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Abstract

Boron Neutron Capture Therapy (BNCT) is a binary cancer treatment 
modality that combines irradiation with a thermal or epithermal neutron beam 
with the administration of boron-10 carriers that are taken up preferentially by 
neoplastic cells. The high linear energy transfer alpha particles and recoiling 7Li 
nuclei emitted during the boron-10 neutron-capture reaction 10B(n,α)7Li, have 
a range of 5-9 µm in tissue and are known to have a high Relative Biological 
Effectiveness (RBE). In this way, BNCT would potentially target tumor tissue 
selectively, largely sparing normal tissue.

Clinical trials of BNCT for the treatment of glioblastoma multiforme and/
or melanoma and, more recently, head and neck tumors, liver metastases, 
lung metastases and mesothelioma have been performed or are under way in 
Argentina, Europe, Japan, Taiwan, and the US. To date, the clinical results have 
shown a potential therapeutic advantage for this technique but undoubtedly 
leave room for improvement. Translational radiobiological studies in appropriate 
in vivo experimental models are pivotal to progress in this field.

A significant part of our translational research efforts have been focused 
on exploring new applications of BNCT and optimizing BNCT for different 
pathologies, employing a bench to bedside approach that bridges the gap 
between research and clinical application. Although our work includes the 
assessment of the therapeutic potential of novel boron compounds in our 
experimental models, a large proportion of our studies have been devoted to 
optimize the delivery of boron compounds currently authorized for their use in 
humans such as Boron phenylalanine (BPA) and decahydrodecaborate (GB-10). 
In addition, we have designed and tested different BNCT treatment strategies 
tailored for different pathologies, for varying degrees of disease progression and 
for different clinical conditions of the patient. Some examples involve: 1) The 
combined use of BPA and GB-10 to improve tumor boron targeting homogeneity 
in the hamster cheek pouch oral cancer model, in a colon carcinoma liver 
metastases model in BDIX rats and in a diffuse lung metastases model in BDIX 
rats; 2) Aberrant tumor blood vessel normalization to improve boron delivery 
in the oral cancer model; 3) Sequential BNCT (BPA-BNCT followed by GB-10-
BNCT with a 24-48 h interval) in the oral cancer model to optimize therapeutic 
efficacy and minimize mucositis in the dose-limiting precancerous tissue in the 
case of patients requiring abbreviated treatment; 4) Electroporation to improve 
the micro distribution of boron delivered by GB-10 in the oral cancer model; 5) 
Double applications of BNCT with 4-6 weeks interval to optimize therapeutic 
efficacy, reduce toxicity in terms of mucositis and inhibit the development of 
second primary tumors from precancerous tissue in the oral cancer model for 
the case of patients that do not require abbreviated treatment; 5) Assessment 
of the therapeutic efficacy and potential toxicity of BNCT in the liver metastases 
and diffuse lung metastases models in BDIX rats; 6) Local administration of GB-
10 or BPA for effective low dose Boron Neutron Capture Synovectomy (BNCS) 
for the treatment of Rheumatoid Arthritis in a model of antigen-induced arthritis 
in rabbits; 7) BNCT-induced local and abscopal effect in an ectopic model of 
colon carcinoma in BDIX rats. 

The knowledge gained from these radiobiological studies would contribute 
to design safe and effective clinical BNCT protocols. In particular, the BNCT 
protocols used to perform our ongoing and to date successful clinical-veterinary 
BNCT studies at RA-6 for cats and dogs with spontaneous head and neck 
cancer with no therapeutic option, are partially based on the lessons learnt from 
these translational studies.
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Introduction
Boron Neutron Capture Therapy (BNCT) is a binary treatment 

modality for cancer that involves the selective accumulation of 
boron-10 carriers in tumors followed by neutron irradiation. The 
10B(n,α)7Li capture reaction between a thermal neutron and a 10B 
nucleus gives rise to the formation of a high Linear Energy Transfer 
(LET) alpha particle and a recoiling 7Li nucleus. These densely ionizing 
particles have a high Relative Biological Effectiveness (RBE) and a 
short range in tissue (5-9 µm). In this way, damage would be largely 
circumscribed to tumor tissue where 10B atoms are preferentially 
localized [1-3].

Clinical studies of BNCT for glioblastoma multiforme, 
melanoma, recurrent head and neck tumors, and liver metastases 
have been performed or are underway in the United States, Japan, 
Europe, Argentina and Taiwan [4-9] employing mostly nuclear 
reactors as the neutron source. More recently, clinical investigations 
have been performed in Japan on BNCT for recurrent hepatic and 
gastrointestinal cancer [10], locally recurrent lung cancer [11] and 
extra-mammary Paget´s disease [12]. Ongoing clinical trials in Japan 
include BNCT for lung cancer. A recent review by Barth et al. [13] 
suggests that if the ongoing clinical trials are sufficiently promising, 
BNCT will have a clear path to the future. To date, the clinical results 
have shown a therapeutic advantage, with identified opportunities for 
improvement. Extensive research has recently been carried out for 
the development of alternative solutions [14-20] to existing BNCT 
facilities based on nuclear reactors. These alternative facilities will 
enable in-hospital treatments [21,22] and pave the way for more 
widespread clinical trials for different tumors.

BNCT involves a mixed field irradiation. The radiation doses 
delivered to tumor and normal tissue during BNCT originate in 
the energy deposition from ionizing radiation with different LET 
characteristics. Although the neutron capture cross-sections for the 
elements in normal tissue are several orders of magnitude lower than 
for [10B], two of these, hydrogen and nitrogen, are present in such high 
concentrations that their neutron capture contributes significantly 
to the total absorbed dose. In addition to the α and 7Li high LET 
products that give rise to the tumor-specific boron dose component, 
a non-specific background dose results from: (1) low-LET gamma 
rays in the neutron beam, (2) low LET gamma rays resulting from 
the capture of thermal neutrons by hydrogen atoms [1H(n,γ)2H], (3) 
high LET protons produced by the scattering of fast neutrons when 
a hardened epithermal neutron beam spectrum is employed and (4) 
high-LET protons resulting from the capture of thermal neutrons 
by nitrogen atoms [14N(n,p)14C]. The biologically effective dose will 
depend on the RBE for the different dose components that contribute 
to the total irradiation dose. RBE depends on the LET of radiation. 
High-LET, densely ionizing particles induce direct damage to DNA, 
i.e. mainly double-strand breaks that are largely irreparable and lethal 
for the cell. Direct damage is not influenced by the oxygenation level 
of the tissue or its proliferative status. Conversely, low-LET radiation 
induces mainly indirect damage via the action of free radicals on 
DNA. This effect is largely reparable and causes sub lethal damage to 
the cell. Indirect damage is enhanced by the presence of oxygen and is 
greater in proliferating cells with unwinding, exposed DNA strands. 
In the particular case of the boron dose component, RBE is termed 

Compound Biological Effectiveness (CBE) factor and depends on the 
RBE of α particles and 7Li ions and the micro distribution of [10B] in 
a particular tissue [2,3].

BNCT protocols should ideally maximize the tumor selective 
boron radiation component and minimize the non-selective 
background dose to improve the therapeutic ratio [2]. Maximizing/
optimizing the delivery of boron to tumor is the most effective way 
to do this. An ideal boron carrier should be non-toxic at therapeutic 
dose levels, should accumulate preferentially in tumor cells vs blood 
and normal tissue and should target all tumor cell populations. Tumor 
cells poorly loaded with boron will be unresponsive to treatment [23], 
making homogeneous tumor boron targeting pivotal to therapeutic 
success. Since the 10B isotope only has a natural abundance of 19.9%, 
boron carriers for BNCT must be enriched in 10B. Also, absolute boron 
content in tumor must be high enough (109boron-10 atoms/cell or 
20-30 ppm) to allow sufficient capture reactions to occur for the effect 
to be lethal. Higher tumor boron concentrations will allow for shorter 
irradiation times and the concomitant reduction in background dose 
that affects tumor and normal tissue similarly [2]. Finally, the micro 
distribution of an ideal boron carrier will place the 10B atoms close to 
a target that maximizes effect such as DNA [24-26].

Although the international community has devoted (and 
continues to do so) much effort and resources to the design and 
synthesis of novel boron carriers, the “ideal” boron carrier remains 
elusive. The four “imperfect” compounds currently authorized 
for their use in humans are Boron phenylalanine (BPA), Sodium 
Borocaptate (BSH), decahydrodecaborate (GB-10), and boric acid 
(BA). Although these compounds delivered in the traditional way 
as single agents prior to a single neutron irradiation have shown 
therapeutic potential for different pathologies [5,27-32], there is 
opportunity and need for improvement. However, if and when a 
novel boron compound is identified as promising, it still faces many 
hurdles [33]. Typically, in the US for example, of 10.000 general 
medicinal compounds that are developed, only 5 enter clinical trials 
and only one is finally approved for treatment. The process “from 
bench to bedside” takes typically 10 years and costs over 1000 million 
US Dollars [34]. Optimizing the delivery of 10B compounds currently 
authorized for use in humans is an excellent short and medium-term 
strategy, employing a bench to bedside approach that will bridge the 
gap between research and clinical application. 

Translational Research
The need to optimize BNCT for different pathologies requires 

translational research in adequate experimental models. Although we 
have devoted part of our efforts to assessing the therapeutic potential 
of novel boron carriers, our work has been primarily focused on 
optimizing the delivery of boron compounds authorized for their 
use in humans and designing and testing different BNCT treatment 
strategies for different pathologies, degree of disease progression and 
clinical condition. 

The pathologies we seek to study employing experimental models 
are those that respond poorly to standard therapies and would 
potentially benefit from more effective and selective therapies. 

Head and neck cancer
The relatively poor overall 5-year survival rate for malignancies 
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of the oral cavity [35] and the fact that radical surgery often results 
in large tissue defect [36] calls for improved therapeutic strategies. 
Within this context, the hamster cheek pouch oral cancer model was 
proposed by our group to explore, for the first time, the feasibility of 
applying BNCT to the treatment of head and neck cancer [37,38].Our 
translational studies preceded the first clinical trial of BNCT for head 
and neck malignancies [39] and provided evidence, for the first time, of 
the efficacy of BNCT to treat oral cancer at an experimental level. The 
hamster cheek pouch oral cancer model is the most widely accepted 
model of oral cancer [40-42]. Carcinogenesis protocols that involve 
topical application of the hamster cheek pouch with the carcinogen 
Dimethyl-1,2-Benzanthracene (DMBA) 0.5% in mineral oil 2-3 
times a week for 12 weeks [27,43] induce Squamous Cell Carcinomas 
(SCC) surrounded by precancerous tissue, recapitulating the process 
of malignant transformation in humans [44]. The possibility to 
study precancerous tissue that mimics field cancerized tissue in 
humans is essential in head and neck cancer studies. Precancerous 
tissue is more radiosensitive than normal mucosa and, when treated, 
develops dose-limiting mucositis [45,46]. In addition, precancerous 
tissue is frequently the source of second primary tumors that cause 
therapeutic failure. In a clinical scenario, oral mucositis also limits the 
dose that can be administered with BNCT to head and neck tumors 
[5,7] and is a frequent dose-limiting side effect during conventional 
radiotherapy [48].

A large part of our translational radiobiological studies has been 
performed in the hamster cheek pouch oral cancer model. These in 
vivo BNCT studies have taught us many lessons, some even surprising.

Our first studies at RA-6 Nuclear Reactor showed that BNCT 
mediated by BPA at 5.2 Gy absorbed dose to tumor induced complete 
tumor remission by 15 days post-treatment in 78% of the tumors and 
partial remission in an additional 13% of the tumors. No toxicity was 
observed in normal mucosa and moderate/severe, albeit reversible, 

mucositis developed in precancerous tissue [38]. This study strongly 
suggested, for the first time, that BNCT could induce a remarkable 
tumor response in head and neck cancer with acceptable toxicity in 
the dose-limiting precancerous tissue.

We then went on to explore the therapeutic potential of the boron 
carrier GB-10, with an unexpected outcome. GB-10 is a largely diffusive 
agent that has been proposed for BNCT of brain tumors because it 
does not traverse the intact blood-brain barrier but can enter brain 
tumors surrounded by a disrupted blood-brain barrier [49]. We did 
not expect GB-10 to be a selective stand-alone boron delivery agent 
in tumors other than brain tumors. However, we wanted to study GB-
10 in our oral cancer model to go on to use it in combination with 
BPA. The combined administration of 10B compounds with different 
properties and uptake mechanisms contributes to more homogeneous 
tumor boron targeting, conceivably improving therapeutic efficacy 
[50,51]. Although GB-10 was not selectively taken up by tumor in 
our model, it did target tumor cells homogeneously. Homogeneous 
tumor boron targeting is a pivotal aspect of BNCT efficacy because 
tumor cells poorly loaded with boron will be refractory to treatment 
and the source of recurrence. BNCT mediated by GB-10 produced 
a selective effect on tumors by preferential damage of the aberrant 
tumor vasculature [52], while preserving precancerous and normal 
tissues that do not have an aberrant vasculature. At 8 Gy absorbed 
dose to tumor, tumor response to GB-10-BNCT at the RA-6 Nuclear 
Reactor was 70%, with only very mild mucositis in precancerous tissue 
and no mucositis in normal tissue. Figure 1 shows a representative 
example of the surprising selective effect on tumor of GB-10-BNCT. 
These findings show that selective tumor lethality can result from 
a selective effect on aberrant tumor blood vessels rather than from 
selective tumor uptake of the boron compound [27]. This example of 
a new paradigm in BNCT radiobiology emerged from in vivo BNCT 
studies, stressing the importance of performing actual radiobiological 

Figure 1: Effect of GB-10-BNCT on tumor and normal pouch tissue 7 days post-treatment (pouches have been everted for observation).



Austin J Nanomed Nanotechnol 6(1): id1049 (2018)  - Page - 04

Schwint AE Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

studies in vivo to assess the therapeutic efficacy of BNCT mediated 
by a boron compound under study. Based on boron biodistribution 
studies alone, GB-10 would have been ruled out as a stand-alone 
boron agent for BNCT of head and neck tumors due to its lack of 
tumor selectivity. 

Our follow-on studies were oriented towards studying 
the therapeutic efficacy of BNCT mediated by the combined 
administration of (BPA+GB-10). We sought to combine aberrant 
blood vessel boron targeting with GB-10 and tumor cell targeting 
with BPA, attempting to improve boron targeting homogeneity and 
enhance therapeutic efficacy at no additional cost in terms of toxicity. 
At 5.2 Gy absorbed dose to tumor, BNCT-(BPA+GB-10) at RA-6 
Nuclear Reactor induced 93% tumor response with no normal tissue 
toxicity and only mild mucositis in dose-limiting precancerous tissue 
[27]. These findings and similar studies at RA-3 Nuclear Reactor [53] 
revealed the therapeutic benefit of using 2 boron carriers combined, 
conceivably as a result of the improved homogeneity in boron 
deposition in tumor observed for this boron administration protocol 
[51]. Combinations of agents may be superior to any single agent 
[50,51]. In addition, this strategy helps to overcome the potential 
toxicity of higher doses of each of the compounds given alone [26]. 

As described, we demonstrated that BPA-BNCT, (GB-10 + 
BPA)-BNCT and GB-10-BNCT induced good tumor response 
(expressed as complete remission + partial remission) in the hamster 
cheek pouch oral cancer model employing the RA-6 hyperthermal 
neutron beam [27,38,54] and the RA-3 thermal neutron facility 
[53,55]. Attempting to improve therapeutic efficacy, in particular 
complete tumor remission, at no extra cost in terms of toxicity 
in dose-limiting precancerous tissue, we devised and explored a 
novel approach to BNCT termed Sequential BNCT (Seq-BNCT). 
Irradiations were performed at RA-3 thermal facility employing a 
lithium-6 carbonate shielding to protect the body of the animal while 
the cheek pouch is everted out of the enclosure [53]. Seq-BNCT 
involves the sequential application of BPA-BNCT followed by GB-
10-BNCT with an interval of 24 (Seq-24h-BNCT) or 48h (Seq-48h-
BNCT) between the two applications. Thus, Seq-BNCT is a new way 
of combining the contribution of BPA and GB-10. The Sequential 
modality was devised based on notions of BNCT radiobiology 
contributed by studies by our group and others [2,27,56]. Seq-BNCT 
involves the use of two boron agents with different properties and 
complementary mechanisms of action, conceivably contributing 
to a more homogeneous, therapeutically successful targeting of 
heterogeneous tumor cell populations. The first application of BNCT 
would reduce tumor interstitial fluid pressure [57,58], thus improving 
the distribution of blood-borne therapeutic agents such as GB-10 for 
the second application. In addition, the induction of void space by 
cancer cell death would also enhance intratumoral delivery for the 
second application [59]. Thus, GB-10 would have a better chance of 
targeting a tumor when it is administered as part of the Sequential 
protocol than when it is administered with BPA in the joint GB-10 + 
BPA protocol. The 24h or 48h interval between applications is short 
enough to preclude tumor cell repopulation [60] and could favor 
targeting of the tumor cells that were refractory to the first application. 
Regarding dose-limiting mucositis in precancerous tissue, Seq-BNCT 
would favor a reduction in the severity of mucositis or, at least, would 
nor exacerbate mucositis compared to a single application of the 

same total dose employing (GB-10 + BPA)-BNCT. Because mucositis 
is a multistage process initiated by mucosal injury and associated to 
an increased production of inflammatory cytokines that cause direct 
mucosal damage and initiate positive feedback loops [61], the 24 or 
48 h interval between BNCT applications might conceivably allow the 
inflammatory process to partially subside before the second dose is 
delivered, precluding the exacerbation of mucositis.

A comparison of tumor control and mucositis in dose-limiting 
precancerous tissue was performed for Seq-BNCT (Seq-24h-BNCT 
and Seq-48h-BNCT) vs (GB-10 + BPA)-BNCT at the RA-3 thermal 
neutron facility. The single application of BNCT was to the same total 
tumor absorbed dose (10Gy) as Seq-BNCT (BPA-BNCT at 4Gy to 
tumor followed by GB-10-BNCT at 6Gy to tumor) [62]. Here we must 
point out that the neutron irradiations in this case were performed 
at the RA-3 thermal nuclear facility and cannot be compared with 
our earlier studies at the hyperthermal neutron beam at RA-6 due 
to the differences in neutron spectrum and gamma component that 
influence biological response [3,54,55]. At 28 days post-treatment, 
Seq-24h-BNCT and Seq-48h-BNCT induced, respectively, overall 
tumor responses (partial remission + complete remission) of 95% 
and 91% while overall tumor response for (GB-10 + BPA)-BNCT was 
significantly lower at 75%. Complete remission was higher for Seq-
24h-BNCT and Seq-48h-BNCT (76% and 68% respectively) than for 
(GB-10 + BPA)-BNCT (50%). No statistically significant differences 
were observed between Sequential protocols. The severity of mucositis 
was evaluated semi-quantitatively according to an oral mucositis 
scale based on macroscopic features adapted for the carcinogen-
treated hamster cheek pouch from the WHO classification for oral 
mucositis in human subjects [63] and the six-point grading system 
for normal hamster cheek pouches of Sonis et al. [64]. The Sequential 
protocols and (GB-10 + BPA)-BNCT induced reversible mucositis 
in the dose-limiting precancerous tissue that peaked at 14 days 
post-treatment and had resolved by 21-28 days post-treatment. The 
incidence of Grade 3/4mucositis at 14 days post-treatment was 35% 
for the Sequential protocols taken together (no statistically significant 
differences were observed between the two Sequential protocols) 
and 60% for the (GB-10 + BPA)-BNCT protocol. No toxicity was 
observed in normal tissue for any of the protocols. In terms of toxicity 
to precancerous tissue, there were no adverse effects associated with 
the improved tumor response induced by the Sequential protocols. 
Sequential BNCT enhances tumor response at no extra cost in terms 
of toxicity in dose-limiting precancerous tissue [62]. Although Seq-
BNCT involves two applications of BNCT, they are so close together, 
that the strategy would even be useful for patients with rapid disease 
progression requiring abbreviated treatment.

Another effective strategy to improve the delivery of boron 
carriers to tumor consists in fixing the flawed delivery system in 
tumors. The abnormal structure and function of tumor blood vessels 
impairs blood flow and effective convective fluid transport, leading 
to defective distribution of blood-borne therapeutic agents [65]. 
Tumor blood vessel normalization by tailored administration of anti-
angiogenic agents that down regulate Vascular Endothelial Growth 
Factor (VEGF), over expressed in the majority of solid tumors, would 
lead to improved distribution of drugs in tumors. Given that the 
anti-angioogenic monoclonal antibodies employed to induce blood 
vessel normalization in human subjects, rats and mice [65] cannot 
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be used in hamsters due to lack of cross antigenicity, we developed a 
technique to transiently normalize aberrant tumor blood vessels in the 
hamster cheek pouch oral cancer model employing thalidomide as an 
anti-angiogenic drug [66]. BPA was administered in the window of 
normalization. We expected an increase in absolute boron content in 
tumors of animals treated with thalidomide prior to administration 
of BPA. However, gross boron measurements by ICP-MS failed to 
reveal statistically significant differences in gross boron content 
induced by normalization of tumor blood vessels. After our initial 
disappointment, we pondered on the fact that while gross values of 
boron concentration are used for dosimetric calculations [2], they 
tell us little about the adequacy and therapeutic usefulness of boron 
distribution. Taking into account that the primary aim of blood vessel 
normalization is not to increase total drug (and oxygen) uptake but, 
instead, seeks to distribute drugs (and oxygen) effectively to a larger 
proportion of tumor cells by fixing the flawed delivery system [65] we 
turned to micro distribution studies and actual radiobiological studies 
searching for an answer. Pre-treatment to normalize tumor blood 
vessels prior to administration of BPA enhanced tumor response 
from 67% to 84%, with an increase in complete tumor response of 
43% to 56%. Knowing that tumor blood vessel normalization had not 
induced changes in gross boron content in tumor that could explain 
improved therapeutic efficacy, our working hypothesis was that a 
normalized vascular system would lead to a rise in homogeneity in 
tumor boron micro distribution. Alpha-particle spectrometry and 
neutron autoradiography studies in hamster cheek pouch tumors 
showed that while pretreatment with thalidomide did not increase the 
absolute boron content in oral tumors, it did improve boron targeting 
homogeneity in tumors. These findings suggest that the improvement 
in tumor response elicited by aberrant blood vessel normalization 
prior to administration of BPA could be ascribed at least partially to 
an improvement in BPA distribution in tumors [43]. An additional 
asset of pre-treatment with thalidomide was a protective effect against 
precancerous tissue mucositis, seemingly unrelated to changes in 
boron compound delivery. Given that cytokines are involved in the 
pathogenesis of oral mucositis [67], this protective effect was ascribed 
to the known cytokine inhibitor activity of thalidomide. Within the 
context of our approach based on the use of drugs approved for use in 
humans, we must point out that after the withdrawal of thalidomide 
from the market due to its teratogenic effects, it was approved in 1997 
by FDA to combat a variety of conditions [68].While blood vessel 
normalization techniques in general also merit investigation as a 
way of optimizing the therapeutic advantage of BNCT in patients, 
the protective effect of thalidomide against dose-limiting mucositis 
would be a valuable bonus in terms of enhancing the therapeutic 
advantage between tumor and dose-limiting precancerous tissue.

The combined treatment with tumor blood vessel normalization 
followed by Sequential BNCT achieved, for the first time, in the 
hamster cheek pouch oral cancer model, 100% tumor response with 
87% complete tumor remission, with no normal tissue toxicity and 
no cases of severe mucositis in dose-limiting precancerous tissue [25]. 

Further pursuing the development of strategies to improve the 
biodistribution and micro distribution of 10B in tumor employing 
boron carriers approved for their use in humans, we evaluated 
if electroporation could improve the targeting of 10B from GB-
10, thus improving the therapeutic efficacy of GB-10-BNCT. 

Electroporation (or electropermeabilization) involves the localized 
application of pulsed electric fields and can act as a non-specific 
system to administer therapeutic agents and improve their delivery. 
In particular, electro chemotherapy, devised to improve boron 
delivery of chemotherapeutic agents, was approved by the European 
community to treat cutaneous and subcutaneous tumors [69,70]. 
Within this context, electroporation was proposed as a way to 
improve tumor boron targeting for BNCT [71]. The GB-10-BNCT 
protocol was particularly interesting to work on because it induces 
only mild mucositis in precancerous tissue with moderate tumor 
control. The idea of improving tumor control of a protocol that is 
virtually “cost-free” in terms of toxicity was particularly compelling. 
BNCT mediated by GB-10 at an absorbed dose of 4 Gy to tumor at 
RA-3 Nuclear Reactor, induced 48% overall tumor control (complete 
remission + partial remission) at 28 days post-treatment with only 
mild mucositis in precancerous tissue. When electroporation was 
performed individually in each pouch tumor available for study 10 
mins after administration of GB-10, and irradiation was performed 2 h 
50 mins later at the same neutron fluence as for GB-10-BNCT, tumor 
control increased significantly to 92% at virtually no additional cost in 
terms of precancerous tissue mucositis. Furthermore, electroporation 
significantly improved complete remission of small tumors (<10mm3) 
from 7% to 65%. Seeking to understand the mechanisms involved in 
this robust improvement in tumor response, we perfomed boron 
biodistribution studies. The results of these studies revealed that 
electroporation increased GB-10 tumor gross boron concentration 
from 10±2 ppm to 20±10 ppm. While this increase is remarkable in 
and of itself, neutron autoradiography studies suggest that changes 
in the parenchyma/stroma microdistribution of GB-10 in tumor 
would be at the root of electroporation-enhanced tumor control. 
The fact that no changes in gross boron content or boron micro 
distribution were observed in precancerous tissue would explain how 
the enhancement in tumor control induced by electroporation would 
bear no cost in terms of toxicity in dose-limiting precancerous tissue 
[72].Having proved the therapeutic efficacy of BNCT to treat existing 
tumors, we still faced the challenge of achieving and demonstrating 
a long term inhibitory effect on the development of tumors from 
precancerous tissue without exceeding the tolerance of this tissue. 
Second primary tumor loco regional recurrences that arise in field-
cancerized tissue are often the cause of therapeutic failure [47]. In 
addition, mucositis in the radiosensitive precancerous tissue limits 
the dose that can be administered to tumor. For these studies we 
developed a less aggressive oral precancer model (employing a less 
aggressive carcinogenesis protocol) that would allow for the long-
term follow-up that is necessary to evaluate tumor development 
from precancerous tissue and yields a less aggressive precancerous 
tissue that mimics more closely the kinetics of field cancerization in 
humans. Employing this model we provided evidence, for the first 
time, that BNCT induces a long-term partial inhibitory effect on 
tumor development from precancerous tissue with no normal tissue 
radio toxicity and without exceeding precancerous tissue tolerance. 
Furthermore, we showed that BNCT is capable of reverting at 
least the histological hallmarks of premalignancy. Thus, the BNCT 
protocols that were previously proved effective to control established 
tumors would also inhibit loco regional recurrences caused by the 
development of tumors in precancerous tissue, suggesting a novel 
application of BNCT [45].
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We then went on to explore the long-term effect of a double 
application of BNCT (full dose re-irradiation) mediated by BPA or 
(GB-10 + BPA) with a four to six-week interval between applications. 
A Double application or re-treatment must not be confused with a 
fractionated treatment. In the case of a Double application, dose is 
prescribed not to exceed the maximum tolerated dose to the “organ 
at risk” (or dose-limiting tissue) for each application. In the case of a 
fractionated treatment, dose is prescribed not to exceed the maximum 
tolerated dose to the “organ at risk” (or dose-limiting tissue) for the 
fractionated treatment as a whole. Following this line of thought, if 
standard radiotherapy is applied prescribing dose to the maximum 
tolerated dose to the “organ at risk” (or dose-limiting tissue), a re-
treatment in the case of tumor recurrence would not be possible.

In a clinical scenario, a double application of BNCT (full dose 
re-treatment) would potentially serve several purposes: to improve 
tumor control, to treat a local recurrence, to inhibit the development 
of second primary tumors from field cancerized tissue and/or 
treat second primary tumors that developed after the first BNCT 
treatment. The potential benefits of a double application of BNCT 
must be weighed against the cost in terms of mucositis in dose-
limiting precancerous tissue [5,38].

Re-treatment with BPA-BNCT and with (BPA + GB-10)-BNCT 
with a 6-week interval between applications exerted a significant 
inhibitory effect on tumor development from precancerous tissue. 
The precancerous tissue only exhibited mild (G1-G2) reversible 
mucositis that peaked one week after the first and second applications 
of BNCT and resolved to Grade 1/0 by 3 weeks after each application. 
A surprising finding was that the second application of BNCT did 
not exacerbate mucositis observed after the first treatment [46]. The 
best therapeutic effect was afforded by a Double application of (GB-
10 + BPA)-BNCT at an absorbed dose to precancerous tissue of 5 Gy 
in each of two applications administered 4 weeks apart. Inhibition 
of tumor development versus control was 100% up to 2 months 
post-treatment and persisted at 63% eight months post-treatment. 
Mucositis was slight in the dose-limiting field cancerized tissue in 
67% of the cases. Our studies suggested that the interval must not 
be shorter than 3-4 weeks, the minimum time necessary to allow 
mucositis to resolve after the first application.

Given that mucositis is dose-limiting, the use of radio protectors 
such as histamine (a compound also approved for use in humans) 
coupled to BNCT was explored with good results in this model, 
showing a reduction in BNCT-induced mucositis in precancerous 
tissue without jeopardizing therapeutic efficacy [73].

The salient finding of these studies [46,74] was that re-treatment 
with BPA-BNCT and (GB-10 + BPA)-BNCT is possible and 
therapeutically useful at no additional cost in terms of radio toxicity. 
Thus, a double application of BNCT would be a treatment option as a 
pre-established protocol or scheduled as a single application followed 
by re-treatment in the case of recurrence.

Liver metastases
Within the context of analyzing the therapeutic potential of 

BNCT for the treatment of pathologies that respond poorly to 
standard treatment, we performed translational BNCT studies in 
an experimental model of liver metastases. Patients with multifocal, 

nonresectable, bilobar liver metastases from colorectal cancer that do 
not respond to chemotherapy can only be offered palliative treatment. 
This lack of therapeutic option is particularly disappointing 
considering that in most cases the primary tumor in the colon can be 
excised and liver is the only site of metastatic spread [75]. Since BNCT 
is based on biochemical boron targeting of tumor cells rather than 
geometric targeting, it would be suited to treat undetectable micro 
metastases [76]. More recent interest in BNCT for the treatment 
of liver metastases has risen. We adapted a liver metastases model 
from Roveda et al. [77]. Subcapsular inoculations of colon cancer 
cells (DHD/K12/TRb) were performed by laparotomy in the liver 
of syngeneic BDIX rats to induce the development of sub capsular 
tumor nodules that simulate metastases but are more amenable 
to follow-up. Two weeks post-inoculation 100% of the animals 
developed localized, measurable, vascularized tumor nodules, with no 
peritoneal or pulmonary dissemination [24]. Our first studies in this 
model showed the therapeutic potential of different administration 
protocols of BPA, GB-10 and BPA+GB-10. Follow-on BNCT studies 
employing BPA as the boron carrier at the RA-3 thermal neutron 
facility showed an unequivocal tumor response at 3 and 5 weeks post-
treatment [76,78]. The pre-treatment nodule weight of 48 mg rose 
to 750 mg in the age-matched Sham group (no treatment but same 
manipulation) while it fell to 7 mg five weeks post BPA-BNCT. At 13 
Gy absorbed dose to tumor and 9 Gy to liver, BPA-BNCT achieved a 
99% reduction in tumor mass compared to the untreated group, with 
no associated liver toxicity. Potential threshold doses for some degree 
of tumor response and significant tumor control were established at 
6 Gy and 9 Gy absorbed dose to tumor respectively. We can conclude 
that BPA-BNCT is therapeutically effective to treat liver metastases 
with no liver toxicity within the study period. BNCT would offer two 
potential advantages over external photon radiotherapy. In the first 
place, BNCT can treat both visible and undetectable liver tumors 
whereas conformal radiotherapy can only treat visible liver tumors 
that are delineated by the physician in the treatment plan. Second, 
BNCT can treat multiple liver tumors without exceeding normal liver 
tolerance. In contrast, when 3 D conformal radiotherapy is applied to 
the treatment of more than three liver nodules, the risk of liver failure 
is a significant concern [79].

Lung metastases
Continuing to focus our efforts on translational studies in 

experimental models that mimic pathologies that are refractory 
to standard treatments, we performed studies in an experimental 
model of diffuse lung metastases. Metastatic lung disease is still 
a leading cause of death. Surgery, radio and chemotherapy have 
failed to improve survival satisfactorily and the overall prognosis for 
patients is poor. In conventional external radiotherapy, it is difficult 
to deliver therapeutic doses to malignant cells without causing 
radiation pneumonitis in the healthy lung [80]. Within this context, 
the search for more selective and less toxic treatment strategies is 
warranted, particularly in view of the marked radiosensitivity of the 
healthy lung [81]. BNCT has been proposed for the treatment of 
diffuse, non-resectable tumors in the lung. BNCT can offer a dose 
gradient between tumor and normal cells if 10B atoms accumulate 
preferentially in tumor cells. Furthermore, due to the fact that BNCT 
is based on biological rather than geometric targeting it would be well 
suited to treat diffuse micro metastases. In addition, with BNCT it is 
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unnecessary to adjust for breathing motions [82].

Within this context, based on the work of Bortolussi et al. [82], 
we tailored the model of colon carcinoma diffuse lung metastases in 
BDIX rats to perform boron biodistribution studies and BNCT studies 
employing the boron compounds BPA and GB-10, administered 
alone or in combination [83]. DHD/K12/TRb colon carcinoma cells 
were injected in the jugular vein of syngeneic BDIX rats. Three weeks 
post-injection we observed reproducible development of abundant 
vascularized lung metastases with enough healthy lung tissue for 
evaluation. To date, only BPA has been explored as a boron carrier 
for BNCT of diffuse lung metastases. We went on to perform in vivo 
BNCT studies in the diffuse lung metastases model at RA-3, employing 
the BPA and (BPA + GB-10) administration protocols. At two weeks 
post-treatment, BPA-BNCT and (GB-10+BPA)-BNCT at minimum 
absorbed doses to tumor of 4 and 8 Gy were capable of halting tumor 
growth. Survival studies showed that BNCT extended the life of the 
animals by 35% vs untreated animals bearing lung metastases. No 
ostensible clinical, macroscopic or histological associated toxicity was 
observed in the lung of BNCT-treated animals [84], suggesting that it 
would be possible to escalate the dose to optimize efficacy.

Rheumatoid arthritis
Changing gears, we performed BNCT studies in a model of 

arthritis in rabbits. Rheumatoid arthritis is an autoimmune disease 
in which the articular normal synovial lining is replaced by a highly 
vascularized mass of inflammatory tissue. Long-term response to 
standard therapy such as drugs, open and arthroscopic synovectomy 
and radiation synovectomy employing beta-emitting radionuclides 
injected directly into the joint space, is poor [85]. Pathological 
synovium is the target in Rheumatoid Arthritis. Because this tissue 
and local malignancies share common features [86], BNCT has 
been proposed as an alternative approach to synovectomy [85,87] 
and termed Boron Neutron Capture Synovectomy (BNCS). BNCS 
would avoid the problems associated with the leakage of beta emitters 
from the joint while still profiting from the advantages of radiation 
synovectomy relative to surgery.

An ideal boron compound for BNCS should be nontoxic and 
biochemically stable, residence time in the synovium should be enough 
to allow for irradiation to be completed, and boron uptake in target 
tissue (pathological synovium) and healthy tissues (e.g. cartilage, 
muscle, tendon and skin) should be such that a therapeutic radiation 
dose can be delivered to the target tissue without exceeding the radio 
tolerance of the healthy tissues. We performed boron biodistribution 
studies and BNCS studies in a model of antigen-induced arthritis in 
New Zealand rabbits employing intra-articular administration of GB-
10 and BPA. The administration of the boron compounds to a site 
immediately adjacent to the diseased tissue results in extremely high 
uptake levels in pathological synovium, 5 to 10 times the “ideal” target 
tissue boron concentration of 30 ppm established for the treatment 
of tumor with BNCT [2,27]. The low blood boron concentration 
values for the intra-articular administration protocols revealed scarce 
release of the boron carrier from the articulation into the blood 
stream. Since an important objective of a synovectomy procedure 
is to spare articular cartilage from permanent damage, cartilage was 
considered as the dose-limiting tissue in dosimetric analysis. The 
boron biodistribution data posed a considerable concern in that 

synovium boron targeting selectivity vs cartilage was only marginal. 
Based on the biodistribution data alone, an actual in vivo BNCS study 
might have been dismissed considering potential damage to cartilage. 
It must be stressed that whereas in the treatment of a malignant 
disease moderate/severe side effects might be acceptable, in the case of 
a disease that is not life-threatening, the safety requirements are more 
stringent. Extensive research has shown that articular cartilage is one 
of the least sensitive structures to radiation damage [88]. Detailed 
dosimetric calculations suggested that it would be possible to deliver 
therapeutically useful doses to synovium without significant damage 
to cartilage despite the very slight differences in boron concentration 
between synovium and cartilage [89].

Within this context we performed low-dose BNCS studies 
mediated by BPA or GB-10 administered intra-articularly in an 
experimental model of Antigen-Induced Arthritis (AIA) in New 
Zealand rabbits [90], employing administration protocols selected 
from the biodistribution studies described above [89]. Fifteen 
minutes post-administration of the boron compounds, irradiation of 
the target area (knee joint) was performed with the thermal beam of 
the RA-1 Reactor. The geometric set-up involves no body shielding 
and we relied on boron retention in the joint to exert a selective 
effect in the pathological articulation. The absorbed dose delivered 
to synovium for BPA and GB-10 was 2.4 Gy and 3.9 Gy to synovium 
respectively. Untreated AIA animals and healthy animals were used 
as controls.

Throughout the follow-up period of 2 months the rabbits did 
not exhibit any clinical signs of toxicity. Two months after BNCS 
the hind leg knee joints of all the rabbits treated with BPA-BNCS or 
GB-10-BNCS were no longer swollen or painful on palpation. At 2 
months post-BNCS the MRI images of the AIA knee joints treated 
with BNCS were similar to those of control healthy joints in 100% 
of the cases, i.e. with no areas of necrosis or peri-articular effusion, 
and markedly different to untreated AIA joints that exhibited 
hydroarthrosis in the joint space, alterations in subchondral bone 
and alterations in the peri-articular soft tissue. The histological 
analysis of the synovial membranes obtained post-mortem, 2 months 
after treatment, revealed that in 70-100% of the fields corresponding 
to cases of AIA joints treated with BNCS the histological features 
were similar to those of healthy joints, i.e. no synovial hyperplasia, 
scarce or no lymphoplasmocytic infiltrate and no alterations in 
vascularization, and very different to those of untreated AIA joints 
which exhibited synovial hyperplasia, angiogenesis, edema and 
abundant inflammatory infiltrate as previously described in Sanchez 
Pernaute et al. [91].

The follow-up in this study was enough to show reversal of clinical 
symptoms, MRI and histological features of AIA, with no evidence 
of toxicity. Both BPA-BNCS and GB-10-BNCS, even at these very 
low dose levels, were therapeutically effective with no ostensible 
differences between the protocols. While BPA-BNCT would target 
malignant tissue on a cell by cell basis, GB-10-BNCT would mainly 
target aberrant blood vessels while preserving normal blood vessels 
in healthy tissue [27]. It is well known that neovascularization of the 
rheumatoid synovium is essential to perpetuate an angiogenic disease 
such as Rheumatoid Arthritis [92]. Within this context, GB-10 as a 
boron carrier for BNCS, alone or in combination with BPA would be 
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particularly suited to treat RA. It would be particularly contributory 
to explore the therapeutic efficacy of the combined intra-articular 
administration of GB-10 + BPA.

These findings [90] suggest that considerably lower doses to target 
tissue than anticipated from radiation synovectomy studies would 
be necessary to achieve a therapeutic effect with BNCS mediated 
by intra-articular administration of BPA or GB-10. This is an asset 
and minimizes (or altogether prevents) associated toxicity to healthy 
tissues such as cartilage and would allow for re-treatment if necessary.

Abscopal and direct effect of BNCT in an ectopic model of 
colon carcinoma in BDIX rats

In a simple animal model (the ectopic model of colon carcinoma 
in BDIX rats), we provided, for the first time, proof of principle that 
the positive response of a tumor to BNCT is capable of inducing an 
abscopal effect [93]. The abscopal (ab-scopus, away from the target) 
effect, originally described by Mole [94], refers to the inhibitory action 
of standard radiotherapy on the development and growth of non-
targeted tumors, i.e. at a site distant from the area of irradiation [95]. 
We demonstrated that the use of BNCT alone produces significant 
local tumor control and is also capable of inducing an anti-tumor 
response at a distant site. The combination of BNCT and immune-
based therapeutic modalities might constitute a potentially potent 
synergistic approach to provide long term protection and minimal 
toxicity, warranting future studies.

Clinical-Veterinary BNCT Studies in Dogs 
and Cats with Head and Neck Cancer with 
no Therapeutic Option

Based on a long and sometimes winding road of translational 
studies-not without several surprises - we began our ongoing clinical-
veterinary BNCT studies at RA-6 Nuclear Reactor in cats and dogs 
with head and neck cancer with no treatment option.

Clinical-veterinary trials and clinical trials in humans are 
performed on the patients that are most difficult to treat. A clinical 
Phase I/Phase II trial is designed to explore the feasibility, safety and 
potential toxicity of a new treatment modality and, if possible, to 
monitor therapeutic efficacy, improve the clinical condition of the 
patient and prolong survival. The patients included in a clinical trial 
are those that have no treatment option and/or have been refractory 
to standard treatments. Hence, the chances of showing efficacy are 
smaller than when a treatment modality is used as a first line of 
therapy. This issue must be considered when we compare the outcome 
of a standard treatment with that of an experimental treatment.

An experimental treatment that can be applied safely to patients 
that have already been treated with standard therapy will be an 
extremely valuable tool. BNCT offers a dose gradient between tumor 
(or target tissue in general) and dose-limiting tissues in terms of 
selective boron targeting and higher relative biological effectiveness 
and compound biological effectiveness values for target tissue than 
for healthy tissue [2]. This feature is an asset in terms of minimizing 
the radiation dose that is delivered to healthy tissues that have already 
been exposed to standard radiotherapy.

Ongoing BPA-BNCT clinical trials in terminal cats and dogs with 
head and neck cancer that do not have a treatment option, seek to 
contribute clinically representative data to the knowledge of BNCT 
for head and neck cancer. Within the context of recent and ongoing 
BNCT trials for head and neck malignancies [5,8,13], the search for 
novel BNCT strategies that improve tumor control at no extra cost in 
terms of toxicity is particularly relevant.

Our data to date on boron biodistribution studies and BNCT 
studies in 3 cats treated with low dose BPA-BNCT at RA-1 [96], 3 
cats treated with at a higher dose level of BPA-BNCT at RA-6 [97] 
and five dogs treated at RA-6 reveal the efficacy of BPA-BNCT to 
improve the clinical condition of the animals and partially control 

Figure 2: Macroscopic and Computed Tomography images of a canine patient with Nasal Squamous Cell Carcinoma, pre-treatment (upper panel) and 1 month 
BNCT (lower panel) showing approximately a 50% reduction in tumor volume post-treatment.
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tumors with only slight associated toxicity in healthy tissues. (Figure 
2) shows a representative example of one of our canine patients with 
a nasal Squamous Cell Carcinoma with no treatment option. One 
month post-BNCT tumor volume was approximately 50% lower than 
pre-treatment at virtually no cost in terms of toxicity.

Very importantly, these studies showed that an animal patient 
whose tumor recurred locally several months after BNCT can be re-
treated with a second full dose of BNCT with good results in terms 
of tumor control and only mild associated toxicity. Full dose re-
treatment with standard radiotherapy would not be an option due to 
toxicity constraints. However, our translational work in the hamster 
cheek pouch oral cancer and oral pre cancer models encouraged 
us to assess re-treatment with BNCT, leading us to demonstrate its 
feasibility, safety and efficacy.

Conclusion
Translational BNCT studies in in vivo animal models devoted 

to optimize boron targeting, explore new treatment strategies and 
assess new applications of BNCT are pivotal to design novel, safe 
clinical BNCT protocols for existing or new targets for BNCT. The 
use of compounds approved for their use in humans allows for a more 
direct and less costly extrapolation to a clinical environment.

For progress in BNCT, equally important to scientific rigour, 
creativity, hard work and, admittedly, resources, is the Team spirit 
and joint efforts of an interdisciplinary group of professionals, 
technicians and collaborators (in the widest sense of the term). Also 
necessary, is a large dose of the Finnish concept “sisu” (thank you Dr. 
David W. Nigg for teaching us this term, impossible to translate, that 
refers to resoluteness and a consistent, courageous approach toward 
challenges which at first seem to exceed our capacities).

During a visit to the NASA space center in 1962, President John 
F. Kennedy noticed a janitor carrying a broom. He interrupted his 
tour, walked over to the man and said, “Hi, I’m Jack Kennedy. What 
are you doing?” ”Well, Mr. President,” the janitor responded, “I’m 
helping put a man on the moon.” Recalling this event, if each of us, 
regardless of our particular role in a project, feels like the janitor in 
the story, we will pull together, move forward and enjoy the road, 
despite the meanders and bumps.
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