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Abstract

Background. We previously demonstrated the therapeutic success of sequential boron neutron capture therapy (Seq-
BNCT) in the hamster cheek pouch oral cancer model. It consists of BPA-BNCT followed by GB-10-BNCT 24 or 48 
hours later. Additionally, we proved that tumor blood vessel normalization with thalidomide prior to BPA-BNCT 
improves tumor control. The aim of the present study was to evaluate the therapeutic efficacy and explore potential 
boron microdistribution changes in Seq-BNCT preceded by tumor blood vessel normalization.
Material and Methods. Tumor bearing animals were treated with thalidomide for tumor blood vessel normalization, 
followed by Seq-BNCT (Th Seq-BNCT) or Seq-Beam Only (Th Seq-BO) in the window of normalization. Boron 
microdistribution was assessed by neutron autoradiography.
Results. Th Seq-BNCT induced overall tumor response of 100%, with 87 (4)% complete tumor response. No cases 
of severe mucositis in dose-limiting precancerous tissue were observed. Differences in boron homogeneity between 
tumors pre-treated and not pre-treated with thalidomide were observed.
Conclusion. Th Seq-BNCT achieved, for the first time, response in all treated tumors. Increased homogeneity in 
tumor boron microdistribution is associated to an improvement in tumor control.

Boron neutron capture therapy (BNCT) is a binary 
treatment modality that combines irradiation with 
a thermal or epithermal neutron beam with tumor-
seeking, boron-containing drugs that are taken up 
preferentially by neoplastic cells to produce selec-
tive irradiation of tumor tissue. The high linear 
energy transfer (LET) alpha particles and recoiling 
7Li nuclei emitted during the 10B(n,a)7Li reaction 
in tissue are known to have a high relative biological 
effectiveness (RBE). Their short path length in  
tissue (6–10 mm) limits their effect mostly to cells 
containing 10B atoms, providing a strategy to dam-

age tumor cells while protecting healthy tissue 
within the treatment volume [1].

Clinical interest in BNCT has focused primarily 
on high-grade gliomas, and more recently on patients 
with recurrent tumors of the head and neck region 
who have failed conventional therapy [2,3]. To date, 
the clinical results have demonstrated the safety and 
therapeutic potential of this technique. Despite 
recent progress in optimizing BNCT for different 
pathologies [e.g. 4], there is undoubtedly room for 
improvement in terms of enhancing tumor response 
at no cost in terms of toxicity.
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Much effort has been expended to search for the 
‘ideal’ 10B compound that would potentially replace 
the three compounds currently authorized for use 
in human beings, boronophenylalanine (BPA) and 
sodium borocaptate (BSH), used in clinical trials, 
and decahydrodecaborate (GB-10). Based on the 
relative non-selectivity of the two drugs that cur-
rently are in clinical use, the development of new, 
more selective boron delivery agents probably is  
the single greatest need for future progress of  
BNCT [5].

The requirements of boron carriers for BNCT 
have been well established. Boron compounds are 
traditionally required to be non-toxic at therapeutic 
doses, to reach tumor:blood and tumor:normal tis-
sue boron concentration ratios of approximately 3:1 
and to deliver enough boron atoms to tumor so that 
the number of capture reactions that occur are 
enough to induce cell death [e.g. 5,6]. Although the 
importance of determining the spatial localization of 
the boron compounds under study has been pointed 
out [e.g. 7], to date, homogeneous tumor targeting 
has not been specifically established as a requirement 
of the ‘ideal’ boron carrier. The fact that cells poorly 
loaded with boron will be refractory to treatment, 
posing a risk of recurrence, makes homogeneous 
tumor boron targeting pivotal to the success of 
BNCT. Within this context, in addition to analytical 
techniques for the measurement of gross boron con-
centration, complementary methods to determine 
boron microdistribution, such as neutron autora-
diography will be necessary [e.g. 8–10].

Seeking to improve the therapeutic efficacy of 
BNCT without enhancing mucositis in dose-limiting 
tissue, an issue of great clinical relevance [e.g. 3], we 
previously proposed sequential BNCT (Seq-BNCT) 
for the treatment of oral cancer in the hamster cheek 
pouch model. Seq-BNCT is based on the application 
of BNCT mediated by BPA (BPA-BNCT) followed 
by BNCT mediated by GB-10 (GB-10-BNCT), 
with an interval between irradiations of 24 or 48 
hours [11].

Further striving to optimize BNCT for the treat-
ment of oral cancer in the hamster model, and given 
that boron targeting of the largest possible propor-
tion of tumor cells contributes to the success of 
BNCT, we developed a technique to normalize aber-
rant blood vessels in the hamster cheek pouch oral 
cancer model. We validated this technique by mea-
suring significant reductions in aberrant tumor vas-
cular hyperpermeability and compressive forces [12]. 
The abnormal structure and function of tumor blood 
vessels compromise blood flow and hinder effective 
convective fluid transport, resulting in the impaired 
distribution of blood-borne therapeutic agents in 
general. Tumor blood vessel normalization would 

lead to less leaky, less dilated and less tortuous ves-
sels, decreased interstitial fluid pressure, increased 
tumor oxygenation and improved penetration of 
drugs in tumors [13]. Blood vessel normalization 
prior to BPA-BNCT significantly increased overall 
tumor response and reduced mucositis in  
precancerous tissue [14].

Within this context, the aim of the present 
study was to assess the therapeutic efficacy (tumor 
response and toxicity) and potential changes in 
boron microdistribution of both therapeutic 
modalities combined, i.e. blood vessel normaliza-
tion prior to Seq-BNCT, in the hamster cheek 
pouch oral cancer model. The working hypothesis 
was that by combining both treatment modalities 
we would favor homogeneous distribution of the 
boron compounds in tumor and improve tumor 
response, without enhancing dose-limiting mucosi-
tis in precancerous tissue. To test our working 
hypothesis, we assessed outcome in terms of tumor 
response and potential toxicity, examined potential 
changes in the microdistribution of boron associ-
ated to the treatment protocol and analyzed their 
potential role in outcome. The knowledge of  
BNCT radiobiology derived from this study will 
serve to optimize treatment protocols and will also 
be applicable in the future to potentially ‘more 
perfect’ 10B compounds.

Material and methods

Tumor induction

The right cheek pouch of Syrian hamsters received 
topical application of 0.5% dimethyl-1,2-benzan-
thracene (DMBA) in mineral oil twice a week for 
approximately 12 weeks as previously described [11]. 
Guidelines of the Committee for Laboratory Animal 
Care and Use of the National Atomic Energy Com-
mission were followed throughout.

In vivo BNCT studies

Irradiations were performed as previously described 
[e.g. 11] at the biomedical facility of the RA-3 research 
and production nuclear reactor constructed by the 
National Atomic Energy Commission in Buenos 
Aires [15]. A tunnel penetrating the graphite struc-
ture of the thermal column enables the insertion of 
samples into a near-isotropic neutron field while the 
reactor is in normal operation. The neutron field is 
very well thermalized, making the radiation dose 
component from hydrogen recoil (i.e. fast neutron 
dose) in tissue negligible. A shield was constructed to 
protect the body of the animal from the thermal neu-
tron flux while exposing the everted cheek pouch 
bearing tumors. The enclosure was fabricated from 
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plates composed of a 6-mm layer of lithium carbonate 
enriched to 95% in lithium-6, sealed within sheets of 
Lucite. The hamster pouch was everted out of the 
enclosure onto a protruding shelf. The temperature 
at the irradiation site within the tunnel was approxi-
mately 30°C. Physical dosimetry data corresponding 
to the irradiation system have been previously reported 
[16]. Briefly, in the irradiation position, the thermal 
neutron flux was 7.0  0.1  109 n/cm2/s and the dose 
rate of gamma rays in air was 6.6  0.6 Gy/h.

One group of hamsters (n  8) bearing a total 
of 78 tumors (Th Seq-BNCT) was treated with 
thalidomide as previously described [12,14]. 
Briefly, the animals were treated with two doses of 
200 mg thalidomide/kg body weight in dimethyl 
sulfoxide (DMSO) (112 mg thalidomide/ml 
DMSO) intraperitoneally (i.p.) into tumor-bearing 
hamsters on two consecutive days. Thalidomide 
was a generous gift of Triquim S.A. (Argentina). In 
the window of normalization the animals were 
treated with Seq-BNCT, i.e. BPA-BNCT followed 
by GB-10-BNCT 48 hours later at a total absorbed 
dose prescribed to tumor of 9.9 Gy as previously 
described [11]. The actual absorbed dose may dif-
fer from the prescribed absorbed dose due to vari-
ations in boron content that cannot be monitored 
online. BPA (0.14 M) was administered i.p. at a 
dose of 15.5 mg 10B/kg body weight and GB-10 
was administered intravenously (i.v.) at a dose of 
50 mg 10B/kg body weight as described in Molinari 
et  al. [11]. A second group of hamsters (n  4) 
bearing a total of 33 tumors was treated with tha-
lidomide as described above and then treated with 
sequential beam-only (BO) irradiations 48 hours 
apart (Th Seq-BO). Th Seq-BO irradiations 
were performed at the same neutron fluence as 
Th Seq-BNCT irradiations to assess the effect of 
background dose. For ethical reasons it is not pos-
sible to duplicate experiments with animals if the 
results have already been published. Hence, the 
data for the control groups were taken from a pre-
vious study [11]. To be able to compare the out-
come of the Th Seq-BNCT and Th Seq-BO 
groups (this study) with the outcome of the Seq-
BNCT group with no prior thalidomide treatment 
(Th-Seq-BNCT) and the BO group without prior 
blood vessel normalization (Th-Seq-BO) [10], the 
present irradiations were performed at the same 
neutron fluence as those in the previous study.

Follow-up

The tumor and precancerous tissue responses were 
assessed by visual inspection and tumor volume 
assays pre-treatment, and at 2, 7, 14, 21 and 28 days 
post-treatment as previously described [e.g. 11]. A 

reduction from initial tumor volume was considered 
as partial response (PR). Complete tumor response 
(CR) was defined as disappearance of the tumor on 
visual inspection and no evidence of tumor on his-
tological analysis when assessment was possible. 
Overall response (OR) was defined as PR CR. To 
evaluate toxicity, clinical signs and body weight of 
all the animals were monitored regularly. The sever-
ity of mucositis was evaluated semi-quantitatively  
in precancerous tissue and normal pouch tissue 
according to a previously described [e.g. 11,14] oral 
mucositis six-grade scale based on macroscopic fea-
tures, adapted for the carcinogen-treated hamster 
cheek pouch, from the WHO classification for oral 
mucositis in human subjects [17] and from the six-
point grading system for normal hamster cheek 
pouches [18].

At the last time-point evaluated the animals were 
euthanized for histological analysis of persistent 
tumors and precancerous tissue surrounding treated 
tumors.

Boron concentration and microdistribution

We performed biodistribution studies to determine 
potential changes, induced by pre-treatment with 
thalidomide, on BPA gross uptake [14] and micro-
distribution in tumor (this study). Likewise, we 
assessed potential changes induced by pre-treat-
ment with thalidomide followed by BPA-BNCT, on 
gross boron concentration and boron microdistri-
bution in tumor, precancerous and normal pouch 
tissue of animals injected with GB-10 as in Seq-
BNCT. Four experimental groups of tumor bearing 
hamsters were evaluated: Th BPA (animals treated 
with two doses of thalidomide at the same dose 
described in section in vivo BNCT studies. In the 
window of normalization the animals were injected 
with BPA 15.5 mg 10B/kg body weight and tissue 
samples were excised three hours after boron com-
pound administration); Th-BPA (the same as 
Th BPA but with no prior thalidomide treatment); 
Th GB-10 48 hours after BPA-BNCT (animals 
treated with two doses of thalidomide as Th BPA. 
In the window of normalization the animals were 
treated with BPA-BNCT and 48 hours after the 
irradiation with BPA animals were injected with 
GB-10 50 mg 10B/kg body weight. Tissue samples 
were excised three hours after GB-10 administra-
tion); Th-GB-10 48 hours after BPA-BNCT (the 
same as Th GB-10 48 hours after BPA-BNCT but 
with no prior thalidomide treatment). As previously 
described, gross boron concentration was assessed 
by inductively coupled plasma mass spectrometry 
(ICP-MS) [14]. Boron microdistribution was ana-
lyzed by neutron qualitative autoradiography (QLA) 
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[8,10] and quantitative autoradiography (QTA) [9]. 
Briefly, all samples were fixed with liquid nitrogen, 
sectioned in a cryostat and mounted on polycarbon-
ate nuclear track detector foils. Three animals were 
assessed for each experimental group, and one  
sample of tumor, premalignant and normal pouch 
tissue was excised for each animal. Three sections 
per tissue sample were analyzed. Samples for QTA 
were irradiated with 1012 n/cm2 and samples for 
QLA were irradiated with 1013 n/cm2 at the RA-3 
nuclear reactor. QTA foils were marked with refer-
ence points, in order to assess zones of parenchyma 
(P) and stroma (S) for tumor samples. Track density 
was measured for each tumor region and then con-
verted to 10B concentration values using a calibra-
tion system. A mean value was obtained for each 
area of tumor (P and S) whenever it was possible 
to unequivocally distinguish these areas within the 
tissue section under evaluation. The P/S ratio was 
defined as an indicator of boron targeting homoge-
neity in tumor. A ratio of 1 indicates the highest 
grade of homogeneity. Results are presented as 
mean value SD.

Statistical analysis for in vivo BNCT studies

To reduce the level of non-treatment variation, a 
uniform, well-mixed population of animals was  
chosen, in order to separate the effect of the different 
treatments from other contributory factors (e.g. 
weight, sex) which may seriously influence response. 
In this way, it is possible to improve the sensitivity 
of the statistical analysis to treatment differences, 
although inevitably reducing the scope of the statis-
tical conclusions. Individuals were not distinguished 
from each other further to the assigned treatment. 
Subjects used for sampling were independently 
assigned between treatments, considering random 
selection of individuals that have been prepared 
under strictly the same cancerization protocol. 
Research was conducted under a two-strata experi-
mental design. The first stratum level comprised BO 
irradiated animals, with or without thalidomide 
treatment, and the second stratum level was designed 
to compare subjects treated with Seq-BNCT, with 
or without thalidomide administration. To this pur-
pose, BO individuals were irradiated with the same 
total neutron fluence as those treated with Seq-
BNCT, thus fulfilling the statistical conditions for a 
two-strata study.

Treatment was applied only in the second stra-
tum and the type of response was categorical. Since 
the research relates to proportions or success rates, 
the aim was to study differences in response. There-
fore, additivity of effects from each stratum was 
assumed throughout. The multinomial model (i.e. a 

repetitive experimental process in which there are 
more than two possible categories of response) was 
assumed to be valid for assessing success rates for 
tumor control. Throughout the study, the require-
ments for valid application of the model were assumed 
to hold, i.e. 1) the response of one tumor is not influ-
enced by the responses of other tumors; 2) the prob-
ability of response is constant for a given treatment; 
and 3) an objective method of sample selection was 
employed. There is no standard statistic to apply in 
the comparison of models and data for the multino-
mial model. Since the test consists of comparing con-
tingency tables, the raw data were directly used. 
Assuming that the multinomial model describes the 
data, then for each category k, SEk pk pk n= (1 ) /−
was the estimator of the standard deviation of the 
mean, or standard error, where pk  k/n was the esti-
mator of the proportion. In this study we abbreviated 
it as SE and it is represented in round brackets. For 
extreme values (0 or 1) of pk  k/n, the estimator SE 
was not suitable for estimating the true standard 
deviation, and it was therefore neither calculated nor 
reported.

Under the considerations stated above, the null 
hypothesis to be examined in this work was that no 
differences in response are produced by introducing thali-
domide as a modifier. The primary statistics used was 
the Pearson c2 statistic:

X
( )2

=1 =1

2^

^p
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g

j

c
ij ij

ij

y y

y
=

−
∑ ∑

where yij were the observed frequencies and ŷŷij were 
the fitted values calculated under the proposed model. 
The values calculated for each statistic were referred 
to as X0

2. The p-value p0 is obtained by calculating:

p0   Pr(X2(d)  X0
2)

where d was the number of degrees of freedom.  
Statistical significance was set at p  0.05.

Statistical analysis for boron concentration and boron 
microdistribution

The statistical significance of the differences in gross 
boron content and the P/S values were evaluated by 
Student´s t test. Statistical significance was set at 
p  0.05.

Results

Tumor response was evaluated at 28 days post- 
treatment considering three arbitrary tumor sizes 
(small:  10 mm3, medium: 10–100 mm3, large: 
 100 mm3) defined to categorize tumor size at the 
time of irradiation and evaluate potential differential 
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response according to size as previously described 
[e.g. 11]. Table I presents tumor response for groups 
Th Seq-BNCT and Th Seq-BO. As control groups, 
and for comparative purposes, previously reported 
[11] tumor response data for Th-Seq-BNCT and  
Th-Seq-BO have been included. Although the over-
all tumor response (OR) for all tumor sizes taken 
together was remarkably high for Th-Seq-BNCT 
[91 (3)%] [11], pre-treatment with thalidomide 
increased OR significantly to 100% (p  0.008). 
Likewise, pre-treatment with thalidomide signifi-
cantly increased complete tumor response (CR) 
from 68 (5)% to 87 (4)% (p  0.004).

Mucositis in precancerous tissue surrounding 
treated tumors (non-shielded pouch) peaked at 7–14 
days after Seq-BNCT regardless of pre-treatment 
with thalidomide. The incidence of Grade 3 mucosi-
tis was similar for both groups, 38  17% for 
Th Seq-BNCT (this study) versus 33  16% for 
Th-Seq-BNCT [11]. However, while the Th-Seq-
BNCT group exhibited an incidence of 22  14% 
Grade 4 mucositis, none of the animals in the 
Th Seq-BNCT group exhibited Grade 4 mucositis. 
The animals in the Th-Seq-BO group reached Grade 
2 mucositis whereas the animals in the Th Seq-BO 
group did not exceed Grade 1. In all cases, mucosi-
tis reverted within the study period of 28 days and 
none of the normal pouches (not cancerized and 
shielded pouches) exceeded grade 0 of mucositis.

A light microscopy assessment of the pouch 
areas where a tumor had been macroscopically 
identified pre-treatment, and was no longer identifi-
able post-treatment, showed no evidence of  
tumor cells. Twenty-eight days post-treatment, the  

epithelium corresponding to the tumor site only 
exhibited some areas of hyperplasia (Figure 1A). 
The presence of fibro-hyaline tissue underlying the 
epithelium, embedded in granulation tissue, gave 
the area a scar-like appearance (Figure 1B).

No normal tissue radiotoxicity was observed with 
any of the protocols. No contributory changes were 
observed in the health status or body weight of the 
treated animals.

Previous biodistribution studies with BPA 
showed that pre-treatment to normalize tumor blood 
vessels did not significantly change the gross boron 
concentration in tumor as measured by ICP-MS 
[14]. Herein we assessed potential changes induced 
in the microlocalization of BPA. In tumor, QLA 
analysis revealed that BPA distribution was hetero-
geneous, with preferential accumulation in paren-
chyma and that pre-treatment with thalidomide 
induced a more homogeneous distribution of the 
boron compound (Figure 2). The parenchyma/

Table I. Tumor response [% (SE)].

Tumors n CR PR No response OR

Th Seq-BNCT*
Total 92 68 (5) 23 (5) 9 (3) 91 (3)
Large ( 100 mm3) 8 25 (15) 63 (17) 12 (17) 88 (11)

Medium (10–100 mm3) 21 52 (11) 43 (11) 5 (6) 95 (5)

Small ( 10 mm3) 63 79 (5) 11 (4) 10 (4) 90 (4)
Th Seq-BNCT

Total 78 87 (4) 13 (4) 0 100
Large ( 100 mm3) 3 0 100 0 100

Medium (10–100 mm3) 20 75 (10) 25 (10) 0 100

Small ( 10 mm3) 55 96 (3) 4 (3) 0 100
Th Seq-BO*

Total 31 0 6 (4) 94 (4) 6 (4)
Large ( 100 mm3) 1 0 0 100 0

Medium (10–100 mm3) 4 0 25 (22) 75 (22) 25 (22)

Small ( 10 mm3) 26 0 4 (4) 96 (4) 4 (4)
Th Seq-BO

Total 33 0 6 (4) 94 (4) 6 (4)
Large ( 100 mm3) 0 0 0 0 0

Medium (10–100 mm3) 8 0 13 (12) 88 (11) 13 (12)

Small ( 10 mm3) 25 0 4 (4) 96 (4) 4 (4)

*Data reported in Molinari et al., 2011.

Figure 1. Light microscopy images (20). Histological sections 
(10 mm) of a pouch treated with Th Seq-BNCT, 28 days  
post-treatment (hematoxylin-eosin stain). (A) Normal-looking 
epithelium, with areas of hyperplasia; (B) Area with abundant 
fibrous hyaline tissue, with a scar-like appearance, underlying the 
epithelium.
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6	 A. J. Molinari et al. 

not pre-treated with thalidomide was statistically 
significant (p  0.0233). Figure 3 shows that treat-
ment with thalidomide and BPA-BNCT would ren-
der GB-10 distribution more homogeneous in 
precancerous tissue than in normal tissue. No 
changes in boron microdistribution were observed 
in normal tissue as a result of pre-treatment with 
thalidomide and BPA-BNCT.

Discussion

In the present study we combined two therapeutic 
modalities that have proved highly successful but 
failed to achieve response in 100% of the tumors 
when applied separately. Additionally, we can con-
clude that Th Seq-BNCT is more effective than 
Th-Seq-BNCT because previously reported [11] 
tumor response data for Th-Seq-BNCT were com-
pared with Th Seq-BNCT (this study) and the dif-
ferences reached statistical significance. The present 
irradiations were performed at the same neutron flu-
ence as those in the previous study [11]. Briefly, the 
therapeutic efficacy of Seq-BNCT would result from 
three main features: 1) the use of two boron agents 
with different properties and complementary mecha-
nisms of action, a strategy that contributes to boron 
targeting homogeneity; 2) the decrease in interstitial 
fluid pressure after the first part of the treatment that 
favors the subsequent distribution of blood-borne 
therapeutic agents, such as GB-10; and 3) the inter-
val between BPA-BNCT and GB-10-BNCT that is 
short enough to preclude tumor cell repopulation 
and could favor re-targeting of the tumor cells that 
were refractory to the first application [11]. Aberrant 
blood vessel normalization prior to administration of 
BPA for BPA-BNCT would increase therapeutic effi-
cacy by fixing the flawed delivery system. Herein, we 
demonstrated that aberrant blood vessel normaliza-
tion prior to the administration of BPA favored BPA 
distribution although it did not increase absolute 

stroma (P/S) boron ratio was determined by QTA 
and used as an indicator of boron targeting homo-
geneity. A P/S ratio of 1 would indicate the highest 
degree of homogeneity. The P/S ratio was 2.1  0.4 
for Th-BPA while it was 1.6  0.2 for Th BPA. 
However, this difference did not reach statistical  
significance (p  0.1846). Furthermore, the biodis-
tribution studies performed herein revealed that pre-
treatment with thalidomide and BPA-BNCT did not 
alter the gross boron concentration as measured by 
ICP-MS in animals injected with GB-10 (27  4 
ppm for animals injected with GB-10 after treat-
ment with thalidomide and BPA-BNCT versus 
32  21 ppm for animals injected with GB-10 with 
no prior treatment). However, the distribution of 
GB-10 in Th GB-10 48 hours after BPA-BNCT 
tumors was markedly homogeneous (P/S ratio 
1.0  0.2), whereas it was more heterogeneous in 
Th-GB-10 48 hours after BPA-BNCT tumors (P/S 
ratio 0.74  0.04) (Figure 2). This difference in 
boron homogeneity between tumors pre-treated and 

Figure 2. Light microscopy images of cryostat sections (30 mm) of tumor stained with hematoxylin-eosin and the corresponding neutron 
autoradiography images (10). P  parenchyma, S  stroma.

Figure 3. Light microscopy images of cryostat sections (30 mm) 
stained with hematoxylin-eosin and the corresponding neutron 
autoradiography images (10). PT  premalignant tissue, 
NT  normal tissue.
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gross boron content in oral tumors. Temporary res-
toration of adequate blood flow would be enough to 
deliver BPA at therapeutically useful levels to other-
wise inaccessible tumor areas [14].

The combined administration of aberrant blood 
vessel normalization and Seq-BNCT would profit 
from the benefits of both modalities. An additional 
advantage of the synergism between both modalities 
would be the increase in GB-10 boron targeting 
homogeneity induced by pre-treatment for aberrant 
blood vessel normalization followed by BPA-BNCT. 
This increase in targeting homogeneity for the sec-
ond boron compound, GB-10, in addition to the 
described improvement in BPA distribution, would 
be pivotal to therapeutic efficacy. The neutron auto-
radiography studies reported herein stress the impor-
tance of boron microdistribution in BNCT efficacy 
and illustrate their potential contribution to protocol 
design. We have evidenced that it is possible to 
improve the efficacy of BNCT by modulating the 
distribution of the boron compounds currently 
authorized for use in patients. For BNCT to be suc-
cessful, it is not enough to achieve tumor:blood and 
tumor:normal tissue boron concentration ratios of 
∼3 and absolute tumor boron concentration  20 
ppm as classically described [4]. It is essential that 
the boron compounds should reach all the tumor cell 
subpopulations within the tumor. The results 
described herein suggest that addressing the issue of 
homogeneous boron targeting within tumor would 
contribute to pave the way for BNCT as a promising 
treatment modality. In particular, QTA was extremely 
contributory and allowed us to quantify the degree 
of homogeneity in boron targeting in terms of the 
P/S ratio. The increase in targeting homogeneity of 
GB-10 in the Th GB-10 48 hours after BPA-BNCT 
group was statistically significant compared with Th-
GB-10 48 hours after BPA-BNCT. Based on previ-
ously reported data of therapeutic efficacy [11,14] 
and the data reported herein, we propose a direct 
association between the percentage of tumor response 
and the degree of boron targeting homogeneity. 
Additionally, the apparent increase in boron target-
ing homogeneity in precancerous tissue might 
improve the previously described inhibitory effect of 
BNCT on the development of tumors from precan-
cerous tissue [19].

Within the context of ongoing BNCT clinical 
trials for recurrent head and neck malignancies that 
showed encouraging tumor control associated to 
dose-limiting mucositis [3], the search for novel 
BNCT strategies that improve tumor control at no 
extra cost in terms of mucositis is particularly rel-
evant. Within this context, Seq-BNCT preceded by 
aberrant blood vessel normalization would warrant 
cautious analysis in a clinical scenario. In this sense, 

the fact that GB-10 and BPA are both approved for 
use in humans is an additional advantage. Regard-
ing the method employed for aberrant blood vessel 
normalization, thalidomide poses an advantage 
because it also exerts a protective effect on precan-
cerous tissue mucositis [14]. Although thalidomide 
was withdrawn from the market due to its terato-
genic effects, it was approved in 1997 by FDA to 
combat a variety of conditions [20]. However, other 
blood vessel normalization techniques in general 
[e.g. 21] that cannot be used in the hamster but are 
amenable to use in humans also merit investigation 
as a way of optimizing the therapeutic advantage of 
BNCT in patients.
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