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Abstract
Background: Boron-containing compounds, such as 4-borono-phenylalanine
(BPA) are used as drugs for cancer treatment in the framework of Boron Neu-
tron Capture Therapy (BNCT). Neutron irradiation of boron-rich compounds
delivered to cancer cells triggers nuclear reactions that destroy cancer cells.
Purpose: We provide a modeling of the thermal neutron cross section of BPA,a
drug used in Boron Neutron Capture Therapy (BNCT), to quantify the competing
contributions of boron absorption against hydrogen scattering, for optimizing
BNCT by minimizing the latter.
Methods: We perform the experimental determination of the total neutron scat-
tering cross section of BPA at thermal and epithermal neutron energies using
neutron transmission measurements. We isolate the contribution related to the
incoherent scattering by hydrogen atoms as a function of the neutron energy by
means of the Average Functional Group Approximation, and we calculate the
probability for a neutron of being absorbed as a function of the neutron energy
both for BPA and for its variants where either one or all four aromatic hydrogen
atoms are substituted by 19F, and both for the samples with natural occurrence
or enriched concentration of 10B.
Results: While referring to the already available literature for in vivo use of fluo-
rinated BPA, we show that fluorine-rich variants of BPA increase the probability
of neutrons being captured by the molecule.As the higher absorption efficiency
of fluorinated BPA does not depend on whether the molecule is used in vivo
or not, our results are promising for the higher efficiency of the boron neutron
capture treatment.
Conclusions: Our results suggest a new advantage using fluorinated com-
pounds for BNCT, in their optimized interaction with neutrons, in addition
to their already known capability to be used for monitoring and pharma-
cokinetics studies using 19F-Nuclear Magnetic Resonance or in 18F-Positron
Emission Tomography.
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2 F-BPA FOR OPTIMIZING BNCT

1 INTRODUCTION

Boron-containing compounds, such as 4-borono-
phenylalanine (BPA),1,2 have been characterized and
used as drugs for cancer treatment in the framework
of Boron Neutron Capture Therapy (BNCT). Neutron
irradiation of boron-rich compounds delivered to can-
cer cells triggers the 10B(n,𝛼)7Li nuclear absorption
reaction, whereby the products release a large amount
of energy over a micrometer-wide region, destroying
cancer cells and leaving relatively unaffected the neigh-
boring healthy ones.3 For an effective BNCT applied
to brain tumors, a large amount of 10B atoms (approx-
imately 109 atoms of 10B per cell or 20-35 𝜇g/g of
10B)4 must be selectively accumulated within tumor
cells while, at the same time, a high tumor-to-brain
(T:Br) 10B concentration ratio of at least 3:1 must be
achieved to ensure a therapeutic dose to the tumor
with a minimal background radiation dose. Therefore,
for the success of this procedure, the monitoring of the
correct delivery and adequate concentration of boron
carriers into the tumor region is essential, together
with the correct simulation of the neutron transport
in the human body to minimize the secondary dose,
mainly related to proton recoil for fast neutrons, and
1H(n,𝛾)2H and 14N(n,p)14C reactions for moderated
thermal neutrons. On the one hand, for the monitoring
and pharmacokinetic studies of 10B carriers, in recent
years it has been proposed to fluorinate drugs for
BNCT currently used in clinical applications, to use
both Positron Emission Tomography (PET – by 18F as
PET tracer)5 and Nuclear Magnetic Resonance (NMR
– by 19F nuclear spin).6–9 On the other hand, for the
treatment to be as efficient as possible,and to maximize
(minimize) the primary (secondary) neutron dose to the
tumor (to the rest of the body), the neutron interaction
with the human body needs to be taken properly into
account.

The scattering and moderation process below few
eV strongly depend on molecule-specific vibrational
modes10 and, therefore, on the chemical body compo-
sition. In some cases, especially when no neutrons or
only fast neutrons are considered, transport calcula-
tions treat the human body as a gas of free atoms,11

for which only nuclear reactions are considered, with
stoichiometries based on international standards and
defined for several body parts.12–17 However, these defi-
nitions do not consider the chemical interactions among
these elements, or their grouping in molecular sys-
tems. When slow neutrons are relevant, especially at
thermal and cold energies, one generally uses ther-
mal scattering libraries related to phantom materials,
for example, considering the hydrogen scattering from
oxygen and carbon as that from pure water or pure
polyethylene, respectively.18,19 In other cases, the proper

thermal neutron scattering libraries are often consid-
ered for the water contribution only. Similarly, it is not
trivial to adapt evaluations on phantoms to take into
account patient-specific corrections, such as the homo-
geneous distribution of administrated boron-containing
drugs also in the region around the tumor.As an example
of the magnitude of such corrections on the simu-
lated dose, Ye20 showed that the boron self shielding
from distributed BPA had an effect of decreasing the
calculated neutron dose within the tumor by up to
20%.

One can expect that, by properly taking into account
the thermal neutron cross section for each material
(e.g., protein, lipid, or drug) within the irradiated body
region, additional corrections can be quantified to make
the calculated dose more accurate and the treatment
safer. As an example, to the boron-related self -shielding
correction considered by Ye20 one could associate an
additional correction related to the thermal neutron
scattering from the hydrogen atoms within the same
BPA molecule. In fact, this contribution would be largely
underestimated by considering the BPA molecule as a
gas of free nuclei. Goorley et al. noted11 that neglect-
ing thermal scattering from hydrogen resulted in a
difference in dose rate up to 37% higher than that
calculated using the free gas treatment. At the same
time, it was shown in Ref. [21] that the thermal neutron
cross section can be markedly different for each func-
tional group within organic matter. In particular, within
BPA, one has 2 hydrogen atoms in an NH2, 1 in an
aliphatic CH, and four aromatic CH hydrogens which
would provide a scattering cross section different from
those approximated by water or polyethylene. It is also
worth noting that, even for a given water molecule,
the modeling and experimental benchmark of ther-
mal scattering cross sections have witnessed a clear
improvement well beyond the simple thermodynamic
dependence.22

Here we provide an experimental determination of
the total cross section of BPA over thermal and epither-
mal energies, quantifying the contribution of incoherent
inelastic scattering from hydrogen by means of the
Average Functional Group Approximation (AFGA) 21, a
model recently developed to accurately reproduce ther-
mal cross sections of organic systems.We build on such
an assessment to suggest that partial fluorination of
BPA23 may have an additional positive effect for BNCT
beyond the fact that it can be used in PET and in 19F-
NMR imaging and spectroscopy to monitor the delivery
of the drug to the region of the tumor.Florinated BPA can
systematically decrease the scattering contribution from
the aromatic hydrogen nuclei and increase the prob-
ability for neutrons to be absorbed by boron, with an
expected impact on the primary dose delivered in the
tumor region.
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F-BPA FOR OPTIMIZING BNCT 3

2 MATERIALS AND METHODS

2.1 Neutron transmission experiment

Neutron transmission experiments were performed on
the VESUVIO spectrometer at the ISIS Neutron and
Muon Source.24,25 Experiments were performed on
4-Borono-Phenylalanine (BPA) commercially available
(Merck - Sigma Aldrich, UK) with natural abundance of
boron isotopes (20% 10B, 80% 11B). Experiments were
performed in vacuum in the instrument tank, with the
powder samples being pressed within an aluminum foil
and inserted in a standard flat aluminum container avail-
able at the instrument. The thickness values for sample,
container wall and sachet foil were 0.5,0.2,and 0.04 mm,
respectively. Transmission spectra, T(E), were corrected
and analyzed according to the Beer-Lambert law,

T(E) =
Is(E)
Ic(E)

= exp (−nd𝜎(E)), (1)

where Is(E) and Ic(E) are the spectra measured by the
transmission monitor when the sample-plus-container
and empty container are being irradiated, respectively,
while n is the number density and d the thickness of the
sample. This equation holds provided that any additive
backgrounds detected by the instrument are negligible,
as already shown in Ref. [25]. In order to obtain the
total cross section of BPA in absolute units (barn per
molecule), the logarithm of the right-hand side of Equa-
tion (1) was normalized to the total free scattering cross
section per formula unit of BPA

𝜎f =
∑

i

Ni𝜎i,f =
∑

i

Ni
𝜎i,b

(1 + mN∕mi)2
= 340 barn, (2)

where mN is the neutron mass, 𝜎i,f and 𝜎i,b are the free
and bound scattering cross sections of isotope i, and
mi and Ni are the isotope atomic mass number and
the number of such isotopes per formula unit of the
molecule.26 This procedure, available at the VESUVIO
spectrometer owing to its broad energy range of inci-
dent neutrons up to keV energies (where absorption
cross sections are negligible), allows a self -consistent
normalization of the total cross section without introduc-
ing systematic errors related to the determination of the
product of the sample number density n by the sam-
ple thickness d, which can be difficult to establish for
powder samples.

2.2 Modeling and AFGA

The AFGA 21 was developed to provide a simple yet
accurate modeling of the thermal neutron scattering

F IGURE 1 Molecular structures of (a) 4-borono-phenylalanine,
and its fluorinated analogues with (b) one and (c) four 19F atoms, and
with (d) one C19F3 group replacing aromatic hydrogen atoms.

cross section of complex polymers (see e.g., Ref. [27])
or large organic molecules, as well as for applications in
radiation protection and dosimetry. The model provides
a characteristic scattering cross section for hydrogen in
each organic functional group. This was done by iso-
lating the scattering contribution from hydrogen atoms
from different proteinogenic amino acids, yet related to
the same functional group, then averaging them in a
characteristic contribution. The result is a set of scatter-
ing kernels, evaluable at any temperature, for: aliphatic
and aromatic CH, CH2, CH3, NH, NH2, NH3, OH, and
SH. The AFGA was benchmarked by combining experi-
ments on all the proteinogenic amino acids and ab initio
computer simulations. Within this framework, the total
cross section of BPA was obtained by considering the
sum of the isotope-specific absorption cross sections,
𝜎i,a, and the scattering cross section of the molecule for
thermal neutrons in the incoherent approximation,taking
into account the incoherent elastic and inelastic scatter-
ing from hydrogen by means of AFGA. Therefore, one
has

𝜎(E) =
∑

i

Ni𝜎i,a(E) +
∑

i=H

Ni𝜎i,AFGA(E) +
∑

i≠H

Ni𝜎if , (3)

where the first sum takes into account the absorp-
tion contribution and runs over all isotopes, the second
sum runs over all the functional groups present in the
molecule (aromatic and aliphatic CH, OH, CH2, and
NH2 in the case of BPA), each presenting Ni hydrogen
atoms, and to which is associated an average con-
tribution to the scattering cross section 𝜎i,AFGA(E).21

In the same reference, it was demonstrated how one
can include the scattering from other atoms heavier
than hydrogen by simply summing their free scatter-
ing cross sections (third sum on the right-hand side
of Equation (3)). The calculation of the total cross
section using AFGA was performed by means of the
NCrystal module,28 and this procedure was used for
BPA as well as for its fluorinated variants shown in
Figure 1 and discussed below.
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4 F-BPA FOR OPTIMIZING BNCT
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F IGURE 2 Left: Experimental total cross section of BPA(20) (black error bars, natural boron concentrations) compared with the modeled
one (red line). The hydrogen scattering contribution from the AFGA model (green dashed line) and the boron absorption contribution (blue
dashed line) are also reported. Right: The comparison of the scattering cross section per hydrogen atom from AFGA (black solid line), from
hydrogen in H2O from Ref. [29] (blue dotted line), from hydrogen in CH2 from Refs. [30] (red dashed line), and the one from the ENDF/B-VIII.0
elastic scattering channel [MT=2] (green dotted line), used when hydrogen is considered as a free gas (no thermal scattering considered).
AFGA, average functional group approximation; BPA, 4-borono-phenylalanine.

3 RESULTS

The experimental total cross section of BPA (with natural
boron isotope concentrations), obtained from the neu-
tron transmission experiment on VESUVIO, is reported
in Figure 2 and compared with the theoretical predic-
tion. In order to refer to BPA with natural occurring
boron isotope concentrations and 10B enriched con-
centrations, we will refer to BPA(20) and BPA(100),
respectively. The remarkable agreement between the-
ory and experiment is a consequence of the accurate
prediction of the scattering contribution from hydrogen
obtained using the AFGA approach. As one can appre-
ciate from the right panel in Figure 2, the use of a
free hydrogen gas cross section would correspond to a
clear underestimate of the scattering contribution of the
entire molecule,dominated by hydrogen thermal scatter-
ing, down to meV energies. It is also important to note,
comparing the boron absorption and hydrogen scatter-
ing contributions in the left panel of Figure 2, that at
few tens of meV a neutron has the same probability
of being absorbed by boron or scattered by hydrogen
away from the BPA(20) molecule, and such competi-
tion is dominated by hydrogen scattering at any energy
larger than that.

The competition between neutron absorption and
scattering can have consequences for the calculation of
primary and secondary doses. In the case of BPA(20),
a neutron with few tens of meV, having the same proba-
bility of being absorbed or being scattered away, has a
mean free path of several millimeters (about 2.6 mm in
bulk BPA) and, therefore, if scattered away, has a sub-
stantial probability of being transported outside of the
tumor before interacting again. Clearly, the competition
between the two interactions can be made more favor-
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F IGURE 3 Probability of neutron absorption in 10B for neutrons
interacting with a BPA(100) molecule (solid red lines). The fluorinated
analogues with one (green dotted lines) and four 19F atoms (blue
dashed lines) replacing the aromatic hydrogen atoms are also
reported. BPA, 4-borono-phenylalanine.

able for absorption when using BPA(100), as already
done in BNCT applications. However, an additional facil-
itation of the absorption process over scattering can
be obtained by using fluorinated analogues of BPA,
where part or all of the aromatic hydrogen atoms
are replaced by 19F,23 which has a bound scatter-
ing cross section about 20 times lower than that
of hydrogen, and an absorption one about 30 times
lower.

In order to quantify the competition between boron
absorption and molecular scattering for BPA, Figure 3
shows the probability of a neutron being absorbed in 10B
per neutron interaction with the molecule, obtained as
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F IGURE 4 Additional probability of neutron absorption in 10B for
neutrons interacting with a BPA(100) molecule, to be considered in
excess to that for fully-hydrogenated BPA (i.e., red lines in Figure 3).
The fluorinated analogues with one 19F atom (green dotted lines),
one C19F3 group (black dotted line) and four 19F atoms (blue dashed
lines) replacing the aromatic hydrogen atoms are also reported. BPA,
4-borono-phenylalanine.

the ratio of the absorption contribution for 10B (weighted
by its concentration in the molecule) to the total cross
section of the molecule, as a function of incident neu-
tron energy. It is interesting to note how, for fluorinated
analogues in BPA(20), the energy value at which scat-
tering and absorption are equally probable shifts from
about 30 meV (no fluorine substitution) to about 50
meV (one fluorine substitution) and to about 200 meV
(four fluorine substitutions). In the case of BPA(100),
the absorption probability is always higher than 50% at
thermal energies, yet the four-fold fluorination of BPA
can still increase such probability by about 5% at any
neutron energy above about 10 meV.

Moreover, considering the difficulty in exchanging all
the aromatic hydrogen atoms with fluorine,the additional
case where a single H is replaced by a CF3 group was
also considered. On the one side, this would provide
three identical fluorine atoms increasing substantially
the 19F-NMR signal with respect to the molecule with
just one fluorinated atom. However, and at the same
time, the inclusion of additional C and F atoms slightly
increases the scattering contribution to the cross sec-
tion by about 12 barn/molecule, further competing with
the absorption reaction. The change in the 10B absorp-
tion probability in the fluorinated versions of BPA with
respect to the fully hydrogenated one is reported in
Figure 4.

4 DISCUSSION

In recent years, with the technological development of
NMR scanners, efforts have been made to develop

not only spectroscopy but also NMR imaging of 19F-
labelled compounds.31,32 These have the advantage of
being able to be identified in radiation-free mode and
without background signal problems, as in the human
body fluorine exists only in the solid state, therefore
not detectable with conventional NMR techniques.33,34

The results reported in this work add another reason
to develop and use fluorinated BNCT drugs: a higher
absorption of neutrons by 10B that implies a greater
probability of nuclear reaction 11B* → 𝛼 + 7Li inside
the cells and, therefore, a higher destructive power of
BNCT therapy against the tumor. As shown in Figure 3,
the probability of neutron absorption by 10B increases
with the number of fluorine atoms substituted for hydro-
gen atoms. The sensitivity of the NMR experiment also
increases with the number of identical 19F nuclei per
molecule. In the common effort to find an effective ther-
apy for curing radio-resistant and inoperable tumors
such as glioblastoma multiforme, our work adds new
information to optimize BNCT. Since the efficacy of
BNCT dramatically depends on the number of destruc-
tive reactions occurring in cancerous tissues compared
to those occurring in healthy tissue, our results suggest
developing and scaling up research and development
of fluorinated drugs for the BNCT. The only drawback to
be taken into account regarding the use of 19F-labelled
borate compounds for BNCT concerns the toxicity of
the drugs. Currently, to our knowledge, there are no tox-
icity data in the literature regarding fluorinated BPA at
therapeutic doses in humans. Some in vitro and animal
model studies performed in rats brain7 and in mice35

suggest that at therapeutic doses there are no major tox-
icity problems (for 19F-BPA see, for example, 300 mg/kg
in Ref. [7] and 500 mg/kg in Ref. [35]). It is worth noting,
as one can appreciate in a recent review article (Ref.
[5]), that doses related to 18F-BPA and 19F-BPA can be
quite different, as the former is mainly used in smaller
quantities as a tracer in PET, while the latter should
be administrated in similar quantities as BPA. However,
the two fluorinated variants of BPA are expected to
show the same chemical behaviour and, as shown by
Watanabe et al.,35 no differences were found between
BPA and 19F-BPA in the transition of boron concentra-
tions in blood, tumour tissue, and normal tissue when
using the same administration protocol. In recent years,
the number of fluoride-labelled drugs approved by the
FDA36 is constantly increasing and, therefore, numer-
ous drug toxicity tests are currently underway.37 Several
drugs labelled with 19F have been synthesised, to take
advantage offered by 19F-MRI and 6-[18]fluoro-L-3,4-
dihydroxyphenylalanine ([18]-DOPA) which is used in
PET studies. 18-DOPA have been long used as radio-
tracers to monitor the dopaminergic brain system38 and
currently to investigate nigrostriatal neuron degenera-
tion in human patients.39 PET imaging using 18-DOPA as
a radiotracer is also employed in the study of brain and
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6 F-BPA FOR OPTIMIZING BNCT

neuroendocrine tumours, pancreatic cell hyperplasia,
and congenital hyperinsulinemic hypoglycemia.40

As already mentioned, 18F-fluorinated BPA is used by
PET to evaluate borate drug biodistribution in clinical
applications of BNCT. One should note that the decay
time of 18F is about 110 min,and results in a 18O atom by
emission of a positron. Therefore, provided that neutron
irradiation is performed more than few hours after the
injection of the 18F-fluorinated BPA, most of radioactive
nuclei will have decayed into 18O, which has a simi-
lar scattering cross section to that of 19F and an even
smaller absorption one. Therefore, the results obtained
above and shown in Figures 3 and 4 represent conser-
vative improvements for the cases when 18F-fluorinated
BPA is used.

Moreover, it is worth noting that any result provided
here for the scattering and absorption properties of BPA
or F-BPA are not dependent weather the molecule is
considered in vivo or in vitro. In fact, most of the scatter-
ing properties and all the absorption ones are defined
at a local scale, at the atomic or single-molecule level.
Moreover, the fact that our result suggest that fluori-
nated molecules provide a higher absorption probability
at any neutron energy, although to different extents,
could bring to an overall optimization, in principle, not
only for the Monte Carlo calculation of patient dose
and radiation plans, but also for the source parameters,
particle accelerators and moderators defining the initial
neutron flux.

Finally, it is important to recall that all the absorp-
tion probabilities discussed would be overestimated by
using a free hydrogen gas model as opposed to thermal
neutron libraries. The main reasons for such simpli-
fication is, in general, the lack of experimental and
theoretical libraries describing the interaction of neu-
trons with large molecular systems, such as proteins in
muscles or lipids in the brain.Moreover, the implementa-
tion of molecular-specific thermal cross sections based
on analytic models or first-principles calculations41–49

would inevitably cause additional computational costs
in transport calculations. For this reason, phantoms
used to evaluate dose rates are composed of well
characterized materials, such as polymethylmethacry-
late (PMMA),50 for which thermal neutron libraries are
well known. In this framework, the application of AFGA
to BPA can serve as an example of the capability
of this model to reproduce thermal scattering from
organic systems without any additional computational
cost, once their basic molecular composition is known.
Therefore, AFGA should be considered as a possible
way forward to calculate body-specific (if not patient-
specific) thermal scattering libraries, especially consid-
ering that the model is already available in the NCrystal
module28 and, therefore, in several nuclear transport
codes.

5 CONCLUSIONS

In this work we have provided evidence that partial
fluorination of BPA, for applications in BNCT cancer
treatment, can provide an increased efficacy of the
neutron absorption by boron in the tumor region by
decreasing the large scattering contribution due to inco-
herent inelastic scattering by hydrogen atoms. We have
based our discussion on the experimental determination
of the total neutron cross section over a wide range of
energies for thermal and epithermal neutrons, and its
modeling using the AFGA.Moreover,we have noted how
the same fluorination procedure can make BPA a more
effective clinical tool for BNCT, both in Positron Emis-
sion Tomography (by 18F as PET tracer) and for Nuclear
Magnetic Resonance (by 19F nuclear spin) consider-
ing, however, that the doses used for treatment and for
imaging are different.Finally,we have provided a worked
example on how thermal cross sections for organic com-
pounds of interest in BNCT can be accurately obtained
by making use of the AFGA, a ready-to-use tool already
available in several Monte Carlo simulation codes.

The present work adds new information to optimize
BNCT by suggesting and hoping for the development
of new fluorinated drugs for BNCT that, in addition to
offering continuous monitoring of the pharmacokinetics
of the drugs by NMR Spectroscopy and/or Imaging, are
able to enhance the destructive effect of the therapy in
cancer cells.
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