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Abstract

Boron neutron capture therapy (BNCT) is a cancer treatment modality based on
the nuclear capture and fission reactions that occur when boron-10, a stable iso-
tope, is irradiated with neutrons of the appropriate energy to produce boron-11
in an unstable form, which undergoes instantaneous nuclear fission to produce
high-energy, tumoricidal alpha particles. The primary purpose of this review is
to provide an update on the first drug used clinically, sodium borocaptate (BSH),
by the Japanese neurosurgeon Hiroshi Hatanaka to treat patients with brain
tumors and the second drug, boronophenylalanine (BPA), which first was used

Columbus, Ohio 43210, USA.

Email: nilendu.gupta@osume.edu clinically by the Japanese dermatologist Yutaka Mishima to treat patients with

cutaneous melanomas. Subsequently, BPA has become the primary drug used
as a boron delivery agent to treat patients with several types of cancers, specifi-
cally brain tumors and recurrent tumors of the head and neck region. The focus
of this review will be on the initial studies that were carried out to define the
pharmacokinetics and pharmacodynamics of BSH and BPA and their biodistri-
bution in tumor and normal tissues following administration to patients with
high-grade gliomas and their subsequent clinical use to treat patients with high-
grade gliomas. First, we will summarize the studies that were carried out in Japan
with BSH and subsequently at our own institution, The Ohio State University,
and those of several other groups. Second, we will describe studies carried out
in Japan with BPA and then in the United States that have led to its use as the
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1 | BACKGROUND

This review focuses on the two drugs that have been used
clinically for boron neutron capture therapy (BNCT).
The first drug, di-sodium undecahydro-mercapto-closo-
dodecoborate (Na,B,H;;SH), commonly known as
sodium borocaptate (BSH) (Figure 1), was used clini-
cally in Japan as a boron delivery agent for BNCT of
patients with brain tumors [1, 2]. The second drug was
a di-hydroxyl boryl derivative of phenylalanine, known
as boronophenylalanine (BPA) (Figure 1). BPA was used
initially to treat patients with cutaneous melanomas [3]
and subsequently patients with brain tumors [4], which is
the focus of this review. Interested readers are referred to
the publications of Kato et al. [5], Kankaanranta et al. [6],
and Hirose et al. [7] for the use of BNCT to treat tumors of
the head and neck region. BNCT is based on the nuclear
capture and fission reactions that occur when the stable
isotope, boron-10, is irradiated with low-energy (0.025
eV) thermal neutrons to produce boron-11 in an unstable
form, which undergoes instantaneous nuclear fission to
produce high-linear energy transfer (LET) alpha particles
(stripped down helium nuclei) and recoiling lithium-7
nuclei, as shown below [8].

/*He+"Li+2.79 MeV (6%)

10 11
B+ng[ B]\4He+7Li+0.48y+2.31 MeV(94%)

Prior to 2015, the only source of these neutrons was
nuclear reactors, but since then, they have been produced
by specially designed accelerator-based neutron sources
(ABNSs), which now are being used extensively in Japan
[9].

Inorganic boron compounds were first used clinically by
Asbury et al. [10], Goodwin et al. [11] in Sweet’s labora-
tory and by Farr et al. [12] in the early 1960’s in an attempt
to develop more selective boron delivery agents. Soloway
et al. [13] at the Massachusetts General Hospital (MGH,
Boston, MA, USA) focused on two sulfhydryl-containing
boron hydride anions, B;,H;SH™? and B,,Clg (SH)Z_S .
There are major biological differences between the B12H1_22

primary drug that is being used clinically for BNCT. Third, although there have
been intense efforts to develop new and better boron delivery agents for BNCT,
none of these have yet been evaluated clinically. The present report will provide a
guide to the future clinical evaluation of new boron delivery agents prior to their
clinical use for BNCT.

Boron neutron capture therapy (BNCT), boronophenylalanine (BPA), brain tumors, head and
neck cancer, sodium borocaptate (BSH)

anion and its mercapto counterpart B;,H;; SH=2, which has
the potential to form mixed disulfides with sulfide groups
of various proteins [13]. Based on this, biodistribution stud-
ies were carried out by Soloway et al. [13] in tumor-bearing
mice, and samples of tumor and blood were taken from
individual animals. The tumor localizing properties and
tumor:blood boron concentration ratios were sufficiently
high to suggest that the B;,H;;SH~? anion of Na,B,,H;; SH
was the most promising of all the compounds that had
been evaluated [13]. Upon his return to Japan, Hiroshi
Hatanaka, a neurosurgeon who had been a visiting sci-
entist in Soloway’s laboratory, initiated a clinical trial in
patients with brain tumors [1, 2]. More detailed informa-
tion relating to Hatanaka and Farr’s early studies initially
was provided by Barth et al. [8] in their first comprehensive
review article on BNCT. Interested readers are referred to
a more recent review by Barth et al. [14] of results obtained
using reactor neutron sources for the treatment of high-
grade (III-IV) gliomas and recurrent tumors of the head
and neck region.

2 | HATANAKA'’S CLINICAL STUDIES
OF BNCT FOR THE TREATMENT OF
BRAIN TUMORS

Between August 1968 and March 1985, Hatanaka et al.
[1, 2] treated a total of 77 patients with malignant brain
tumors of varying histopathologic types, and among these,
40 purportedly were high-grade gliomas. Initially, patients
had de-bulking surgery to remove as much tumor as pos-
sible, followed at varying time intervals thereafter with
BNCT. Neutron irradiation was carried out at four differ-
ent Japanese nuclear reactors producing low-energy (0.025
eV) thermal neutrons. Due to their limited depth of pen-
etration, this required that irradiation be administered
following removal of a portion of the skull and reflection
of the overlying skin flap [1, 2]. This was done in order
to increase the depth of penetration of the thermal neu-
trons and to prevent damage to the skin, which would
have occurred if it had not been reflected. Initially, BSH
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FIGURE 1 Chemical Structure of boronophenylalanine (BPA)

and sodium borocaptate (BSH).

was administered via the carotid or vertebral arteries [1,
2] and subsequently intravenously, although it is unclear
when this transition occurred. Among the first group of
77 patients that had been treated, those with cortical or
subcortical tumors had a 5-year survival rate of 58% and
a 10-year survival rate of 29% [1, 2]. As it turned out,
these survival data were too good to be true. Most likely,
the majority of these patients probably had lower grade
rather than high-grade gliomas. The fact that they were of
lower grade was substantiated by a recent case report by
Kamano et al. [15] on a patient with a diffuse astrocytoma,
who had been treated by Hatanaka. BSH was adminis-
tered via the left internal carotid artery (80 mg/kg) the
night before treatment and BNCT was carried out using
an unspecified nuclear reactor, which required a radiation
time of 5.5 h. The histopathology of the original tumor
was unknown, but presumably it was a low-grade glioma,
which was apparent when the patient’s tumor recurred 7
years later. The patient underwent a second resection of a
tumor mass, the histopathology of which revealed grade
III radiation damage but no viable tumor cells [15]. The
patient subsequently survived for a total of 32 years fol-
lowing BNCT with a reasonably good quality of life. This
case report supports the prevailing view that the unusu-
ally long survival times of Hatanaka’s patients were in large
part due to the fact that they had lower rather than higher
grade gliomas. Be that as it may, his results were impressive
enough to stimulate an interest in BNCT, which had fallen
into decline following studies at the MGH [10, 11] and Farr

et al.’s [12] unsuccessful clinical trials in the 1950’s. Fol-
lowing Hatanaka et al.’s encouraging reports [1, 2], clinical
studies were initiated in a number of countries, includ-
ing the United States, Finland and several other European
countries, using either BSH or the more promising drug,
BPA. Based on clinical studies carried on patients with
cutaneous melanomas by Mishima et al. [3, 16, 17] and the
experimental brain tumor studies of Coderre et al. [18, 19]
at the Brookhaven National Laboratory (Upton, NY, USA),
a clinical trial was initiated. Based on the clinical studies
of Chanana et al. [4] and Elowitz et al. [20], BPA became
the drug of choice for BNCT.

Almost 10 years later, Hatanaka et al. [21] provided
an update on their original report [2]. As of December
1992, 119 patients with gliomas of varying grades had been
treated using BSH as the boron delivery agent [21]. Eigh-
teen out of 87 patients, treated on or before May 1987,
had lived longer than 5 years, and 9 of them had lived
longer than 10 years out of 53 patients operated on or
before May 1982. Among the latter, 2 had died at 12 and
17 years following BNCT. Based on these results, it was
concluded that BNCT could produce “cures” of what had
been regarded as incurable high-grade brain tumors. Sadly,
Hiroshi Hatanaka died in May 1994, but in 1997 Nakagawa
et al. [22] published an update on their clinical studies
using BSH as the boron delivery agent to treat patients
with gliomas of varying grades. Between 1968 and 1997,
a total of 149 patients received BSH as part of their treat-
ment with BNCT following de-bulking surgery. Among
these, 64 patients had a diagnosis of glioblastomas (GBM),
39 had lower grade anaplastic astrocytomas (AA), 17 had
grade I or II astrocytomas, and 29 had other tumor types.
Finally, there were 29 patients with other types of brain
tumors. The patients with gliomas had an overall response
rate of 64%. The 2-year survival rate was 12% for patients
with GBMs and 56% for patients with AAs. A more real-
istic picture of the histopathologic diagnoses of Hatanaka
et al’s 173 patients [1], treated between 1968 and 1985,
subsequently was provided by Nakagawa et al. [22]. Of
those patients who lived more than 3 years, only 10 had
GBMs, 14 had AAs, and 9 had low-grade astrocytomas,
and the histopathology of the remainder was not specified.
Based on this, Hatanaka et al.’s original report [1] of long-
term survivors of patients who purportedly had GBMs was
based in part on the erroneous histopathologic classifica-
tion of their tumors. However, the 3-year survival rate of
these patients was at least as good as, if not somewhat
better than, those patients who had received conven-
tional therapy consisting of surgery and radiotherapy with
or without chemotherapy with bis-chlorethyl-nitroso-urea
(carmustine) during the same time period. The sum and
substance of all of the above was that Hatanaka et al.’s
clinical results were sufficiently promising to result in
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significant funding from both the National Institutes of
Health and the Department of Energy to support BNCT-
related research and further clinical trials in the United
States.

3 | CLINICAL STUDIES CARRIED OUT
IN JAPAN USING BSH AS A BORON
DELIVERY AGENT

The only other clinical study carried out in Japan to evalu-
ate BSH as a boron delivery agent was that of Takagaki et al.
[23], which consisted of a group of 11 patients who pur-
portedly were diagnosed with GBM. All of these patients
had received BSH at a dose of 20 mg/kg body weight at
2.5-16 h prior to surgical removal of their tumors. Boron
concentrations in tumor and blood were determined quan-
titatively by prompt gamma spectroscopy and qualitatively
at the cellular level by alpha track autoradiography. There
was considerable variability in the brain tumor boron con-
centrations both quantitatively and qualitatively at varying
time intervals following the 90-minute infusion of BSH.
Variability in large part was due to differences in the
time intervals between BSH administration and debulking
surgery, which ranged between 2.5 h and 19 h. As might
be expected, there was great variability in the blood boron
concentrations, which ranged from 1.6 to 26.6 ppm, and in
the tumor boron concentrations, which ranged from 0.5
to 8.6 ppm. These very low tumor boron concentrations
would have limited the depth of penetration of thermal
neutrons to 12.8 cm. However, no details relating to the
neutron irradiation procedure itself were provided. It was
very confusing that the biodistribution study involved 11
GBM patients, but the survival data were reported for 16
patients, and no explanation for this inconsistency was
provided by the authors. A 3-year survival rate of 31% was
reported for 16 patients and a 2-year survival rate of 50% for
8 patients. Plain and simple, these numbers do not add up!
Again, the survival data seemed too good to be true. The
most likely explanation for the discrepancy was that some
patients in the study had lower grade rather than high-
grade GBMs, which also had been the case with Hatanaka
et al.’s patients [1]. It is noteworthy that these results were
never confirmed in another study by this or any other

group.

4 | OTHER CLINICAL STUDIES USING
BSH AS A BORON DELIVERY AGENT

To the best of our knowledge, the largest therapy study out-
side of Japan to evaluate BSH as a boron delivery agent for
BNCT of patients with high-grade gliomas was carried out

by Sauerwein et al. [24] as a European Organization for
Research and Treatment of Cancer (EORTC) study 11961 at
the Petten High Flux Reactor located in Petten, the Nether-
lands. As of the time of the writing of their final report,
a total of 30 patients had been entered into the study,
but only 26 had received BNCT. Neutron irradiation was
given in 4 fractions on 4 consecutive days. One day prior to
the first irradiation, 100 mg of BSH/kg body weight were
administered intravenously. On the following days, both
the amount of BSH and its time of administration were
modified to attain an average blood boron concentration
of 30 parts per million (ppm) over the 4 fractions of BNCT.
Of the 26 patients who received BNCT, the mean blood
boron concentration over the 4 days was 30.2 ppm. Only
one patient developed serious radiation treatment-related
toxicity following BNCT. Acute radiation toxicity involv-
ing the brain was slightly less than that observed following
conventional external beam photon radiation, and late tox-
icity outside of the brain was mild. The mean survival time
(MST) of the all of the patients was not significantly dif-
ferent from one another. All of the patients either died of
recurrent brain tumors or had recurrent brain tumors at
the time of writing of their final report [25]. The MST of the
patients deemed not candidates for BNCT was 6.5 months,
and they all died due to local progression of their GBMs.
It was concluded that additional studies were necessary in
order to come to a definitive conclusion as to the suitabil-
ity of BSH as a boron delivery agent. To the best of our
knowledge, the only other clinical study using BSH was
that of Burian et al. [26] in Czech Republic. A total of 5
patients were treated at the epithermal neutron facility at
the LVR-15 reactor at the Nuclear Research Institute Rez
(Rez, Czech Republic), but the number of patients was not
high enough to evaluate the efficacy of BNCT.

Hideghéty et al. [27] carried out a phase I EORTC 11961
clinical trial in a group of 10 patients to evaluate the blood,
tumor and selected normal tissue boron concentrations
at 12 h following intravenous infusion of BSH at doses of
either 100 or 22.9 mg/kg body weight. The average tumor
boron concentration was 19.9 + 9.1 ppm for the patients
who were treated with 100 mg of BSH/kg body weight
group and 9.8 + 3.3 ppm for those with 22.9 mg of BSH/kg
body weight. The corresponding tumor:blood concentra-
tion ratios were 0.6 + 0.2 and 0.9 + 0.2 for the patients
who were treated with 100 and 22.9 mg of BSH/kg body
weight, respectively. The average brain boron concentra-
tions were reported for 4 patients who were treated with
100 mg of BSH/kg body weight group, and the mean was
6.6 + 2.6 ppm. However, 3 or more tumor tissue sam-
ples were taken from only 3 patients. In contrast, as had
been reported by Goodman et al. [28], anywhere between
3 and 10 samples were taken from different parts of the
same tumor for all of the glioma patients (Figure 2).
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FIGURE 2 Dot plot of total boron concentrations (ug/g) in tumor and normal brain samples for individual patients with either

astrocytomas (A) or glioblastomas (G). Patients received sodium borocaptate at a dose of 15, 25, or 50 mg/kg body weight, and tissues were
sampled 3-7 h following termination of the infusion except for 3 patients with astrocytomas, from whom tissue samples were taken after 12 h

(A50,12). Normal brain boron concentrations are indicated by », and tumor boron concentrations by ». Larger circles (O/@) indicate 2
identical concentrations, and the largest circles (/@) indicates 3 identical concentrations.

The larger number of samples allowed determination of
the great variability in the uptake of BSH in different
regions of the tumor, which would have a major impact
on the radiation doses delivered to different regions of the
tumor.

5 | PHARMACOKINETIC AND TISSUE
BIODISTRIBUTION STUDIES OF BSH
CARRIED OUT IN THE UNITED STATES

The disappointing clinical results obtained using BSH
could have been predicted, based on a number of phar-
macokinetic studies, and amongst these the most detailed
one was carried out by a group at The Ohio State Uni-
versity (OSU) Medical Center (Columbus, OH, USA) [28].
This study, funded by the US Department of Energy, con-
sisted of a group of 25 patients (10 men and 15 non-pregnant
women), 21 years of age or older, with pre-operative
diagnoses of GBMs or AAs. Twenty-two of them were
patients at the Beijing Neurosurgical Institute (BNI, Bei-
jing, China), which at that time saw the largest number of
patients with high-grade gliomas than any other institu-
tion in the world, and 3 were patients at the OSU Medical
Center. Of the 25 patients, 19 had tumors that were subse-
quently confirmed by histopathologic examination in the
Department of Pathology at OSU to be either GBMs or

AAs. These 19 patients constituted the study population,
and the remaining 6 had neither of these two types of brain
tumors and therefore were excluded from the study. The
study plan had been reviewed and approved by the Human
Subjects Review Committee of OSU and the US Food and
Drug Administration (FDA), which assigned an Investiga-
tional New Drug number (34687) to BSH. Since a major
part of this study involved Chinese patients at the BNI, the
study also received approval by the relevant Chinese health
authorities, including the Ethics Committee of the BNI,
the Beijing Municipal Health Authority, which has juris-
diction over the BNI, and the Drug Bureau of the People’s
Republic of China, the Chinese equivalent to the US FDA.
Most importantly, because this was a biodistribution and
pharmacokinetic study, it had no influence on the type of
surgery performed or the type of adjuvant therapy admin-
istered after surgery. The BSH drug (#672422, assigned by
the Cancer Chemotherapy National Service Center) was
synthesized and purchased as a drug substance from Cen-
tronics, Ltd. (Croydon, UK). The patients in this study were
stratified into 3 groups and received 15 mg (3 patients), 25
mg (3 patients), or 50 mg of boron (13 patients), which cor-
responded to 26.5, 44.1, or 88.2 mg of BSH/kg body weight.
The drug was infused intravenously in 500 mL of nor-
mal saline over 1 h. Since the report of Goodman et al.
[28] was published in Neurosurgery, which still is not an
open-access journal, unfortunately it has not reached a
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broad audience of readers, and therefore the results are
summarized as follows.

Blood boron concentrations were highest at the end of
the infusion and then decreased tri-exponentially over the
remaining 5 days [28]. For boron doses of 15, 25, and 50
mg/kg body weight, the corresponding blood boron con-
centrations at 6 h following administration were 20.8, 29.1,
and 62.6 ng/mL. The maximum solid tumor boron concen-
trations for a boron dose of 50 mg/kg body weight at 3-7
h after administration were 17.3 + 10 pg/g of tumor for
AAs and 17.1 + 5.8 pg/g for GBMs. When averaged over
all tumor samples of AAs and GBMs at 3-7 h after infu-
sion, the tumor boron concentrations were 11.9 pg/g, while
the normal brain tissue boron concentrations were 5.5 +
3.9 pg/g brain for AAs and 4.6 + 5.1 pg/g for GBMs. The
corresponding tumor:normal brain boron concentration
ratios were 3.8 and 3.2, respectively. Samples of mixed nor-
mal brain and tumor had lower concentrations of boron
than those of tumor. Following a dose of 50 mg/kg body
weight, blood boron concentrations decreased from 104
pg/mL at 2 h to 63 ug/mL at 6 h, and the muscle and skin
boron concentrations were 39.2 ug/g and 43.1 ug/g, respec-
tively, during the sampling period of 3-7 h. Taking all of the
tissue and blood boron concentrations together, the best
tumor boron concentrations were seen at a boron dose of
25 mg/kg body weight at 3-7 h following the end of admin-
istration of BSH. Normal brain tissue boron concentrations
were consistently lower than tumor boron concentrations.
However, tumor boron concentrations were lower than
those required for a tumoricidal effect, and there was sig-
nificant variability within different regions of the same
tumor (Figure 2), as well as variability in the uptake of
BSH from patient to patient, thereby making any estimate
of the radiation dose delivered to the tumor very difficult,
if not impossible. Based on these findings, it was con-
cluded that intravenous administration of a single dose of
BSH would not be sufficient for a successful therapeutic
effect.

6 | STUDIES COMBINING BSH AND
BPA AS BORON DELIVERY AGENTS

Based on the clinical studies of several other groups, sum-
marized by Goodman et al. [28], clinical interest in BSH
as a boron delivery agent for BNCT of patients with high-
grade gliomas almost completely ended. Subsequently,
BPA became the only drug that today is being used clini-
cally, with the exception of several reports describing the
combination of BSH and BPA. The rationale for this was
that the uptake of BSH was dependent upon a breakdown
of the blood-brain barrier (BBB) within the tumor, while
in contrast the uptake of BPA was dependent upon upreg-

ulation of the L-type amino acid transporter-1 (LAT1) in
tumors [29, 30]. As recently reported by Watanabe et al.
[31], there was an association between tumor expression
of LATI and the potential efficacy of BNCT. In the first
study using a combination of BSH (5 g) and BPA (13 g),
Kawabata et al. [32] described the clinical results obtained
in 2 patients, one of whom had a GBM and the other a
“glial” tumor, which were infused intravenously for 1, 12,
and 1 h before neutron irradiation. A marked reduction in
tumor volume was seen by magnetic resonance imaging
(MRI) at varying numbers of days following BNCT. How-
ever, no long-term follow-up information was provided.
In a second and more extensive study by Kawabata et al.
[30], a total of 21 patients with malignant gliomas, the
grades of which were not reported, were treated using a
combination of BSH (100 mg/kg) and BPA (700 mg/kg),
which were infused intravenously prior to neutron irradi-
ation. The MST was 15.6 months for this cohort versus 10.3
months for 27 patients who had received external beam
radiation therapy (XRT). In a second arm of the study,
10 patients received BNCT using both BSH and BPA as
boron delivery agents, followed by XRT consisting daily
fractions of 2 Gy for a total dose of 20-30 Gy. The MST
was 23.5 months for this group compared to 14.1 months
for those who only received BNCT, clearly indicating a
significant therapeutic gain associated with the combina-
tion of BNCT and XRT, as had been reported by Barth
et al. [33] in an experimental study combining BNCT with
external beam photon irradiation using F98 rat glioma
model [34].

7 | PHARMACOKINETICS AND
BIODISTRIBUTION STUDIES OF BPA

The pioneering studies by Mishima et al. [3] led to
the introduction of BPA as a clinical boron delivery
agent for BNCT of patients with cutaneous melanomas
[35]. Initially, this was administered peri-lesionally [3]
and subsequently intravenously to patients with cuta-
neous melanoma involving other regions of the body [16].
Coderre et al. [18, 19] were the first to demonstrate that
BPA, initially administered orally by gavage and subse-
quently intravenously, was effective in treating Fischer
rats bearing intracerebral implants of the 9L gliosarcoma,
which is highly immunogenic [34]. These studies laid the
groundwork for the most comprehensive clinical phar-
macokinetic and tissue biodistribution studies of BPA in
patients with GBM carried out by Elowitz et al. [20].
Varying doses (130-250 mg/kg body weight) of a fruc-
tose complex of BPA were administered intravenously 2-3
h prior to the start of the craniotomies of 16 patients
with GBMs. Blood samples were taken during and after a
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2-hour infusion of BPA. Multiple samples of tumor, normal
brain and scalp were taken at surgery for boron determi-
nations. Blood clearance was biphasic with the first phase
(re-distribution) having a half-time (T;/;) of ~1.2 h last-
ing 30-40 min and with the second phase (elimination)
having a T}/, of ~8.2 h. There was a high degree of variabil-
ity in the tumor boron concentrations of multiple samples
taken from the same patient, as well as patient-to-patient
variability [20]. Similarly, tumor:blood boron concentra-
tion ratios were highly variable [20] and appeared to be
related to the cellularity of the samples [36, 37]. Normal
brain boron concentrations were either less than or equal
to those seen in the blood. Tumor:blood boron concentra-
tion ratios were highly variable from patient to patient and
ranged from 0.3 to 3.5. However, the data obtained were
encouraging enough to initiate a phase I/II clinical trial
between 1994 and 1998 in the Medical Department of the
Brookhaven National Laboratory using the Brookhaven
Medical Research Reactor (BMRR) [4, 38]. The median
time to progression and median survival time of 37 patients
treated using the BMRR were 31.6 weeks and 13.0 months,
respectively. Local control and survival times were similar
to those of historical controls at the time the study was car-
ried out between 1994 and 1999 [38]. These clinical results
probably could have been predicted based on the biodis-
tribution and tumor boron concentrations reported by
Elowitz et al. [20] and the relation of boron concentrations
to tumor cellularity reported by Coderre et al. [36]. Never-
theless, they laid the groundwork for a number of clinical
studies carried out in Japan [39-41], Finland [42], Sweden
[43], and the United States [4, 44] for patients with brain
tumors. The clinical study carried out in Sweden was note-
worthy in that the dose of BPA was increased to 900 mg/kg
body weight and the duration of its infusion was increased
to 6 h [45]. A total of 12 patients were treated with BNCT, 11
of whom also received Temazolomide (TMZ). The median
survival time from initial diagnosis was 22 months [46, 47].
This suggested that the increased dose and prolonged infu-
sion time of BPA and the inclusion of TMZ enhanced the
efficacy of BNCT. In contrast, shorter survival times were
reported by the Japanese [48] and Finnish groups [49], of
patients treated at the same time who had received lower
doses and shorter infusion time of BPA than the Swedish
patients.

However, there is a paucity of other data similar to those
reported by Goodman et al. [28] on the tumor versus nor-
mal brain uptake of BSH and those reported by Elowitz
et al. [20] on the tumor versus normal brain uptake of
BPA in patients with brain tumors. More recently, Hirat-
suka et al. [35] have presented a brief review on the
pharmacokinetics of BPA in the blood following a two-
stage infusion of 500 mg/kg of BPA (400 mg/kg BPA for
2 h and 100 mg/kg for 1 h) during neutron irradiation.

However, no tumor boron concentrations were reported.
Koivunoro et al. [50] carried out a biokinetic analysis of
tissue boron-10 concentrations in a group of 98 patients
with gliomas who received a 2-hour intravenous infusion
of BPA at doses ranging from 290 to 450 mg/kg. Blood
samples were taken at 20-min intervals until the end of
irradiation. A closed 3-compartment model was used to
predict the changes in the total boron concentrations as a
function of time in brain and tumor tissues during BNCT
treatments. Although all of the calculated tumor:normal
brain boron concentration ratios were in a very narrow
range of 2.0-2.5, there was considerable variability in the
calculated average tumor boron concentrations ranging
from 44 to 93 mg/g tumor. Since these were calculated
and not quantitatively determined boron concentrations,
nothing could be said about the intra-tumoral variability
of the boron concentrations, as had been determined by
direct boron measurement of multiple samples from the
same tumor, as reported by Elowitz et al. [20]. To the best
of our knowledge, only Elowitz et al. [20] had determined
the intra-tumoral variability of boron concentrations fol-
lowing the intravenous administration of BPA in patients
with brain tumors. It would be of great interest if such a
study could be carried out in glioma patients who have
received BPA prior to their initial surgery, a subset of whom
ultimately might be candidates for BNCT. Finally, and
potentially very important, was the recent report of Kondo
et al. [51], indicating that 3-dihydroxyboryl phenylalanine
was 100 times more water soluble than 4-dihydroxyboryl
phenylalanine. This practically means that the 3-BPA
would not need to be complexed with fructose or sor-
bitol in order to increase its solubility prior to intravenous
administration.

8 | CLINICAL STUDIES IN JAPAN AND
FINLAND USING BPA FOR THE
TREATMENT OF HIGH-GRADE GLIOMAS
AND RECURRENT TUMORS OF THE
HEAD AND NECK REGION

The clinical results of the Brookhaven clinical trial [4,
38] led to the studies in Japan [40, 41], Finland [42],
and Sweden [45-47] for patients with high-grade gliomas
and in Japan [5, 7] and Finland [6] for recurrent tumors
of the head and neck region. Over the next 25 years, a
large number of patients have been treated, initially using
nuclear reactors as neutron sources and ABNSs since 2012
in Japan [52-54]. In the present review we have focused
more on the pharmacokinetics, pharmacodynamics and
tumor biodistribution of BPA. Following the first clinical
studies in the United States using BPA [4, 38, 44], BNCT
for high-grade gliomas was initiated in Japan using BPA at
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FIGURE 3 Blood boron concentrations from a phase II

clinical trial of accelerator-based BNCT for malignant gliomas [64]
(solid line) and from a previous study by Elowitz et al. [20] (dotted
line). BPA (SPM-011) was administered intravenously at a dose of
400 mg/kg body weight over 2 h, followed by a continuous infusion
of BPA at a dose of 100 mg/kg body weight until the completion of
neutron irradiation. Neutron irradiation with ABNS was started 2 h
post the initiation of BPA infusion (200 mg-kg-h~! for 2 h + 100
mg-kg'-h~! for 1 h). The duration of irradiation was carefully
managed to ensure the scalp irradiation dose did not exceed 8.5
Gy-Eq. Abbreviations: ABNS, accelerator-based neutron source;
BNCT, boron neutron capture therapy; BPA, boronophenylalanine.

a dose of 250 mg/kg, administered intravenously over 1 h
[40, 41]. The group at the University of Tsukuba (Ibaraki,
Japan) [9], led by Matsumura, continued their clinical
trial using the same protocol and the Japan Research
Reactor-4. Researchers at Osaka Medical and Pharmaceu-
tical University (Takatsuki, Osaka, Japan) [55] and Kyoto
University Research Reactor Institute (KURRI, Kumatori-
cho, Osaka, Japan) [56] conducted BNCT clinical trials
for patients with recurrent malignant gliomas using the
same dosing protocol for BPA alone or in combination with
BSH at the KURRI. In a subsequent trial, 700 mg/kg of
BPA was administered as a continuous 6-hour infusion
for patients with newly diagnosed malignant gliomas [56].
Based on its safety and efficacy, the same protocol also
had been used for the treatment of patients with high-
grade, difficult-to-treat, high-grade meningiomas [57, 58].
In a study involving 15 patients with recurrent head and
neck cancers, treated at the KURRI between June 2004
and February 2006, the total dose of BPA-fructose was 500
mg/kg body weight (400 mg/kg administered at a constant
rate of 200 mg-kg~'-h~! for 2 h prior to irradiation, fol-
lowed by the remaining 100 mg/kg during irradiation). The
blood boron concentration immediately after irradiation
averaged above 25 ppm and maintained at a constant blood

concentration during during irradiation [56]. In contrast,
the blood boron concentration immediately after irradia-
tion in 5 patients treated with 250 mg/kg of BPA (fructose
solution) could not be maintained at 20 ppm. The aver-
age boron concentration in whole blood immediately after
irradiation in 8 patients treated with 500 mg/kg was 19.5
ppm, compared with an average of 30.4 ppm before irra-
diation, showing pre- and post-irradiation variability [56].
By reducing the intravenous dose rate from 200 to 100
mg-kg~!-h~! of BPA during irradiation, the blood boron
concentration could be maintained at 20 ppm. If discrep-
ancies between the pre-dose prescription and post-dose
evaluation were large, the treatment would be suboptimal
and could cause serious clinical problems such as adverse
or ineffective treatment due to over- or under-delivered
doses. This was done in order to obtain approval for BNCT
from the Japanese Ministry of Health, Labor and Welfare
(Tokyo, Japan).

From 2005 to 2012, BPA was administered at a dose of
400 mg/kg for 2 h prior to neutron irradiation, followed by
its continuous administration at 100 mg/kg during irradi-
ation in patients with recurrent high-grade meningiomas
[57, 58]. The BPA used in the clinical trials carried out
in Japan was either a fructose complex or sorbitol com-
plex of BPA. The latter has the trade name of SPM-011,
which was developed by Stella Pharma J.V. Co. Ltd. (Osaka,
Japan). Complexing L-D-sorbitol with BPA made it easier
to dissolve and more stable than the fructose formulation
that had been used in the past. The fructose complex was
used for BNCT of patients with gliomas [55, 59], menin-
giomas [57-60], head and neck cancers [5, 6, 61], cutaneous
and extra-cutaneous melanomas [35, 60], and Pagets dis-
ease of the vulva and perenium [35]. The sorbitol complex
was used for patients with meningiomas [57, 58], glioblas-
tomas [59], and recurrent tumors of the head and neck
region [61]. During accelerator-based neutron irradiation,
it was mandated by the Japanese regulatory authorities
to infuse BPA during irradiation in order to maintain the
whole blood °B concentration at 20 ppm (Figure 3). This
was used as a surrogate for the tumor boron concentration,
since tumor boron concentration could not be measured
in real time. Most recently, a clinical trial has been initi-
ated at Gachon University, Gil Medical Center (Gachon,
Republic of Korea) for the treatment of patients with recur-
rent high-grade gliomas using an ABNS [62]. The patients
received BPA at a total dose of 500 mg/kg infused over 3 h
(166 mg-kg~!-h~!) followed by neutron irradiation, which
was administered 1 h after termination of the infusion. The
maximum calculated normal brain radiation doses of 9, 11
or 13 Gy-Eq [63]. However, at the time of this writing, no
clinical results relating to this trial have been reported.
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9 | STRATEGIES FOR IMPROVING THE
DELIVERY OF BSH AND BPA

As reported by Hatanaka et al. [21], BSH initially was
administered intra-arterially via the carotid or vertebral
arteries at a dose of 30-50 mg/kg body weight the night
before neutron irradiation. At some unknown point later
in time the route was changed to intravenous adminis-
tration at a BSH dose of 60-80 mg/kg body weight [65].
Subsequently, in the EORTC 11961 clinical trial [25], BSH
at a dose of 100 mg/kg body weight was administered
intravenously 8-14 h prior to each neutron irradiation and
a dose of 1 mg/kg body weight was administered during
irradiation in order to achieve a blood boron concentra-
tion of 30 ppm. After infusion of BSH, the tumor:blood
concentration ratio was 1.2 + 0.4, and the correspond-
ing tumor:normal tissue boron concentration ratios varied
from 3.6:1 to 1:1 depending upon the tissue. BNCT was
performed in 4 fractions on 4 consecutive days. Horn
et al. [66] carried out a detailed study on the phar-
macokinetics and tissue distribution of BSH in a group
of 10 patients with either astrocytomas or GBMs. BSH
at a dose of 25 mg/kg body weight was administered
intravenously over 1 h, and craniotomies and tumor resec-
tions were carried out at varying time intervals ranging
from 3 to 18 h following termination of the infusion.
Average tumor boron concentrations ranged from 4.7
to 16.6 pg/g tumor weight, but there were no data on
intra-tumoral variability. Tumor:blood boron concentra-
tion ratios ranged from 0.318 to 3.357, and 6 of the 10
patients had tumor:blood boron concentration ratios of 1:5
or greater, which was considered the necessary ratio for
effective BNCT. Based on these findings, it was concluded
that the most advantageous time interval between BSH
infusion and BNCT was 12 h. However, and most impor-
tantly, the retention of BSH in the kidneys was very high
and potentially nephrotoxic if repeated infusions of BSH
were given [66]. The intravenous route of administration
was used in all of the other pharmacokinetic and biodis-
tribution studies of BSH, as summarized by Goodman
et al. [28].

The clinical studies combining BSH and BPA also have
been summarized by Miyatake et al. [59] and more recently
by Cheng et al. [67] who included a very useful table
summarizing the clinical studies described in this section.
There has been a great variability in the clinical protocols
employed for the dosage and timing for the administra-
tion of both BSH and BPA, and surprisingly the optimum
dosing and timing regimens have yet to be determined. As
has been described by Miyatake et al. [55] and Kawabata
etal. [64], a two-step administration of BPA based on blood
boron concentrations was employed to stabilize blood and

presumably tumor boron concentrations during the irradi-
ation procedure. Again, pharmacokinetic and tumor tissue
distribution studies, such as those reported by Elowitz et al.
[20] and Goodman et al. [28], could provide important data
to support this approach.

10 | ANIMAL STUDIES TO OPTIMIZE
THE DELIVERY OF BSH AND BPA

Barth et al. [68-70] and Yang et al. [71-74] have carried
out extensive studies to optimize the delivery of BSH and
BPA using the F98 rat glioma model. They compared
the intravenous route of administration to intra-carotid
administration for BSH and BPA with or without BBB dis-
ruption. This was achieved by the intra-carotid infusion
of a hyperosmotic solution (25%) of mannitol prior to the
intra-carotid administration of either BSH or BPA [70]. The
lowest tumor boron concentrations were seen in rats that
received either BSH or BPA intravenously (12.9 and 20.8
ug/g, respectively). The highest concentrations, almost 4-
fold greater, were seen in rats that received BSH or BPA
by intracarotid administration combined with BBB disrup-
tion (48.6 pg/g and 94.5 pg/g, respectively). The MST of
F98 glioma-bearing rats that received either BSH or BPA
by intravenous injection followed by BNCT were 33 and 37
days, respectively, and by intra-carotid injection were 40
and 52 days, respectively. The greatest increase in MST was
seen in rats that received BPA by intra-carotid administra-
tion combined with BBB disruption (95 days). Based on the
studies described above, it was concluded that maximizing
the concentrations of BPA by intra-carotid administration
combined with BBB disruption increased the physical radi-
ation dose from 33.84 Gy to 119.67 Gy with a corresponding
increase in the MST, as indicated above. Furthermore,
optimizing the mode of delivery of BSH and BPA has sig-
nificant impacts on tumor boron concentrations, MSTs,
and the physical radiation and relative biological effective
(RBE) doses delivered to the tumor.

Although Hatanaka et al. [1, 2] initially administered
BSH by intra-carotid administration, this probably was
clinically too challenging, and they eventually settled on
the much easier intravenous route of administration. To
the best of our knowledge, other than Hatanaka et al.’s
early protocol that employed intra-arterial administration
of BSH, this route has never been investigated clinically
using BPA. The one exception was a pilot study carried
out by Cruickshank et al. [75] comparing tumor uptake
of BPA in one patient who received intravenous admin-
istration of BPA and in another patient who received
intra-carotid administration of BPA combined with BBB
disruption. However, no further studies were reported
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using this approach. These data suggest that there still may
be a role of BSH and BPA combined with some alterna-
tive methods to clinically enhance their delivery to brain
tumors. This could include osmotic opening of the BBB
[76] by means of pulsed or focused ultrasound [77-79].
Although BBB disruption has been employed by intra-
carotid administration of cytoreductive chemotherapeutic
agents by Priest et al. [76], it still has not been widely
accepted by the neurosurgical community [79].

11 | EVALUATION OF NEW BORON
DELIVERY AGENTS FOR BNCT

One of the most important priorities for the advancement
of BNCT as a cancer treatment modality is the develop-
ment of new and better boron delivery agents. Hattori
et al. [80] recently have described in detail how such
agents should be evaluated in vitro and in vivo. The lat-
ter include acute toxicity of a single dose, boron uptake
in various organs, and in tumor-bearing small animals
by means of direct [81] or inductively coupled plasma
atomic absorption spectroscopy [82] and cellular localiza-
tion within tumor cells using techniques such as secondary
ion mass spectrometry [82, 83] and alpha track autoradio-
graphy [84]. In the case of boron delivery agents, these
should be intrinsically non-toxic, and most importantly,
dose escalation studies should be carried out to deter-
mine the maximum non-toxic attainable tumor boron
concentration in tumor-bearing animals. Once these stud-
ies have been completed, studies in large animals such as
non-tumor-bearing dogs could be initiated. These should
include toxicologic evaluation, normal tissue biodistribu-
tion, pharmacokinetics and ideally neutron irradiation of
the target site. Such studies were carried out by Hatanaka
et al. [85] in their evaluation of BSH. Detailed clinical eval-
uation of BSH, as previously described in this review, was
carried out by Goodman et al. [28], which could serve as a
guide on how promising new boron delivery agents might
be evaluated clinically (Table 1).

The preclinical evaluation of BPA has been described
in detail by Mishima [16]. As summarized by Barth
[86], Mishima et al.’s [87] initial studies were carried
out in Duroc pigs that have a propensity to develop
cutaneous melanomas and subsequently in melanoma-
bearing hamsters. BPA was administered intravenously,
and subsequently the tumor site was irradiated with neu-
trons, which resulted in complete disappearance of the
melanomas [3]. Based on this, a clinical trial was initiated
in patients with cutaneous melanomas by means of peri-
lesional injection of BPA, followed by neutron irradiation,
which resulted in complete regression of the tumor. Sim-
ilar results were obtained in several other patients with

cutaneous melanomas, and these results subsequently led
to the animal studies carried out by Coderre et al. [19]
and the clinical study by Elowitz et al. [20], as described
earlier in this review. These animal studies subsequently
paved the way for the clinical trial carried out in the Med-
ical Department of the Brookhaven National Laboratory
[4]. Nowadays, the requirements for a phase I trial, as
described by Eisenhauer et al. [88], have gone far beyond
that which was required for BSH and BPA. These requre-
ments present a much greater challenge for the future
clinical development of new boron delivery agents for
BNCT.

12 | WHERE DO WE GO FROM HERE?

There is a broad consensus of opinion among clinicians
that at present, BPA is the primary boron delivery agent
that can be used for the treatment of cancer patients. That
is not to say that BSH or derivatives of it might not be
useful in the future as a boron delivery agent for certain
types of tumors [89]. What is especially attractive about
BSH is that it has 12 boron atoms per molecule, and this
provides a strong incentive to develop new delivery agents
incorporating the BSH molecule. Hundreds of potential
boron delivery agents for BNCT have been described in
the chemical and biologic literature [90-101]. There are
many excellent reviews covering this topic, and the earliest
of these were those of Hawthorne [94] and Soloway et al.
[98], among the later are those of Zhu et al. [101], Barth
et al. [102], and the most recent ones are those of Couto
et al. [93], Jililian et al. [95], Sawuerwein et al. [96], Oloo
et al. [103] and Monti-Hughes et al. [104]. Yet, despite this
voluminous literature relating to boron delivery agents for
BNCT, to the best of our knowledge, none of these agents
have been evaluated in any animals larger than mice and
rats. The one exception was a tetrakiscarborane carboxy-
late ester of 2,4(a,b-dihydroxyethyl)-deuteroporphyrin IX
[105], also known as boronated protoporphyrin (BOPP)
which was synthesized by Kahl et al. [106] and was evalu-
ated in mice [107], rats [107], and dogs [105, 108]. Biodistri-
bution studies were carried out in C6 glioma-bearing mice
[107] and 9L glioma-bearing rats [109], which revealed that
BOPP had attained a tumor:normal brain boron concentra-
tion ratios of up to 400:1 [109]. Based on toxicologic [105],
pharmacokinetics [108], and tissue biodistribution stud-
ies [108] that were carried out in dogs, it was concluded
that BOPP did not have clinically significant toxicity [105].
Furthermore, pharmacokinetic and tissue biodistribution
studies suggested that BOPP might be suitable as a sen-
sitizing agent for photodynamic therapy (PDT), which is
another binary therapeutic modality [107]. Based on these
preclinical studies, Rosenthal et al. [110, 111] and Stylii
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TABLE 1 A stepwise guide for the clinical evaluation of new boron delivery agents.*
Study goal Samples to collect and analyze

Pharmacokinetic studies with at
least 3 dose levels of the boron
delivery agent

Sampling of blood and urine for 120 h following administration of the boron
delivery agent. Blood samples should be collected at the start of the infusion, and
at 15 and 30 min and 1, 2, 4, 7, 13, 24, 48, 72, 96 and 120 h following the infusion to

calculate the pharmacokinetic and excretory profiles of the agent

Define excretion profile of the
boron delivery agent

Boron in tumor

Sampling of urine for each 24-hour interval for 5 days.

Multiple samples of the resected tumor, as well as infiltrating and necrotic tumor

and a mixture of tumor and normal tissues.

Extra-tumoral boron
determinations

Sampling of the skin, bones and muscles during surgery

2 As reported by Goodman et al. [23] for the evaluation of BSH, patients should be informed that all the following steps will not have any impact on their treatment.
The evaluation of new boron delivery agents might require modification, based on their expected uptake, pharmacokinetics and requirements of the relevant drug

regulatory authorities.

et al. [112, 113] initiated a Phase I Australian clinical trial
of BOPP as a photosensitizer for PDT of patients with
recurrent high-grade gliomas. BOPP was administered
intravenously followed by intracerebral PDT delivered to
the site of the tumor in patients with recurrent GBMs.
Although there was a modest increase in patient survival
times, it was concluded that infiltrative tumor cells invari-
ably resulted in tumor progression, leading to death of
the patients. However, as far as we can determine, there
were no further studies using BOPP as a photosensitizer
for PDT in patients with high-grade gliomas. Similarly, no
clinical studies ever were initiated to evaluate BOPP as
a boron delivery agent for BNCT. Rejection of BOPP as
a boron delivery agent may have been based on studies
in 9L gliosarcoma-bearing rats, which revealed unaccept-
able toxicity following intravenous administration and
great variability in tumor boron concentrations follow-
ing intracerebral administration by convection-enhanced
delivery [109].

To the best of our knowledge, no other boron delivery
agents have been used clinically for BNCT other than BSH,
which was first used by Hatanaka et al. [1], and BPA, which
was first used by Mishima et al. [17]. The detailed clini-
cal study with BSH, which was carried over 25 years ago
by Goodman et al. [28], provided a guide for future clini-
cal studies to evaluate new boron delivery agents that have
been shown to be promising in dogs and ultimately in
humans. Based on the studies described above, it should be
possible to reach a conclusion as to whether other agents
should be a candidate for clinical use. New delivery agents
will then require the submission to the appropriate local
and national health authorities of all of the data obtained
from the studies described above, including adverse events
in animals that could be attributed to their administration.
However, up to the present time, no agent other than BPA
has reached this stage.

One of the advantages that Barth et al. [68-70, 114]
and Yang et al. [71-74] have had in the preclinical eval-
uation of BSH, BPA, carboranyl porphyrins, nucleosides,
and boronated epidermal growth factor receptor (EGFR)-
targeting monoclonal antibodies [102] was that they could
carry out not only biodistribution studies but also therapy
studies. These initially were carried out using the BMRR
and subsequently at the Massachusetts Institute of Tech-
nology Research Reactor (MITRR). Unfortunately, the
BMRR was decommissioned many years ago, and MITRR,
to the best of our knowledge, has not been used for BNCT
studies since those carried out by Coderre et al. [18, 19],
Barth et al. [69, 70], and Yang et al [71, 74] over 15 years ago.
It remains to be determined if the new BNCT treatment
facilities that have ABNSs also can be used for animal stud-
ies. Hopefully they can, and this would greatly advance
therapeutic evaluation of the most promising of the myr-
iad of boron delivery agents that have been described in
the chemical and biological literature [90-101]. This is of
paramount importance since the future success of BNCT
largely depends on the development of new and better
boron delivery agents than BPA and BSH, each of which
has a number of significant shortcomings.

The theoretical advantage of BNCT compared to other
radiotherapeutic modalities is that in theory it is the
radiation oncologists’ ideal type of radiation therapy, in
that it specifically targets malignant cells and spares nor-
mal cells. However, this is not only an advantage but
also a significant challenge, especially in using BNCT to
treat patients with high-grade gliomas. The biodistribution
studies by Elowitz et al. [20] with BPA and by Good-
man et al. [28] with BSH in patients with GBMs and AAs
revealed that there was significant variability in the uptake
of these boron delivery agents in different samples of the
same tumor. There are many reasons for this varibility,
including the extensive phenotypic and genotypic cellular
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heterogeneity and their invasive properties, the admix-
ture of necrotic and non-necrotic regions within the same
tumor, and perhaps most importantly the complex tumor
microenvironment [115].

High-grade gliomas are the most difficult of all human
cancers to treat by virtue of the fact that they are highly
infiltrative of the normal brain and have a highly immune-
suppresive microenvironment [116]. All of these variables
may have a significant impact on the cellular uptake of
chemotherapeutic agents, and more specifically the two
boron delivery agents BSH and BPA, which have been
used clinically. The optimum method, dosing and timing
to deliver BSH and BPA has yet to be determined, and
at the present time the only reliable indicator of their
efficacy is patient survival time. There are a number of
different regimens for the delivery of BPA [117], but only
one of them has been evaluated at the time of their first
surgical resection although positron emission tomogra-
phy imaging of 18-fluoro-BPA has provided some useful
information on tumor uptake [117]. However, it is inca-
pable of detecting the variability of cellular uptake of BPA,
and uptake alone can be very misleading. As reported by
Kawabata et al. [118] using the F98 glioma model, carbo-
ranyl porphyrins were administered intracerebrally to F98
glioma-bearing rats by convection-enhanced delivery. The
tumor uptake of carboranyl porphyrins, as determined
by direct current plasma-atomic emission spectroscopy
(DCP-AES), was many times greater than that of BPA
administered intravenously [69, 70], and yet the survival
times were very similar to those obtained following intra-
venous administration of BPA [118]. An explanation for
this was provided by postmortem microscopic examina-
tion of the brains of these rats, which revealed that the
apparent high tumor uptake of carboranyl porphyrins was
attributable to uptake by tumor-infiltrating macrophages
and not the tumor cells [118]. This observation provides
a caveat to the studies carried out by Elowitz et al. [20]
with BPA and by Goodman et al. [28] with BSH, that high
tumor boron uptake, as determined by a method such
as DCP-AES, does not provide an accurate picture of the
actual cellular uptake of the boron delivery agent. Support
for this was provided by Coderre et al. [36] who related
the boron concentrations with cellularity indices of 107
tumor samples. They found that tumor boron concentra-
tions ranged from 2.7 to 41.3 pg °B/g over the range of
BPA doses that were administered. There were poor asso-
ciations between the mean tumor boron concentration for
each patient with the dose delivery regimen for BPA and
therapeutic regimens [4, 38]. This will be a major challenge
for the future clinical success of identifying a boron deliv-
ery agent that will be effective for BNCT of patients with
recurrent, high-grade gliomas.

13 | CONCLUSIONS

To re-emphasize, the purposes of this review were twofold.
First, to summarize the clinical pharmacokinetic and
biodistribution studies that have been carried out with
BSH and BPA and how these have led to clinical trials
for treating patients with high-grade gliomas. Second and
third, and equally as important, to provide a template, as
described in Table 1, on how new boron delivery agents
might be evaluated before being used clinically to treat
patients. The evaluation of BPA, as described by Elowitz
et al. [20] and Coderre et al. [36] and of BSH by Goodman
et al. [28] provides a plan for the future clinical evaluation
of the most promising of the hundreds of boron delivery
agents that have been described in the chemical and bio-
logical literature [91-102]. Sadly, none of these, except for
BOPP [107, 119], have reached the stage of clinical evalua-
tion, and this was for PDT rather than BNCT. As reported
by Elowitz et al. [20] and Goodman et al. [28], both BPA
and BSH are less than ideal boron delivery agents for
BNCT of patients with GBMs due to the great variability
in their uptake in different regions of the same tumor. This
variability unquestionably accounts for the less than cura-
tive clinical results obtained in treating patients with the
most challenging of all human cancer, high-grade gliomas.
The logistics of carrying out such clinical studies have
been described by Elowitz et al. [20] and in even more
detail by Goodman et al. [28]. Unfortunately, however,
both studies were published in the non-open access jour-
nal, Neurosurgery, and this has significantly limited their
accessibility, even today. We hope that this review, will
make available to a broad audience of readers interested
in BNCT of what needs to be done to evaluate the most
promising of the hundreds of boron delivery agents that, as
of yet, are still in an early stage of pre-clinical evaluation.
Conceivably, clinical studies of promising boron delivery
agents initially could be carried out in patients with recur-
rent tumors of the head and neck region, where multiple
samples could be taken in different regions of the same
tumor. This is done by a surgeon, who is able to extend
the margins of tumor resection when guided by a surgical
pathologist in order to remove all of the tumor. The future
success of BNCT is dependent upon the development of
new and better boron delivery agents for not only brain
tumors and head and neck cancers but also other types of
cancers.

The various challenges that make BNCT clinical trials
very complex to design, implement, and get meaningful
clinical results have been summarized by Gupta et al. [120].
One of the most significant challenges is that different
boron delivery agents probably will have very different
uptake pharmacokinetic and pharmacldynamic profiles
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in tumors and normal tissues. While it is common to
report average boron concentrations in the tumor and
critical structures, the micro-dosimetric impact of this
high-LET radiation therapy is completely dependent on
how unformly the 1B is distributed within the tumor. Per-
haps even more important is that all of the tumor cells
presumptively must have the required amount of boron
to sustain a lethal '°B(n,a)’Li capture reaction. To date,
BNCT clinical trials have not focused on evaluating and
standardizing the optimal boron dosing delivery regimen.
Unfortunately, this has resulted in variations in the clinical
results obtained in these trials. Not surprisingly, this has
limited the enthusiasm of a large group of radiation oncol-
ogists for BNCT as a cancer treatment modality. If BNCT
is to be widely accepted as a cancer treatment modality,
there must be standardization of various aspects of the
design of clinical trials, and implementation and report-
ing of their results. Most importantly, there is a need for
a future plan to carry out multi-institution clinical trials,
which have been the key to success in developing new
cancer treatment modalities. This could become a reality
with the increasing number of ABNSs in Japan, China, and
hopefully in other countries.
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