.35+3.04,
15.77£3.71, 18.85+4.33, 19.7£5.06, and 19.97+5.45 ppm,
respectively. The BC of tumor increased throughout the time-
course of the experiment after BPA administration. The BCs
of the tumor and muscle did not differ from each other
(p>0.3) at either 3 or 15 min after administration (Figure
2A). The T/N ratios were 0.97 and 1.03 at 3 and 15 min after
administration, respectively (Table I). The BC of muscle was
used as the BC of normal tissue. The BC of muscle reached

Table 1. The T/N, T/B and N/B boron concentration ratios in mice
administrated boronophenylalanine (BPA).

Ratio Time (min) after administration

3 15 30 45 60
T/N 0.97 1.03 1.25 1.38 1.59
T/B 0.18 1.17 1.63 1.81 243
N/B 0.19 1.13 1.31 1.32 1.52

T: Tumor; N: normal tissue (muscle); B: blood; BPA dose: 400 mg/kg bw.

its maximum at 15 min, and then slowly decreased. The T/B
ratio thus increased with time. The N/B ratio was stable
between 30 and 45 min after administration at approximately
1.31 (Table I).

Distribution of "SF-FBPA-Fr in tumor. Figure 3 shows the
I8E_FBPA-Fr distribution on the coronal plane of a mouse
and three transverse planes in the tumor. Hot spots and
cold spots were observed on the coronal planes of the
tumor (Figure 3A). The three transverse planes of the
tumor were —14.33 (plane 1), —10.52 (plane 2) and —8.83
mm (plane 3) from the centerline (transverse plane) of the
image, respectively. Plane 1 was close to the tumor
periphery and a region of high activity was observed at the
center of the tumor (Figure 3B). On transverse plane 2, a
large active region (R1) was observed on the left side of
tumor and a region of low activity (R2) was also present
in the tumor center (Figure 3C). The tumor activity of
transverse plane 3 was apparently less than that on
transverse planes 1 and 2, and a region with low activity
was observed on the left side of the tumor (Figure 3D).
The results provide evidence that a heterogeneous
distribution of '8F-FBPA-Fr existed in the tumor.

Table II shows tumor activity on different transverse
planes after 18F_FBPA-Fr administration. Planes 1,2,3,4
and 5 were -9.68, —10.1, —-10.52, -10.94 and —-11.37 mm
from the center distance of the transverse plane, respectively.
The activity of ROI of the active tumor region and the non-
active tumor region on each plane was analyzed. The '8F-
FBPA-Fr activity analysis provided evidence of
heterogeneous distribution of activity of the active and non-
active regions in the tumor.

Distribution of boron-10 in tumor. Figure 4A shows the
section of a tumor located under the skin. A scar close to the
skin was observed on the frozen section of the tumor and
histomorphologic heterogeneity was observed in regions a, b
and c of the tumor section. The autoradiograph displays the
a-tracks on the same section of the tumor (Figure 4B). The
track density was lower in region a, and tumor necrosis was
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Figure 1. Boron concentrations in organs of tumor-bearing mice after administration of 400 mg/kg/bw dose of boronophenylalanine (BPA). The
data was presented as the mean number of samples from 3 mice per treatment group.
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Figure 2. Boron concentrations in tumor, muscle and blood at 3, 15, 30, 45 and 60 min after administration of a 400 mg/kg/bw dose of BPA. A: Boron
concentrations in tumor and muscle; B: boron concentrations in tumor and blood. The data was presented as the mean number of samples from 3
mice per treatment group.
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Min: 0 %ID/g
Max: 10 %ID/g

Figure 3. A: Coronal view of micro-PET image in a mouse. B: Transverse plane 1; C: transverse plane 2; and D: transverse plane 3 at —14.33,
—10.52 and —8.83 mm from the center of the image, respectively. The relative intensity of image reveals the relative !SF-FBPA-Fr activity in tumor.
T: Tumor, R1: active region in the tumor, R2: non-active region in the tumor.

also observed in the same region, as presented in Figure 4A.
The track density was higher in regions b and c, indicating
active uptake of the boron drug by tumor cells in these
regions. Figure 4C shows the relative intensity profile that
corresponds to Figure 4B. In Figure 4C, regions of higher
intensity and lower intensity can be seen. However, although
in the region of higher intensity, the track density was not
homogeneous. Figure 4D shows the profiles of the relative
boron distribution at y-distance of 600, 783 and 900 along
the x-positions on the tumor section in Figure 4C. The
variation of relative a-track intensity was observed; the
results provide evidence of the heterogeneous distribution of
boron in the tumor.

Discussion

Before BPA-mediated BNCT treatment, the T/N ratio was
determined by analyses of the ROI using !8F-BPA PET (5,
26, 27). In BNCT treatment, the delivered radiation dose is
limited by the tolerance of the surrounding normal tissues,
in order to prevent normal tissues from damage (3). Because
blood is easily obtained during BNCT treatment, the BC in
blood is assumed to be equal to that in normal tissue in the
calculation of the boron dose in both normal tissue and
tumor (7, 28, 29). However, the T/B ratio has been reported
not to equal T/N at 1, 2 and 3 hours after the intraperitoneal
administration of BPA in a human oral cancer model (12).
Moreover, Kreimann et al. investigated the biodistribution in
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Figure 4. Frozen section and autoradiograph of tumor after administration of a 400 mg/kg/bw dose of boronophenylalanine (BPA). A: 80 um-thick
[frozen section of tumor; B: autoradiograph of tumor section; C: a-track intensity distribution in tumor autoradiograph; D: relative intensity profile
of a-track at y-distances of 600, 783 and 900 along the x-positions on the tumor section. The size of tumor was 92.63 mm3. Arrow: Scar.

a hamster cheek pouch model of oral cancer after
intraperitoneal administration of a 300 mg/kg dose of BPA,
and T/N ratios were not equal to T/B ratios at 0.5, 1, 1.5,2.5,
3.5, 6 and 12 hours after BPA administration (13). In our
study, at 3, 15, 30, 45 and 60 min after intravenous
administration of a 400 mg/kg dose of BPA, the T/N ratio
did not equal T/B at any time following BPA administration,
and variations in T/B and T/N ratios related to the time of
measurement were observed.

Boron doses that contributed most significantly to the
effective dose for the tumor and normal tissue in BNCT
treatment were calculated in real time. The estimate of the
BC in tumor was based on the BC in blood, but the BC in
the blood was not equal to that in normal tissue. Data of this
study showed the BCs in blood were less than those in
normal tissue. Using the blood BC as the basis for estimating
tumor BC, tumor BCs were overestimated by 13.6%, 30%,
31% and 52.8%, respectively, at 15, 30, 45 and 60 min after
BPA administration. However, normal tissue BCs were
underestimated by 12%, 23.3%, 23.7% and 34.6%,
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respectively, at 15, 30, 45 and 60 min after BPA
administration. Therefore, a conversion factor needs to be
applied for estimating the true BC in tumor and normal
tissue for the dose calculation during BNCT treatment. The
conversion factor should be the N/B ratio. In our studies,
N/B ratios were constant (~1.31) at 30 and 45 min after
administration of a 400 mg/kg dose of BPA in a human oral
squamous cell carcinoma-bearing animal model. The
constancy of the N/B ratio facilitated the estimation of BC
and boron dose calculation for the tumor and the maximum
tolerated dose of normal tissue in BNCT. Thus, the T/N, T/B
and N/B ratios should be determined by ROI analysis using
I8F.FBPA-Fr PET before a patient undergoes BNCT
treatment.

The estimation of the BNCT dose assumes that the boron
drug is homogeneously distributed in the tumor and in
normal tissue (30). In fact, the homogeneity of BPA in the
tumor depends on the tumor size and characteristics. The
distribution of boron was more homogenous in small tumors
than in larger tumors. It was evident that BPA was targeted
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Table I1. I8F-FBPA-Fr activity in region of interest (ROI) of active and non-active tumor regions on transverse planes of mouse tumor.

ROI Plane no. Volume Min Max Mean Percentage error
(mm3) (%ID/g) (%ID/g) (%ID/g)
Min activity (%)  Max activity (%)

Active tumor region 1 16.26 2.83 6.62 4.75 —-40.38 393
2 10.18 234 6.62 4.46 —-47.44 48.29
3 8.44 2.84 6.3 4.81 —-40.88 31.15
4 18.85 2.54 6.3 4.67 —-45.69 3498
5 10.16 2.26 6.3 4.55 -50.34 38.56

Non-active tumor region 1 2 1.93 2.67 2.83 -8.87 26.3
2 0.96 1.93 244 234 -8.52 15.72
3 1.16 1.8 2.56 2.84 -13.44 23.52
4 2.54 1.8 2.56 2.54 -13.73 23.11
5 1.23 1.8 2.5 2226 -13.06 21.04

Planes 1, 2, 3,4 and 5 were at —9.68, —10.1, —10.52, —10.94 and —11.37 mm from the centerline of the image, respectively. Percentage error of
minimum (min) activity (%)=(Min — mean)/meanx100%; percentage error of maximum (max) activity (%)=(Max — mean)/meanx100%. %ID/g:

percentage injected dose per gram of tissue.

to actively dividing cells by the double labeling of mice with
L-BPA and tritiated thymidine (31). Moreover, some of the
tumor cells were at rest. These quiescent cells were arrested
in the G phase. The BC was lower in quiescent cells than
in cells in other phases of the cell cycle after BPA treatment
(32). BPA accumulation was higher in mouse squamous cell
carcinoma (SCCVII) and rat glioma (C6) cells in the G,/M
than in those in the Gy/G phase (33), which may possibly
cause the heterogeneous distribution of boron drug.

I8E_FBPA-Fr activity was analyzed on five transverse sections
of tumor. The minimum and maximum activities in the ROI on
five transverse planes from —9.68 to —11.37 mm from the center
of the image were greater in the active region of the tumor than
in the inactive region (Table II). These results provide evidence
that tumor cells in the same transverse section contained
different concentrations of boron drug, and there may also be a
low concentration of BPA in the active regions of the tumor.
The percentage errors of minimum activity ranged from —40.38
to —50.43%, and these of maximum activity ranged from 31.15
to 48.29%. These results demonstrate the possible presence of
various histological types and microdistributions of boron drugs
within the tumor. The success of BNCT depends on an accurate
calculation of the macro- and microdistributions of boron drug.
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