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  Introduction 

 When a heavy ion passes through a Solid State Nuclear 
Track Detector (SSTND), a damaged zone along the par-
ticle path is permanently created in the detector. Th is latent 
track can be amplifi ed up to light microscopy level by an 
appropriate chemical treatment, as the etching velocity 
in the damaged zone is higher than the velocity in the non 

irradiated material (bulk velocity). In particular, if a tissue 
section that contains a heavy particle emitter is placed in 
contact with a SSNTD, the track density analysis on the detec-
tor enables the determination of the spatial distribution of 
the element in the sample (Fleischer et   al. 1975). Th e charged 
particles can originate from the natural decay of unstable 
isotopes or be the result of a nuclear reaction of a target with 
neutrons (i.e., neutron capture radiography). 

 Boron Neutron Capture Th erapy (BNCT) is based on the 
nuclear reaction that occurs when the stable isotope  10 B is 
exposed to a thermal neutron fl ux, producing high linear 
energy transfer alpha particles and lithium recoils. Th e He 
and Li ions are ejected in opposite directions and deposit 
their energy in a short range (about the diameter of one cell). 
If large amounts of boron are targeted to tumor cells, they 
would receive a lethal radiation dose, preserving surrounding 
normal tissue (Barth et   al. 2012). In this way, the successful 
application of BNCT strongly depends on the intratumoural 
delivery of  10 B. Within this context, a boron determination 
method that provides information about diff erences in boron 
uptake and distribution would be very useful. Th e analysis 
of the autoradiography images formed from the individual 
tracks of the alpha and lithium particles provides informa-
tion on the spatial distribution of boron in tissues (e.g., 
Yanagie et   al. 2004, Altieri et   al. 2006, Sch ü tz et   al. 2011). 
Th ese data can be used for localized dosimetric evaluation 
(Lu and Kiger 2009). We have enhanced the resolution of 
conventional neutron autoradiography by using the same 
tissue section for both broad histological study and gen-
eration of an autoradiographic image (Portu et   al. 2013). Th is 
modifi cation improves resolution without resorting to the 
use of thin detectors as in the technically complex technique 
of High Resolution Quantitative Autoradiography (HRQAR) 
(Solares and Zamenhof 1995, Kiger et   al. 2002). 

 Two boron compounds have been used clinically: Borono-
phenylalanine (BPA) and sodium mercaptoundecahydro-
 closo -dodecaborate (BSH) (Coderre et   al. 2003). Sodium 
decahydrodecaborate (GB-10) is also currently authorized 

                            

  Abstract 
  Purpose : We previously reported the therapeutic effi  cacy of 
Sequential Boron Neutron Capture Therapy (Seq-BNCT), i.e., BPA 
(boronophenylalanine)  –  BNCT followed by GB-10 (decahydro-
decaborate)  –  BNCT 1 or 2 days later, in the hamster cheek pouch 
oral cancer model. We have utilized the neutron autoradiogra-
phy methodology to study boron microdistribution in tissue. 
The aim was to use this method to evaluate if the distribution of 
GB-10 is altered by prior application of BPA-BNCT in Sequential 
BNCT protocols. 
  Materials and methods : Extensive qualitative and quantitative 
autoradiography analyses were performed in the following 
groups: G1 (animals without boron); G2 (animals injected with 
BPA); G3 (animals injected with GB-10); G4 (same as G3, 24 h 
after BPA-BNCT); and G5 (same protocol as G4, 48 h interval). 
  Results : A detailed study of boron localization in the diff erent tis-
sue structures of tumor, premalignant and normal tissue in the 
hamster cheek pouch was performed. GB-10 accumulated pref-
erentially in non-neoplastic connective tissue, whereas for BPA 
neoplastic cells showed the highest boron concentration. Boron 
distribution was less heterogeneous for GB-10 than for BPA. In 
premalignant and normal tissue, GB-10 and BPA accumulated 
mostly in connective tissue and epithelium, respectively. 
  Conclusions : BPA-BNCT could alter boron microlocalization of 
GB-10 administered subsequently. Boron targeting homogene-
ity is essential for therapeutic success.  

  Keywords:    Neutron autoradiography  ,   boron microdistribution  , 
  Sequential BNCT  ,   GB-10  ,   BPA  ,   oral cancer   

In
t J

 R
ad

ia
t B

io
l D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
C

on
st

itu
ye

nt
es

 I
ns

t T
ec

 C
en

tr
o 

on
 0

4/
09

/1
5

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



330 A. Portu et al. 

for use in human beings by the Food and Drug Administra-
tion (FDA, USA) as IND (Investigational New Drug) (Haw-
thorne and Lee 2003) although it was used clinically only 
for two cases (Sweet et   al. 1963, Asbury et   al. 1972) and in a 
pharmacological study in humans (Diaz et   al. 2002). Gross 
concentration of  10 B in tissue samples can be obtained by 
analytical methods, such as inductively coupled plasma-
optical emission spectroscopy/mass spectrometry (ICP-
OES/ICP-MS) (Wittig et   al. 2008). In recent studies, varia-
tions in tumor response have been reported between BNCT 
protocols, although similar absolute gross boron concen-
tration values in tumor were measured (Molinari et   al. 
2012). Th us, divergence in gross boron concentration is not 
enough to explain diff erences in therapeutic response. 

 In a previous study we demonstrated the therapeutic suc-
cess of Sequential BNCT in the hamster cheek pouch oral 
cancer model (Molinari et   al. 2011). Th is protocol involves 
a sequential application of BPA-BNCT followed by GB-
10-BNCT with an interval of 24 or 48 h between the two 
treatments. Th e fi rst application of BPA-BNCT could con-
ceivably alter GB-10 biodistribution for the second appli-
cation. However, no signifi cant changes were detected 
in terms of gross boron content measured ICP-MS and 
ICP-OES. Th roughout this report, we defi ne macrodistribu-
tion of boron as the  10 B concentration value obtained with 
gross boron determination techniques (such as ICP-OES or 
ICP-MS), whereas microdistribution of boron is defi ned as 
the spatially localized boron content in the diff erent regions 
of the tissue structure. Th e analysis of boron microdistribu-
tion can be performed both qualitatively (by the analysis of 
high track density images) and quantitatively (if knowledge 
of the absolute  10 B concentration in the diff erent tissue 
regions is required). 

 Within this context, the aim of the present study was to 
explore potential changes in boron microdistribution that are 
not detectable by gross boron measurements, using the neu-
tron capture autoradiography imaging capability, in order to 
evaluate if the distribution of GB-10 is altered by prior appli-
cation of BPA-BNCT in Sequential BNCT protocols. Tumor 
microdistribution of  10 B delivered by GB-10 was evaluated 
and compared with tumor microdistribution of BPA. For the 
fi rst time, a detailed study of the boron uptake was performed 
at tissue level in the diff erent regions of tumor, premalignant 
and normal tissue in the hamster cheek pouch oral cancer 
model.   

 Materials and methods 

 Six-week old female/male syrian hamsters (weight range: 
90 – 200 g, supplied by the animal breeding facility of the 
National Atomic Energy Commission, Ezeiza, Argentina) 
were fed an  ad libitum  standard chow diet (Cooperaci ó n, 
Buenos Aires, Argentina) and were submitted to a previously 
described carcinogenesis protocol (e.g., Molinari et   al. 2012). 
Institutional guidelines for the care and use of laboratory 
animals were strictly followed. Th e samples for the autora-
diographic analysis were obtained from fi ve experimental 
groups of tumor-bearing hamsters. (i) G1 (control): not irra-
diated, no boron compound injection. (ii) G2 (BPA): animals 

injected with BPA (Interpharma, Praha, Czech Republic) at 
a dose of 15.5 mg  10 B/kg body weight (bw) and euthanized 
3 h post administration of BPA. (iii) G3 (GB-10): animals 
injected with GB-10 (Neutron Th erapies L.L.C., San Diego, 
CA, USA) at a dose of 50 mg  10 B/kg bw and euthanized 3 
h post administration of GB-10. (iv) G4 (GB10 24 h post 
BPA-BNCT): animals treated with BNCT mediated by BPA. 
After 24 h, they were injected with GB-10 at the same dose 
as G3 and euthanized 3 h post administration of GB-10. (v) 
G5 (GB10 48 h post BPA-BNCT): the same protocol as G4, 
but the injection of GB-10 was performed 48 h after 
BPA-BNCT. Th e doses for BPA and GB-10 were chosen 
according to previous biodistribution studies (e.g., Kreimann 
et   al. 2001, Heber et   al. 2004). 

 For G4 and G5, the BPA-BNCT irradiations were per-
formed at the neutron source constructed for use in BNCT 
biomedical applications by the National Atomic Energy 
Commission of Argentina at the RA-3 (Reactor Argentino 
3) research and production nuclear reactor facility (Ezeiza, 
Buenos Aires, Argentina), as previously described (Molinari 
et   al. 2011). Th e total absorbed dose prescribed to tumor in 
both cases was 4    �    1 Gy. Th e eff ective irradiation time was 
3.13 min for G2, G4 and G5 and 4.96 min for G3 (Molinari 
et   al. 2011). All hamsters were euthanized 3 h post adminis-
tration of GB-10 or BPA, as previous biodistribution studies 
demonstrated that the maximum boron concentration value 
is reached between 3 and 3.5 h. Th ese biodistribution stud-
ies also showed that the boron concentration in blood and 
tissues 24 h after the administration of BPA was negligible 
(Kreimann et   al. 2001, Heber et   al. 2004, 2006). Th us BPA 
was considered not to contribute to boron levels after admin-
istration of GB-10 in the  ‘ Sequential ’  protocols (Molinari 
et   al. 2011). 

 Samples of tumor, premalignant and normal pouch tissue 
were excised and fi xed with liquid nitrogen. All samples were 
sectioned at 30  μ m in a cryostatic microtome (CM 1850 Leica 
Microsystems, Heidelberg, Baden-Wurtemberg, Germany) 
and mounted on polycarbonate nuclear track detector foils 
(Lexan  ™  , SABIC Innovative Plastics, Pittsfi eld, MA, USA). 

 In addition to a qualitative analysis (QLA), a quantitative 
evaluation (quantitative analysis, QTA) was performed to 
obtain an absolute boron concentration value for each region 
of the tissue, by evaluating track density in the corresponding 
regions of the detector as previously described (Portu et   al. 
2011a). Depending on the type of analysis to be performed, 
the assemblies were exposed to one of the following thermal 
neutrons fl uences at the RA-3 nuclear reactor: 10 12  n cm -2  for 
QTA and 10 13  n cm -2  for QLA. QLA samples were explored 
and processed as described in Portu et   al. (2013). QTA foils 
were marked with reference points and stained with haema-
toxylin-eosin (H & E, Biopur, Rosario, Santa Fe, Argentina). By 
microscopic examination, regions of the tumor (neoplastic 
cells [NC] and non-neoplastic connective tissue [NNC]) and 
of premalignant and normal tissue (epithelium [E]; loose 
connective tissue [C], and muscle [M]) were delimited using 
an x-y grid defi ned using the points of reference. Th en, tissue 
was removed with a trypsine-EDTA (ethylenediaminetet-
raacetic acid disodium salt dihydrate) solution (Sigma Life 
Science, St. Louis, MO, USA) and the foils were chemically 
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etched with PEW (Potassium hydroxide  �  Ethanol  �  Water) 
solution (30 g KOH [Mallinckrodt, New York, USA]  �    80 g 
ethyl alcohol [Merck, Darmstadt, Hesse, Germany]  �    90 g 
distilled water) at 70 ° C. QTA samples were etched during 2 
min, whereas an etching time of 6 min was established for 
QLA samples. Each of the previously delimited areas was re-
accessed employing the points of reference and a motorized 
microscope stage. Th e lateral resolution is    �    10  μ m. Track 
density was measured for each zone in QTA foils and then 
converted to  10 B concentration values using a calibration 
system developed in our laboratory (Portu et   al. 2011b). Also, 
an overall value was obtained by counting 50 fi elds per foil. 
Th e determination limit in boron concentration is around 1 
ppm. Th ree slices per sample were analyzed to obtain a mean 
value per animal. Data from four animals were averaged per 
protocol. Th ese results were compared with boron content 
of the leftover tissue measured by ICP-MS (ELAN   Ò    DRC II, 
Perkin Elmer, Waltham, MA, USA). 

 Th e following ratio was defi ned as an indicator of boron 
targeting homogeneity in tumor: 

 

NNC

NC

Boron concentration in non neoplastic connective tissue
�

−

BBoron concentration in neoplastic cells
( )1

  
 A ratio of 1 indicates the highest grade of homogeneity. 

 Th e quantitative results are presented as mean value  �  
standard deviation (SD). Th e statistical signifi cance was 

evaluated by Student ’ s  t -test, setting  p     �    0.05 as the thresh-
old for statistical signifi cance. Th e statistical analysis was 
confi rmed by calculating a 95% confi dence interval for the 
diff erences between means of unpaired samples.   

 Results 

 Examples of QLA (histology and autoradiography) corre-
sponding to protocols G2 and G3 for tumor and G2 and G5 
for premalignant tissue samples are shown in Figure 1 and 
2, respectively. Th e boron pattern of normal pouch tissue 
samples was similar to that of premalignant tissue. 

 G1 (control group) autoradiographies (not shown) 
showed a small number of tracks, indicating the absence of 
boron contamination during the manipulation of the sam-
ple. Nevertheless, they were quantifi ed in order to obtain the 
background contribution, which was within the uncertainty 
of the method (10%): (0.8    �    0.4) ppm for tumor, (1    �    2) ppm 
for premalignant tissue and (1    �    1) ppm for normal pouch 
tissue. 

 Th e autoradiography images of the boron-containing 
groups (G2, G3, G4 and G5) presented higher track density 
values. Tracks were distributed heterogeneously, matching 
the diverse histological structures. Th is fi nding was revealed 
in the QLA images as variations in shades of grey, providing 
a rapid way to infer diff erences in boron uptake. Th e images 

  Figure 1.     Haematoxylin-eosin stained tumor sections mounted on Lexan for (a) G2 (BPA) and (c) G3 (GB-10). (b) and (d) are the corresponding 
qualitative autoradiographic images of (a) and (c), respectively (2.5 � ). G2: animals injected with BPA (15.5 mg  10 B/kg bw). G3: animals injected with 
GB-10 (50 mg  10 B/kg bw). Th e scale is indicated in the top panel. Th is Figure is reproduced in color in the online version of  International Journal of 
Radiation Biology .  
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mean values for each protocol, except for G5 tumor 
( p     �    0.0186) and premalignant tissue ( p     �    0.0364) data. 
Moreover, by calculating 95% confi dence intervals, except 
for G5 tumor, it can be inferred that there was no diff erence 
between means. Th e higher values of  10 B concentration 
correspond to G2 for all samples, whereas G3, G4 and G5 
show similar global values. Th e heterogeneity found in QLA 
images for all protocols was confi rmed. Th e NNC/NC ratio 
was 0.5    �    0.1 for G2, while it was 1.4    �    0.1 for G3 and G5 and 
1.2    �    0.2 for G4. For premalignant and normal tissue, the 
boron concentration values were higher in epithelium than 
in connective tissue and muscle in G2, whereas in the case 
of G3, G4 and G5 the values in connective tissue were higher 
than in muscle and epithelium. Overall boron concentration 
values in premalignant and normal tissue were similar for 
all protocols. In summary, the values for normal tissue were 
lower than their premalignant tissue counterparts. GB-10 
accumulated preferentially in connective tissue whereas BPA 
uptake was higher in epithelium.   

 Discussion 

 The microdistribution of boron from GB-10 in tumor was 
assessed for the first time and compared with the micro-
distribution pattern of boron from BPA in tumor. Further-
more, the localization of boron from BPA and GB-10 in 

also revealed irregularities produced in the cutting process. 
G3, G4 and G5 showed the same pattern of heterogeneity. 

 Th e histological images made it possible to outline areas 
within a single section, contributing to the evaluation of 
spatial distribution. It was possible to identify the diff erent 
tissue structures on the autoradiographic images. Figure 3 
shows some examples of G2 and G3 tumors at a higher mag-
nifi cation (20 � ). In tumor, BPA accumulated preferentially 
in neoplastic cells. Conversely, in G3, boron concentration in 
non-neoplastic connective tissue was higher than in neoplas-
tic cells for GB-10. However, the heterogeneity observed for 
GB-10 seemed to be lower than for BPA. G4 and G5 samples 
showed the same pattern as G3. 

 Th e same analysis was performed for premalignant and 
normal pouch tissue. As shown in Figure 2,  10 B accumulated 
preferentially in epithelium for BPA whereas the highest con-
centration areas corresponded to connective tissue in the 
case of GB-10. In Figure 4, an example of G5 is presented at a 
higher magnifi cation (10 � ). As observed for tumors, G3 and 
G4 samples showed the same pattern as G5. 

 QTA analysis for the boron-containing groups is sum-
marized in the bar graphs presented in Figure 5 for tumor, 
premalignant and normal pouch tissue. 

 Standard deviations were large due to the biological 
variation between animals. No statistical diff erences were 
observed with ICP-MS measurements when considering 

  Figure 2.     Haematoxylin-eosin stained premalignant tissue sections mounted on Lexan for (a) G2 (BPA) and (c) G5 (GB10 48 h post BPA-BNCT). (b) 
and (d) are the corresponding qualitative autoradiographic images of (a) and (c), respectively (2.5 � ) . G2: animals injected with BPA (15.5 mg  10 B/
kg bw). G5 animals treated with BPA-BNCT followed by the injection of GB-10 (50 mg  10 B/kg bw, 48 h post irradiation). Th e scale is indicated in the 
top panel. Th is Figure is reproduced in color in the online version of  International Journal of Radiation Biology .  
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premalignant and normal pouch tissue was determined. 
Th e microdistribution of boron in tumor, premalignant tis-
sue and normal tissue was evaluated for diff erent protocols 
to examine potential diff erences between boron compounds 
and tissues, and to assess the potential infl uence of BNCT 
on subsequent boron compound uptake and distribution. 
Th e autoradiographies obtained under the stated conditions 
reveal the histological map of the tissue sections, showing 
diff erences in boron uptake between areas. In a previous 
analysis of these compounds with gross boron measure-
ment techniques (Heber et   al. 2006), we reported that GB-10 

is homogeneously targeted to tumor. Th ese new results 
confi rm that indeed GB-10 distribution is more homoge-
neous than BPA, as previously observed in Bortolussi et   al. 
(2010), but is non-specifi c for neoplastic cells for all GB-10 
protocols. 

 Th e heterogeneity observed in boron concentration for 
tumors would be in accordance with the high blood boron 
values previously reported for GB-10 (Trivillin et   al. 2006), 
coupled to leakage from aberrant tumor blood vessels 
(Jain 2005). Given that GB-10 would enter cells by passive 
transport (e.g., Heber et   al. 2004), it would not accumulate 

  Figure 3.     Haematoxylin-eosin stained tumor sections mounted on Lexan for (a) G2 (BPA) and (c) G3 (GB-10). (b) and (d) are the qualitative 
autoradiographic images of (a) and (c), respectively. NC, neoplastic cells; NCC, non-neoplastic connective tissue. Original magnifi cation: 20 � . 
Th is Figure is reproduced in color in the online version of  International Journal of Radiation Biology .  

  Figure 4.     (a) Haematoxylin-eosin stained premalignant tissue section mounted on Lexan for G5 (GB-10 48 h post BPA-BNCT) and (b) its qualitative 
autoradiographic image. E, epithelium; M, muscle; C, connective tissue. Magnifi cation: 10 � . Th is Figure is reproduced in color in the online version 
of  International Journal of Radiation Biology .  
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therapeutically successful targeting of heterogeneous tumor 
cells ’  populations. BPA-BNCT would target neoplastic 
cells, while GB-10 or BSH-BNCT would target the aberrant 
tumor vasculature. Th e sequential administration of the two 
applications would favor targeting with GB-10, as the IFP 
(interstitial fl uid pressure) is reduced after BPA-BNCT. 

 QTA analysis also showed slight variations between G4 
(GB10 24 h post BPA-BNCT) and G3 (GB10) and G5 (GB10 
48 h post BPA-BNCT). Th e NNC/NC ratio closest to 1 was 
observed for G4, indicating more homogeneous tumor 
boron targeting. Although the diff erence in NNC/NC ratio 
between Seq 24 h (1.2    �    0.2) and Seq 48 h (1.4    �    0.1) would 
be marginal, this slight improvement in tumor boron target-
ing homogeneity would be associated to a slightly enhanced 
tumor response in animals treated with Seq-24h-BNCT 
compared to animals treated with Seq-48h-BNCT (95    �    2% 
vs. 91    �    3%) (Molinari et   al. 2011). 

 For all groups, the global QTA boron concentration 
value fell within the range of values corresponding to each 
histological area (NC and NNC for tumor, E, C and M for 
premalignant and normal tissue), confi rming the concept of 
overall measurement. 

 All the tissue structures that were identifi able at a histo-
logical level were analyzed qualitatively and quantitatively, 
with exception of the connective tissue underlying the epi-
thelium in premalignant and normal pouch tissue sections 
(Figure 3). In the QLA images this area appeared lighter, 
regardless of the boron compound employed. However, 
we were unable to delineate the area reproducibly for 
evaluation. In this study we have brought the neutron auto-
radiography technique to the limit of its resolution. Th e 
assessment of small structures that cannot be photographed 
individually would require the use of high resolution tech-
niques. An attractive option for this type of analysis is the 
use of tissue imprints following sensitization of the detector 
with ultraviolet radiation (UV-C, 254 nm) (Amemiya et   al. 
2005). Moreover, if cellular or subcellular accumulation of 
the compound were to be studied, quantitative secondary 
ion mass spectrometry is uniquely suited for microlocaliza-
tion studies (Chandra et   al. 2013, 2014). 

 We can conclude that non-selective accumulation occurs 
in diff erent tissue areas for GB-10 and BPA in tumor, pre-
malignant and normal tissue. Furthermore, the diff erent 
boron compound administration protocols lead to diff erent 
microdistribution patterns. Th e application of Sequential 
BNCT with a 24 h interval enhances GB-10 boron targeting 
homogeneity and favors tumor control. Th is fi nding confers 
on boron targeting homogeneity a pivotal role in therapeutic 
success. QLA images reproduced the histological structures 
with high quality, while QTA allowed for extensive and com-
prehensive evaluation of boron uptake to yield an indicator 
of targeting homogeneity. Th e technique proved successful 
to assess the spatial distribution of boron at a micrometer 
level resolution, with low cost in terms of time and complex-
ity. Within this context, autoradiographic analysis provides 
information on the boron distribution/concentration that 
can be used to evaluate the localized dosimetry and interpret 
the radiobiological eff ects. Th is methodology could easily 
be extended to other targeting therapies, whenever the 

preferentially in neoplastic cells. BPA distribution would be 
more heterogeneous than GB-10 distribution, conceivably 
due to BPA active transport mechanisms (Wittig et   al. 2000) 
that would allow for preferential targeting of neoplastic cells. 
Indeed, QTA boron concentration value for non-neoplastic 
connective tissue was almost 30% higher than for neoplastic 
cells in the case of GB-10. For BPA, boron concentration in 
non-neoplastic connective tissue concentration was 50% of 
the value in neoplastic cells. Th ese results support our ini-
tial hypothesis that the therapeutic effi  cacy of  ‘ Sequential ’  
BNCT would stem from the use of two boron agents with 
diff erent properties and complementary mechanisms of 
action, conceivably contributing to a more homogeneous, 

  Figure 5.     ICP-MS and QTA boron concentration values for (a) 
tumor, (b) premalignant tissue and (c) normal tissue, and for their 
corresponding histological areas (neoplastic cells [NC], non-
neoplastic connective tissue [NNC], epithelium, connective tissue 
and muscle) for each of the boron protocols. Error bars indicate 
the standard deviation.   In
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