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  Abbreviations  

  BNCT    Boron neutron capture therapy   
  BPA    4-boronophenylalanine   
  [ 18 F]FBPA    4-borono-2-[ 18 F] fl uorophenylalanine   
  FDG    2-deoxy-2-[ 18 F] fl uoro- D -glucose   
  ICP-AES    Inductively coupled plasma-atomic emission spectroscopy   
  MET     l -[methyl- 11 C]methionine   
  PET    Positron emission tomography   
   T / N     Tumor-to-normal-tissue ratio      

        11.1   Introduction 

 Positron emission tomography (PET) is a useful medical imaging modality for 
monitoring biological events inside the human body. PET can quantitate the distri-
bution of positron-labeled molecules in living tissue by coincidence detection of 
gamma rays and attenuation correction with an external positron-emitting source 
 [  32  ] . Thus, the tomographic image obtained by PET serves well as an in vivo ana-
logue of an autoradiograph  [  31,   33  ] . 

 Another important advantage of PET is the existence of the positron-emitting 
isotopes  11 C and  15 O, two major constituents of organic molecules, and  18 F, a useful 
analogue of hydrogen. These isotopes have been used for the development of diag-
nostic probes for both clinical and experimental use, as their rates of uptake express 
various biological processes of the living body. 

 With these diagnostic probes, PET has served as one of the most powerful tools 
for investigating human brain function noninvasively  [  5  ] . Recently, however, the 
applications of PET have spread beyond mainly research settings into clinical set-
tings with practical targets. Two of the major practical uses for PET are in the  fi elds 
of oncology and pharmacology. In the former, the whole-body PET scan with 
2-deoxy-2-[ 18 F] fl uoro- d -glucose (FDG) is now accepted as a modality for routine 
use. Oncologists, meanwhile, await newer probes for the imaging of tumors, as 
FDG imaging lacks suf fi cient sensitivity in the organs in which FDG accumulates 
under normal conditions, such as the brain. Pharmacologists use PET as a tool to 
monitor pharmacokinetics in drug development  [  3,   35  ] . By injecting a small 
amount of a positron-labeled drug, researchers can noninvasively monitor the 
dynamics of the drug or the occupancy of the drug at target sites in human. The 
application of PET for boron neutron capture therapy (BNCT) amply demonstrates 
the bene fi ts of PET in both oncology (i.e., tumor imaging with PET) and pharma-
cology (i.e., monitoring the pharmacokinetics of treatment substances). 

 In contrast to the other types of radiotherapy, BNCT confers a tumoricidal effect 
that is heavily in fl uenced not by the type of irradiation but by the biological distribu-
tion of boronated substrate injected into the body. Thus, oncologists await the estab-
lishment of an imaging method capable of quantifying boron uptake into tumors and 
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surrounding normal tissue  [  38  ] . PET will serve as just such a tool, provided that an 
appropriate positron-labeled tracer is developed. 

 4-Borono-2-[ 18 F] fl uorophenylalanine ([ 18 F]FBPA) is a positron label of 4-borono-
phenylalanine (BPA), a boron carrier for BNCT. Since its synthesis in the early 
nineties by one of the authors (KI)  [  13–  16  ] , [ 18 F]FBPA has been the only PET tracer 
capable of monitoring boron concentrations in vivo in human. The clinical protocol 
of [ 18 F]FBPA PET for BNCT was validated by two groups  [  10–  12,   19  ]  in the late 
nineties. Today, [ 18 F]FBPA PET is considered an inevitable screening tool for can-
didates for BNCT in Japanese clinical trials  [  1,   25,   39  ] . 

 This chapter will de fi ne PET imaging with [ 18 F]FBPA and describe its radiophar-
maceutical synthesis, experimental use, clinical use as a tumor-imaging agent, and 
use for BNCT.  

    11.2   Radiosynthesis of [ 18 F]FBPA 

 [ 18 F]FBPA is synthesized by direct  fl uorination of BPA with [ 18 F]acetyl hypo fl uorite 
([ 18 F]AcOF) or [ 18 F]F 

2
 , as shown in Fig.  11.1   [  14,   19,   36,   37  ] . The radiolabeled [ 18 F]

F 
2
  used is produced by deuteron irradiation of a high-pressure Ne gas containing a 

low-percentage (0.05–0.2 %) F 
2
 , via the  20 Ne(d, a ) 18 F reaction. By passing a target 

Ne gas containing [ 18 F]F 
2
  through a column  fi lled with potassium/sodium acetate, 

the [ 18 F]F 
2
  is converted to [ 18 F]AcOF. The ef fl uent containing [ 18 F]AcOF is then 

bubbled into BPA in tri fl uoroacetic acid, and the [ 18 F]FBPA product is puri fi ed by 
high-performance liquid chromatography. Ishiwata et al.  fi rst prepared [ 18 F]FBPA 
using a mixture of  d - and  l -isomer of 4-boronophenylalanine as a precursor  [  14  ] . 
Later, they and other groups prepared [ 18 F]FBPA using a pure  l -isomer, 4-[ 10 B]
borono- l -phenylalanine. Ishiwata et al. used [ 18 F]FBPA for animal studies. The 
other groups decided to further composite [ 18 F]FBPA with fructose to produce [ 18 F]
FBPA-fructose ([ 18 F]FBPA-Fr), as BPA conjugated with fructose has been proven to 
increase the solubility of the boron carrier  [  19,   37  ] .  

 Because the [ 18 F]F 
2
  produced in pure Ne is very active and chemically adsorbed to 

the target holder, the presence of carrier F 
2
  is essential to recover [ 18 F]F 

2
 . Thus, the radio-

synthesis using carrier-added [ 18 F]F 
2
  via the  20 Ne(d, a ) 18 F reaction provides [ 18 F]FBPA 

with low speci fi c activity (35–60 GBq/mmol  [  14  ]  and 130 GBq/mmol  [  10  ] ). Välhätalo 
et al., on the other hand, have produced [ 18 F]F 

2
  by an alternative procedure  [  36  ] . By 

applying the  18 O(p,n) 18 F reaction, they produced a high speci fi c activity [ 18 F]F −  and then 

CO2H

NH2B
OH

HO

CO2H

NH2B
OH

HO

18F
1)  [18F]CH3CO2F/CF3CO2H
2) HPLC separation

  Fig. 11.1    Radiosynthesis of 4-borono-2-[ 18 F] fl uorophenylalanine       
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carried out a post-target conversion of [ 18 F]F −  to [ 18 F]F 
2
  via [ 18 F]CH 

3
 F. Though only a 

small amount of carrier F 
2
  (1.2  m mol) was used in the conversion, [ 18 F]FBPA with rela-

tively high speci fi c activity was produced (850–1,500 GBq/mmol). With higher levels 
of initial activity for clinical studies, it becomes possible to increase the speci fi c activity 
of [ 18 F]FBPA up to 3,700 GBq/mmol.  

    11.3   Experimental Studies of [ 18 F]FBPA in Animal Models 

    11.3.1   Tumor Accumulation 

 The potential of [ 18 F]FBPA for tumor imaging has been investigated in the follow-
ing tumor models: FM3A mammary carcinoma in mice  [  13,   23  ] , B16 melanoma in 
mice  [  15,   16,   23  ]  or melanotic Greene’s melanoma no. 179 and amelanotic Greene’s 
melanoma no. 178 in hamsters  [  15,   16  ] , and F98 glioma in rats  [  4,   37  ] . All of the 
reports demonstrate that [ 18 F]FBPA accumulates in tumors for the  fi rst 1–2 h, while 
decreasing in all other tissues. These results, particularly those in hamsters with 
Greene’s melanomas  [  16  ] , clearly con fi rm the potential of [ 18 F]FBPA as a PET 
tracer for tumor imaging. 

 Intriguingly, tumors with melanogenic capability have an enhanced uptake of 
[ 18 F]FBPA. In hamster models, Greene’s melanoma no. 179, a melanotic cell line, 
showed an [ 18 F]FBPA uptake at 1.7 times higher than that in amelanotic Greene’s 
melanoma no. 178  [  15,   16  ] . Yet the same two melanomas exhibited similar meta-
bolic activities in a tracer uptake study using  l -[ 14 C]methionine, 2-deoxy- d -[ 14 C]
glucose, and [ 3 H]thymidine, markers of mainly protein synthesis, glucose metabo-
lism, and DNA synthesis, respectively  [  15,   16  ] . In a mouse model, the uptake of 
[ 18 F]FBPA was higher in a B16-F1 melanoma than in a B16-F10 melanoma, a tumor 
which grew faster and had a more highly metastatic potential (con fi rmed by uptake 
of FDG) but whose melanin content was lower. These  fi ndings stand to reason, as 
[ 18 F]FBPA is partially incorporated into the melanogenic cells  [  15,   16  ] . The studies 
by Ishiwata et al. on the topic were animal studies using a mixture of  d - and  l -isomer 
of [ 18 F]FBPA. Later, Ishiwata’s group demonstrated that the tumor uptake of the 
 l -isomer is higher than that of  d -isomer and that both isomers are incorporated into 
the melanogenic cells to a similar extent  [  16  ] .  

    11.3.2   Cellular Distribution 

 Kubota et al. investigated the cellular distribution of [ 18 F]FBPA in murine B16 melanoma 
sublines and FM3A mammary carcinoma by double-tracer microautoradiography in vivo 
 [  23  ] . According to their results, the greatest amount of [ 18 F]FBPA was found in S phase 
melanocytes and the lowest amount was found in non-S phase nonmelanocytes. The [ 18 F]
FBPA accumulation is primarily related to the activity of DNA synthesis and secondarily 
related to the degree of pigmentation in melanocytes. The therapeutic ef fi cacy of BNCT 
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with BPA may be greater in melanomas with higher DNA synthesis activity and higher 
melanin content.  

    11.3.3   Metabolism 

 The arti fi cial amino acid [ 18 F]FBPA is generally thought to be taken up by tumors 
and other tissues via the amino acid transport system, without being incorporated 
into proteins. In mice with FM3A mammary carcinoma, [ 18 F]FBPA was found to be 
stable for metabolic alteration  [  13  ] . In an experiment with FM3A mammary carci-
noma tissues, most radioactivity (>94 %) was detected as [ 18 F]FBPA over a 6-h 
postinjection, and the acid-insoluble fraction was present at levels of less than 2 %. 
In an experiment with B16 melanoma tissue, considerable amounts of the radioac-
tivity were detected in the acid-insoluble fraction (27 % by 6 h). This suggests that 
[ 18 F]FBPA is involved in melanogenesis  [  15  ] , as described above. On the other 
hand, the percentages of the acid-insoluble fraction in plasma were found to increase 
with time after injection of [ 18 F]FBPA (10 % by 2 h)  [  13  ] . This implies that a debo-
ronation of the [ 18 F]FBPA takes place in vivo. Liver phenylalanine 4-monooxyge-
nase may convert [ 18 F]FBPA to 2-[ 18 F] fl uoro- l -tyrosine, a molecule used in the 
synthesis of plasma proteins recirculated into the bloodstream. If 2-[ 18 F] fl uoro- l -
tyrosine is recirculated into the bloodstream, it may contribute slightly to the total 
radioactivity of the tumor tissues. These  fi ndings suggest that there may be some 
discrepancy between the concentrations of  18 F radioactivity and  10 B in vivo.  

    11.3.4   Relationship Between Concentrations 
of  18 F Radioactivity and  10 B 

 Ishiwata et al. evaluated whether the concentration of  10 B can be measured by PET 
signals  [  16  ] . After injecting a mixture of [ 18 F]FBPA and an excess amount of BPA 
in B16 melanoma-bearing mice and Greene’s melanoma-bearing hamsters, they 
estimated the concentrations of  10 B from the levels of radioactive uptake and speci fi c 
activity of the [ 18 F]FBPA, then directly measured the concentrations of  10 B by induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES) in the same tissues 
and blood from the test animals. In the B16-bearing mice, the ratios of the estimated 
concentration by the  18 F signal to the measured concentration by ICP-AES ( 18 F/ICP-
AES ratios) were small in blood (0.24) and muscle (0.21) but relatively large in B16 
(3.7) at 6 h after the injection. In the hamsters, the  18 F/ICP-AES ratios were 0.92 in 
blood, 0.70 in muscle, 1.00 in Greene’s melanoma no. 179, and 0.96 in Greene’s 
melanoma no. 178 at 6 h after the injection. Thus, the  18 F/ICP-AES ratios differed 
between the two animal species and also between the tissues. Wang et al. injected 
[ 18 F]FBPA-Fr and BPA separately into F98 glioma-bearing rats and then used ICP-
AES to measure the concentrations of  10 B in normal brain hemispheres and in the 
brain hemispheres implanted with the glioma  [  36  ] . According to their  fi ndings, the 
uptake characteristics of [ 18 F]FBPA-Fr and BPA were similar  [  37  ] .  
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    11.3.5   Kinetic Analysis 

 Chen et al. performed a kinetic analysis of [ 18 F]FBPA-Fr in glioma-bearing rats by 
dynamic scanning with a high-resolution PET scanner for tracer kinetic modeling in 
trying to examine if such model analysis is applicable for a clinical use  [  4  ] . According 
to an estimation of the rate constants of BPA using a three-compartment model, the 
optimal irradiation time for BNCT was 4 h after the BPA-Fr injection.   

    11.4   Clinical Use of [ 18 F]FBPA 

    11.4.1   Clinical PET Imaging of Malignant Tumors with [ 18 F]FBPA 

 Tumor imaging with FDG, a glucose analogue, is an established clinical imaging 
tool. Whole-body imaging with FDG-PET is routinely used to diagnose cancer 
 [  6,   7  ] . As the sensitivity of PET tumor diagnosis depends on the uptake contrast 
of tracer into the tumor versus that into the surrounding normal tissue ( T / N ), 
FDG-PET can only be used to good effect in organs in which FDG do not accu-
mulate in abundant levels under normal conditions. Thus, the method is not suit-
able for application for the brain and genitourinary system, and therefore, PET 
tracers based on principles other than FDG have also been clinically used, includ-
ing amino acid probes such as  l -[methyl- 11 C]methionine (MET) for brain tumor 
 [  28,   29  ]  and [ 11 C]choline for prostate cancer  [  8,   9  ] . 

 BPA and its positron-labeled substance, [ 18 F]FBPA, are analogues of the amino 
acid phenylalanine and are taken up into tumor cells through a large neural amino 
acid transporter located at the luminal membranes of microvessels and cell mem-
branes  [  24,   34  ] . Given that MET and all of the other positron-labeled amino acid 
probes are taken up into the tumor cells through the same transporter system, the 
[ 18 F]FBPA method can be regarded as an imaging method which uses amino acid 
PET tracers. Our comparison between [ 18 F]FBPA PET and MET-PET for malig-
nant tumors of the brain and skull indicates that the two probes provide almost 
identical tumor images (Fig.  11.2 )  [  30  ] . In another comparative study between 
MET-PET and the amino acid analogue O-[ 11 C]methyl- l -tyrosine, the PET tumor 
images using the two probes were also identical  [  17,   18  ] . It thus seems that the 
PET tumor images obtained by different amino acid probes, including [ 18 F]FBPA, 
are quite similar.  

 Arti fi cial amino acid probes such as [ 18 F]FBPA or  O -[ 11 C]methyl- l -tyrosine dif-
fer from nutritional amino acids such as MET in their uptake into normal tissue. As 
the former play no part in protein synthesis, they accumulate into tumor tissue selec-
tively, as well as in excretion sites such as the kidney and bladder (Fig.  11.3 ). The 
latter, meanwhile, take part in protein synthesis and thus accumulate extensively in 
the liver and glandular organs such as the pancreas and salivary glands  [  22  ] . On this 
basis, [ 18 F]FBPA seems to have better potential as an imaging tool for malignant 
tumors in most parts of the body other than the urinary system. And by extension, 
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  Fig. 11.2    PET images of four patients with glioblastoma. The [ 11 C]methionine (MET) images 
and [ 18 F] fl uoroboronophenylalanine (FBPA) images are almost identical (Cited from  [  30  ] )       
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  Fig. 11.3    Comparison of whole-body PET images obtained with [ 18 F]FBPA (a patient with low-
grade cerebellar tumor), MET (a normal control), and FDG (a normal control with adenoids). Note 
the difference in the accumulation of these tracers into normal tissue. The image of MET was 
provided by Dr. Kazuo Kubota from the Division of Nuclear Medicine in the Department of 
Radiology at the International Medical Center of Japan.  Ad  adenoids,  Bl  bladder,  Bo  bone marrow, 
 Br  brain,  G  glioma,  H  heart,  K  kidney,  L  liver,  P  pancreas,  Sal  salivary glands,  Sp  spleen       
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we can assess BPA as a superior pharmaceutical for sending boron into tumors 
wherever the contrast with surrounding tissue is high.   

    11.4.2   PET Imaging with [ 18 F]FBPA for BNCT 

 Imahori et al.  [  12  ]  and Kabalka et al.  [  19  ]  established and validated an [ 18 F]FBPA 
method to estimate the boron concentrations of malignant brain tumors in patients 
who received BNCT. First, they used dynamic PET scans to examine patients with 
glioblastoma multiforme before BNCT. Next, they constructed a three-compartment 
model to estimate the tumor concentration of boron administered via an i.v. injec-
tion of BPA. Finally, they measured the boron concentrations after the BPA injec-
tions directly from surgical specimens (from seven patients in the former study and 
from two patients in the latter). Both groups concluded that the estimation achieved 
by PET examination was close enough for practical use. 

 In practice, it is suf fi cient to determine the ratio of the boron concentration in the 
tumor to that in the surrounding normal tissue. To do so, it may be suf fi cient to 
compare a static scan of the activity of the tumor [ 18 F]FBPA with a static scan of the 
activity of the normal tissue ( T / N  of [ 18 F]FBPA). A recent analysis by our group has 
indicated that the estimated  T / N  of the boron concentration after a slow infusion of 
BPA had a signi fi cant linear correlation with the  T / N  of radioactivity after a bolus 
injection of [ 18 F]FBPA (Fig.  11.4 )  [  30  ] .  

 Researchers in Japan have conducted several BNCT series by setting certain 
thresholds on the  T / N  of [ 18 F]FBPA obtained by PET studies for patient selection. 
Three categories of tumor have been covered in these series: malignant glioma  [  25  ] , 
malignant meningioma  [  26  ] , and head and neck malignancies  [  1,   2,   21  ] . Kabalka 
et al. have reported a case of metastatic malignant melanoma in brain in whom [ 18 F]
FBPA was useful to make decision to perform BNCT [  20  ] . The dearth of compara-
tive studies has made it dif fi cult to verify the superiority of PET-based BNCT over 
non-PET-based BNCT or other radiotherapies. Findings have suggested, however, 
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  Fig. 11.4    A graph to indicate the 
relationship between the  T / N  ratio of [ 18 F]
FBPA on a static PET scan ( x -axis) and 
the  T / N  ratio of the tissue boron 
concentration after a 1-h constant infusion 
of BPA estimated by a pharmacokinetic 
analysis of a dynamic [ 18 F]FBPA PET 
scan ( y -axis) (Cited from  [  30  ] )       
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that PET-based BNCT for glioblastoma is achieving progressively better results 
than the former protocol  [  39  ] .  

    11.4.3   Practical Use of PET for BNCT 

 As long as BNCT is based on the transfer of the boron molecule to the tumor tissue, 
PET boron imaging will continue to play a key role in successful treatment. Of the 
various in vivo measurement methods, PET sensitivity is maximum with high-pow-
ered irradiation from a minimal quantity of molecular probe. To extend the use of 
BNCT on a practical basis, parallel efforts must be made to extend the use of PET 
clinically. As this chapter has described, [ 18 F]FBPA PET is categorizable as one of 
PET methods using amino acid tracers. Thus, PET studies with other amino acid 
tracers can be applied for the screening of tumor types or of individual patients who 
may bene fi t from BNCT, as long as BPA is used as the boron carrier agent. MET-
PET may be suitable for this type of screening, in light of the ease with which it can 
be synthesized and the many years it has been used at PET institutes around the 
world. 

 The clinical application of PET for the posttreatment evaluation of patients who 
have received BNCT is also inevitable. PET should be useful to differentiate tumor 
regrowth from pseudoexpansion by radiation injury  [  27  ] . Without PET, the treat-
ment effects of BNCT cannot be precisely evaluated. FDG-PET is also suited for 
evaluating the treatment effects of patients with whole-body malignancies, while 
amino acid PET is the better choice for patients with brain tumors. We are con-
vinced that the routine use of PET tumor imaging with amino acid tracers, MET, 
[ 18 F]FBPA, and the like will support the widespread and bene fi cial use of BNCT.   

    11.5   Summary 

 An important step in the planning for optimal BNCT for malignant tumor is to esti-
mate the  T / N  of the boron concentration. Investigators have developed the PET 
imaging probe [ 18 F]FBPA and have con fi rmed its ef fi cacy in estimating boron con-
centrations in animal experiments. Others have established a clinical PET applica-
tion using [ 18 F]FBPA and have started to use it for the selection of candidates for 
BNCT in clinical protocols in Japan. Comparative clinical imaging studies have 
revealed that [ 18 F]FBPA PET images are almost identical to the images obtained 
with another amino acid probe, MET. Static images of FBPA or MET-PET can be 
used for the planning of BNCT. PET imaging with amino acid probes may contrib-
ute signi fi cantly to the establishment of an appropriate BNCT application for 
patients with malignant tumors.      
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