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Abstract: This short review summarizes the issue of
boron distribution monitoring in boron neutron capture
therapy (BNCT), which remains a serious drawback of this
powerful oncological treatment. Here we present the
monitoring methods that are presently used with partic-
ular emphasis on the positron emission tomography (PET)
which has the highest potential to be used for the real-
time monitoring of boron biodistribution. We discuss the
possibility of using present PET scanners to determine
the boron uptake in vivo before the BNCT treatment with
the use of p-boronphenylalanine (BPA) labeled with 18F
isotope. Several examples of preclinical studies and
clinical trials performed with the use of [18F]FBPA are
shown. We also discuss shortly the perspectives of using
other radiotracers and boron carriers which may signifi-
cantly improve the boron imaging with the use of the
state-of-the-art Total-Body PET scanners providing a
theranostic approach in the BNCT.

Keywords: BNCT therapy; dose distribution monitoring;
PET tomography.

Introduction

The boron neutron capture therapy (BNCT) is a cancer
treatment exploiting properties of the thermal neutron
capture reactions proceeding with high probability on 10B
isotope. The BNCT treatment is done in two steps. First, a
special carrier containing 10B isotope is administered to a

patient. Its role is to deliver asmanyboronatoms aspossible
to the tumor cells, preferably to thenucleus. The second step
of the treatment is the irradiation with neutrons which be-
gins after the boron concentration in the tumor reaches its
maximum. The therapeutic beam contains epithermal neu-
trons with energies in the range of about 0.5 eV–40 keV [1]
which lose their energy while passing through the patient’s
body. The energy loss originates from the neutron scattering
on atoms composing human body. As a result, they ther-
malizewhile reaching the tumorwhere they canbe captured
by 10B isotope in the following reaction:

n + 10B/ α + 7Li∗ / α + 7Li + γ (478  keV) ,

where the α particle and lithium nucleus acquire energy
equal in total to about 2.3 MeV.1 In fact, in about 6.1% of
neutron captures on 10B proceeds with lithium nucleus in a
ground state, for which the total energy of the two ions
amounts to 2.79 MeV [2].

The main advantage of BNCT is the ability of selective
destruction of cancer cells and its high biological effec-
tiveness. The path length of the charged particles origi-
nating from the neutron capture on 10B are of the order of a
single cell size (about 10 μmand 5 μm for the α particle and
Li nucleus, respectively [2]). Thus, due to the high linear
energy transfer (LET) of the above mentioned reaction
products, the BNCT treatment allows to kill the tumor cells
with no significant harm to the healthy tissues [3]. This is
possible due to the value of neutron capture cross-section
on 10B, equal to σc = 3,835 b [2], which is much higher
than the cross-sections of any interaction with carbon,
hydrogen, or nitrogen being of the order of 4–20 b [2]. The
BNCT potential to selectively increase the radiation dose in
the tumor cells determined its clinical use concentrated on
the head and neck tumors and deep-seated and dissemi-
nated brain tumors which are hard or impossible to remove
surgically. BNCT has also been applied when the side
effects of the other oncological treatments are not accept-
able [2], and to treat malignant melanoma [1].

It is worth to mention that there are other elements
with even higher interaction probabilities which could be
used as targets for neutron capture therapy. Among them,
gadolinium (Gd) was considered as an alternative for
boron, but so far there is no carrier which can effectively
deliver Gd to the tumor cells nuclei. Moreover, the neutron
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capture (mostly on the 157Gd) results, in this case, in the
emission of γ quanta with energies ranging from 0.08 to
7.8 MeV which do not provide short-range energy deposi-
tion as in the case of 10B [4].

One of themajor issues in BNCT is delivering boron to
the tumor cells with subsequent lowest possible con-
centration in the healthy tissues. To meet this clinical
need, two boron carriers have been developed and used:
BSH (sodium borocaptate, Na2B12H11SH) [5, 6] and BPA
(p-boronphenylalanine, C9H12BNO4). So far only BPAwas
approved as a drug in Japan [7]. They reveal, however,
several disadvantages, like non-uniform uptake of boron
in the cancer cells. Moreover, their application is limited
to only a few types of cancer [8].

Until recently another major obstacle in the introduc-
tion of BNCT into hospitals was the neutron sources limited
to the nuclear reactors. This situation has changed recently
due to the rapid development of accelerator-based neutron
sources which nowadays are able to provide the appro-
priate beam intensities (∼109·1/[cm2 s]) [9, 10]. Beams pro-
vided by these sources contain, apart from the therapeutic
epithermal neutrons, γ quanta, as well as fast and thermal
neutrons. These additional components should be mini-
mized in terms of neutron flux and delivered dose rate
since they are the main cause of side effects in the therapy
(e.g. in the case of deep-seated brain tumors treatment, the
thermal neutrons can damage the scalp of a patient).
Moreover, themixed fields of radiation in BNCT complicate
the patient’s dosimetry, treatment planning, and therapy
monitoring. The latter issue concerns mainly 10B distribu-
tion in the patient’s body that may be solved using the
positron emission tomography (PET).

Boron distribution monitoring in BNCT

There are several methods used for accurate measurement
of the 10B concentration in tissues and fluids, such as blood
and urine, and for determination of its microscopic spatial
distribution at the cellular or subcellular level. Ideally,
these methods should be noninvasive, allowing in vivo
measurements in the patient, and fast so that they enable
clinical decisions based on their results [11].

For the in vitro boron distribution determination,
several methods were proven to be useful. The inductively
coupled plasma mass spectrometry (ICP-MS) joins an
inductively coupled plasma as a method of ionization with
mass spectrometry for separating and detecting the ions.
ICP-MS can separate the two boron isotopes (namely 10B
and 11B) and quantify boron concentration at ppb levels in

serum, plasma, urine, saline, water, and tissues [11]. High-
resolution alpha-track autoradiography (HRAR) may be
used for small tissue samples. It takes advantage of the
registration of tracks generated by alpha particles and Li
ions in nuclear films. This method requires frozen tissue
sections with the thickness of the order of micrometers
mounted on top of sub-micrometer thick Ixan and Lexan
films which are next irradiated with thermal neutrons [11].
After the irradiation, the tissue is histologically stained and
the use of microtomography allows to map the 10B distri-
bution in the tissue by correlating the distribution of tracks
in the films with the anatomical features of the stained
tissue. A similar approach is used in Neutron Capture
Radiography. Here a sample should be a few millimeters
thick with a minimal surface of 0.5 cm2 and it is frozen in
liquid nitrogen and divided into three parts. One of them is
analyzedhistopathologically and the other two arefixed on
nuclear detection films and irradiated with thermal neu-
trons. The charged ions resulting in the neuron capture on
the 10B isotope are able to exit the sample and their tracks
are registered in the films. The information gathered for all
the samples is merged at the end of a procedure giving a
two-dimensional distribution of 10B in the sample with a
resolution of about 100 μm and sensitivity of the order of
ppm [11]. There are several other methods, like laser post-
ionization secondary neutral mass spectrometry (LPI
SNMS), electron energy loss spectroscopy (EELS), or ion
trap mass spectrometry (ITMS) which were used to deter-
mine the boron uptake at the cellular level, but they all
need the support of biopsy.

Among the methods providing the in vitro boron con-
centration measurements, the magnetic resonance imag-
ing (MRI) and prompt gamma radiation analysis (PGRA)
have a potential to be used in vivo in the near future. MRI is
based on the interaction of magnetic moments of nuclei
with external magnetic fields. The strong and constant
magnetic field spins of the nuclei align along its axis which

results in the generation of nonzeromagnetizationM
→

of the
tissue. An additional oscillatingmagnetic field changes the

direction of M
→

which is precessing around the B0
̅→

with a
characteristic frequency. The additional gradient fields
allow for excitation of different voxels of the body and
perform imaging. There are two relaxation times charac-
terizing the longitudinal (T1) and transverse components
(T2) of the magnetization. These times are essential for the
sensitivity and spatial resolution of theMRI imaging which
depends on the 10B compound administered in the patient’s
body. In general, this method is able to detect and distin-
guish 10B and 11B isotopes (a natural abundance of these
boron isotopes is equal to 19% and 81%, respectively) and
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their direct detection is possible in the case of BSH, while
for BPA, more advantageous may be a measurement of
hydrogen concentration [12, 13]. However, due to the low
sensitivity in the case of in vivo imaging with the presently
used MRI scanners, the direct quantification of boron is
done so far only in vitro [11]. For BPA, the performance of
MRI detection may be improved by introducing other ele-
ments which increase the ferromagnetic properties of this
boron carrier. 19F-BPA was successfully applied for in vivo
spatial distributionmapping of boron uptake in a rat brain,
showing a big potential to use MRI in BNCT treatment
planning [14]. The other possible direction towards moni-
toring the boron distribution during the BNCT treatment is
to apply a carrier containing gadolinium, preferably 157Gd
isotope which would additionally lead to dual B-GdNCT.
Such conjugation was tested using GdBO3–Fe3O4 nano-
composites [15] and low-density lipoproteins (LDL) [16].
However, the typical clinical MRI scanners are not yet
suitable for boron imaging [13] and they are used in clinics
only to monitor the tumor volume before and after BNCT
and to quantify the carrier uptake in vitro, e.g. in blood
samples [17].

The other method revealing the potential to provide
information about the administered dose in real-time
during the treatment is the prompt gamma radiation
analysis (PGRA). It is based on a registration of γ quanta
emitted as a result of the neutron beam interactions with
the tumor and surrounding tissues. The basic neutron
capture reaction on 10B isotope results, inmost of the cases,
in the emission of the 478 keV γ quantum which enables
determination of the spatial distribution of the adminis-
tered boron carrier. The reconstruction of the γ quanta
emission points requires the application of dedicated de-
tector systems based on the single photon emission
computed tomography (SPECT) or Compton Camera solu-
tions. There are, however, several technical issues to be
addressed before these methods will be used for the in vivo
measurements. So far, the commonly used SPECT devices
are not able to measure the 478 keV line due to the γ rays
background induced by the BNCT neutron beam. The
limiting factors include the total efficiency of registration of
the above-mentioned γ rays and the energy resolution of
the used detectors. They should provide separation of the
line of interest from the 511 keV γ rays. This radiation is
produced mainly as a byproduct of the pair creation of the
2.2 MeV hydrogen γ rays in the patient’s body. The effi-
ciency affects the statistical precision of the measurement
which is additionally limited by the neutron capture rate
[18]. There were several attempts to design a PGRA-SPECT
imaging system based inter alia on the CdZnTe semi-
conductors [19] or LaBr3(Ce) and LaCl3(Ce) scintillators

[20], but there are no such devices working in clinics.
An interesting idea is the combination of PGRA-SPECT
with PET imaging which may give additional information
on the thermal neutron flux distribution. It may be
obtained also in the tissues which do not contain boron by
registration of the 2.2 MeV γ quanta from the neutron
capture on hydrogen. As we present in the next section,
PET appears to be the only in vivo imaging modality for
quantification of the 10B distribution prior to the BNCT
treatment and it has the potential to be useful also for the
real-time monitoring.

PET application in BNCT

The positron emission tomography is a powerful tool in
biomedical research and clinical practice. It relays, as in
the case of BNCT, on pharmaceuticals labeled with a short-
lived positron-emitting element which are selectively
accumulated in tumors. There are several β+ emitterswhich
can be used to trace the metabolism of the used pharma-
ceutical (ligand) which differ in the mean lifetime and
maximum positron energy which limit the intrinsic spatial
resolution of the method. For example, the most popular
amino acid tracer used in PET imaging of brain tumors is
11C-methionine [21].

The other commonly used radionuclide is 18F with a
glucose molecule where the fluorine substitutes one of the
OH groups forming fluorodeoxyglucose (FDG) [22, 23]. The
first successful trial to introduce the radiotracer to the 10B
carrier was made in 1991 by synthesis of the 4-10B-Borono-
2-18F-fluoro-L-phenylalanine ([18F]FBPA, see Figure 1) for in
vivomonitoring of the BPA biodistribution [17, 24, 25]. [18F]
FBPA was tested on animal models and recently has been
also clinically applied in Japan. Examples of these studies
are given in the next subsections.

Figure 1: Chemical structure of the [18F]FBPAused in the PET imaging
for BNCT.
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Preclinical studies of [18F]FBPA
biodistribution

Most of the preclinical studies were done on animals
(e.g. mice [26, 27], hamsters [28], rats [29]) and some of
them on cell lines (e.g. human glioblastoma T98G [30]). It
was shown that themelanogenesis in tumors is enhancing
the uptake of [18F]FBPA and the L-form of this compound
was preferentially accumulated in melanoma compared
with the D-isomer [28]. Studies on mice showed the
highest accumulation of [18F]FBPA in the pancreas, liver,
spleen, small intestine and testis at 5–10 min after injec-
tion, while brain uptake was constant for 2 h and was the
lowest. High tumor-to-tissue uptake ratios were observed
for all organs, except for a kidney, at 2 h post-injection
while about half of the injected tracer was recovered in the
urines [24, 30]. Human glioblastoma T98G cells were used
to examine the cellular distribution of [18F]FBPA by la-
beling with a stable fluoride isotope 19F for the MRI im-
aging. It was shown that this compound is accumulated in
the nucleus and cytoplasm. These results also confirmed
that there is no decomposition of the [19F]FBPA in tumor
cells [25].

Clinical trials using [18F]FBPA

The first BNCT clinical trials with [18F]FBPA as 10B carrier
were done in 2006 with the PET scan performed before the
treatment which indicated the tumor/normal tissue boron
concentration ratio equal to 2.9 [31].

The [18F]FBPA was used to treat metastatic malignant
melanoma for which the 10B concentration was found to be
four times higher than for the normal tissue 40 min after
injection [32]. The other studies were performed for gli-
omas, metastatic brain melanoma, sinonasal undifferen-
tiated carcinoma, schwannoma, meningioma, and oral
cancer [17, 32].

Despite the rather positive outcomes of the clinical
trials, the [18F]FBPA is not yet a complete candidate for the
theranostic solution in BNCT [17]. Pharmacokinetics of
[18F]-FBPA is very similar to that of BPA, although there are
slight discrepancies between these two compounds [25].
Moreover, the concentration of [18F]FBPA needed for the
BNCT treatment is much higher than the one for an accu-
rate PET scan [17]. This may significantly decrease the
signal to noise ratio for the PET scanner if the tomography
would be performed during the irradiation with neutron
beam. Thus, the use of [18F]FBPA is limited to clinical trials
only until it will be accepted as a drug [17].

Apart from 18F, there are other possible radiotracers
which may be used for monitoring in BNCT. Promising
results for brain tumor uptake were observed for a deriv-
ative of the BSH fused with arginine peptide and labeled
with the 64Cu isotope [17, 33], as shown in Figure 2. The
pharmacokinetics of this compoundwas tested on amouse
model, and it showed that the BSH-3R pharmacokinetics
correlates well with the real 10B concentration. The
advantages of 64Cu over 18F are its higher lifetime and easier
linking to the boron agent via DOTA antibody [33]. The
third-generation boron agents which have been developed
in recent years may be labeled with isotopes of I, In, Ga, or
Lu. For example, the gold nanoparticles were successfully
labeled with 124I and tested on a mouse model of human
fibrosarcoma, but the boron uptake was too low for the
effective BNCT treatment. The other nanoparticles which
can be labeled for the PET scan are boron nitride nano-
particles coupled to 64Cu isotope, but they again appeared
to be not effective enough [17].

Total-body PET development: a step towards
theranostics

The development of a new generation boron carriers and
the possible theranostic approach in BNCT due to their
labeling with β+ radionuclide or an element enabling the
MRI imaging (e.g. Gd or 19F) is particularly interesting in
view of the new Total-Body PET technology [34]. Extension
of the field of view (FOV) from the standard 20 cm up to
200 cm increases the sensitivity a dozen times and enables
monitoring of the whole patient’s body at the same time
[35]. The first Total-Body PET tomograph, uEXPLORER,was
introduced in the USA in 2018 [36, 37]. It is built out of
2.76 × 2.76 × 19.1 mm3 LYSO pixels read out by silicon
photomultipliers. The axial length of this detection system
amounts to about 194 cm and is characterized by 3 mm
spatial resolution which implied quite a large number of
detector crystals to be used [35]. The first clinical studies

Figure 2: Chemical structures of BSH peptide fused with
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).
Figure adapted from ref. [33].
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revealed that total-body pharmacokinetic studies can be
done within a time slot of 1 s with a significantly improved
signal-to-noise ratio. This, in turn, allows the decrease in
activity of the FDG which needs to be administered to the
patient and shorten the examination time [37]. uEXPLORER
was combined with an 80 detectors row CT. The major
disadvantage of this PET solution impeding its wide use in
the medical centers is the high cost, driven mainly by the
prices of the detection crystals [34, 35]. One of the possible
ways to reduce the cost of the Total-Body PET scanner is
using plastic scintillators, which are much cheaper and
much easier to produce than the inorganic crystal detectors
[38–40]. This, however, requires changing the detection
paradigm, since plastic scintillators do not provide a good
measurement of the annihilation γ quanta. In turn, they are
characterized by much better time resolution, compared
to that of crystals, and high light attenuation length
which allows the construction of long detection modules
[34, 41–44]. The only tomography systembased on the long
plastic scintillator detectors is the Jagiellonian-PET (J-PET)
developed at the Jagiellonian University, Cracow, Poland.
J-PETmay offer the extension of the FOV up to even 250 cm
with high and uniform sensitivity over the whole human
body [34, 45–47]. The low weight and high modularity of
J-PET enables reconfiguration of the tomographic volume
and it is an advantage in view of the BNCT monitoring. In
Figure 3, we present a photograph of the plastic digital
J-PET prototype consisting of 24 modules arranged axially
with 50 cm FOV. Each module contains 13 optically sepa-
rated plastic scintillator strips read-out on both endswith a
matrix of four silicon photomultipliers. The position and
time of the interaction of annihilation γ quanta are deter-
mined by measurement of the times when the scintillation
light signals arrived at the edges of the strips [34, 39, 43].

Dedicated electronics was developed for registration of the
SiMPs signals with the time accuracy of approximately
20 ps [48]. The novelty is the triggerless and reconfigurable
data acquisition system [49]. The modularity and possi-
bility of easily changing the geometry of the J-PET scanner
together with the triggerless acquisition mode open new
possibilities in the simultaneous imaging of the human
bodywith different techniques. In principle, J-PET could be
combinedwithMRI or CT scanners [50, 51], which could not
only improve the quality of the treatment planning, but
also provide simultaneous positronium imaging [52–56]
and monitoring the metabolic activity during the BNCT
treatment [34, 52, 53]. The other advantage of the J-PET
technology is the ability of multiphoton imaging which
improves the spatial resolution and opens the possibility of
simultaneous imaging with different tracers [34]. This so-
lutionmight be applied as a theranostic tool in BNCT, since
focusing on themulti-coincidence eventsmay significantly
reduce the noise level for the PET imaging during the
therapy.

Here one can take advantage of radioisotopes for
which the β+ decay results in an excited nucleus which
subsequently emits a prompt γ quantum (so-called β+γ
emitters [34]). Among many β+γ emitters [57] used for this
diagnostic mode, candidates such as 124I, 110mIn, 66Ga, or
60Cu may be of interest in view of BNCT monitoring and
they have been already considered for labeling the new
boron carriers.

Conclusions

BNCT is a two-step treatment modality which relies on
precise delivery of boron 10B isotope to a tumor with
simultaneous low accumulation in the blood and healthy
tissues. With the development of accelerator-based sour-
ces, the main open issues of BNCT are the boron carriers
suitable for effective boron delivery to cancer, and the in
vivo determination of the biodistribution of 10B isotope.
Such information is important mainly in the treatment
planning and evaluation of BNCT effects. Among the
available methods of boron monitoring, PET seems to be
themost promising since thismethodmay provide not only
imaging of 10B spatial distribution before the treatment, but
also may enable real-timemonitoring. The only compound
used so far in clinical studies is the [18F]FBPA, one of the
two commonly used carriers labeled with the 18F isotope.
These studies were promising, especially in melanoma,
glioblastoma, and head and neck cancer treatment. How-
ever, there are several obstacles preventing the successful
application of PET scanners for real-time monitoring. One

Figure 3: A photograph showing the 50 cm FOV modular J-PET pro-
totype. Courtesy of the J-PET collaboration.
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of them is the much higher concentration of the labeled
boron carrier which is needed for the therapy than for the
PET scan itself. The neutron and γ ray fields in which the
PET scanner must work during the therapy are also
important. The other crucial limitation is also the small
field of view of the commonly used PET scanners. The so-
lution may be the total-body PET scanner which has the
potential to image the whole body of a patient with better
sensitivity and resolution [34, 37, 54]. Among all the total-
body PET solutions, the J-PET tomograph, based on cost-
effective plastic scintillators, has a high potential towards
successful real-time boron monitoring. Having the possi-
bility of its combination with the MRI or CT modalities it
would be, together with the new boron carriers, a break-
through towards theranostic in BNCT.
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