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The determination of the local concentration of boron in the different regions of tissue samples treated
by Boron Neutron Capture Therapy (BNCT) could be made through the evaluation of the number of tracks
forming autoradiography images. It is necessary to get a “standard”material containing a known amount
of 10B, to correlate the number of tracks and boron concentration, i.e. to be used as a reference.

Different systems were tested in order to find a suitable standard. Films made of 2% agarose in boron
solutions showed a homogeneous distribution of the 10B atoms in the material structure. This system is
easy handled and its physical properties are satisfactory.

On the other hand, a small volume polycarbonate box was designed to contain 10B solutions of known
concentration. This system showed a reduced number of background tracks and a promising behavior in
many aspects. There is proportionality between track numbers per surface unit and 10B concentration,
and between track numbers per surface unit and neutron fluence. Experimental results were compared
to calculated values through formulas developed for thick samples autoradiography.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The capability of Solid State Nuclear Track Detectors (SSNTD) to
register damage produced by heavy ions in a permanent way, has
converted these materials into a powerful alternative for particle
dosimetry. In the years after the first observations by Young (1958),
nuclear tracks became the object of many and diverse research
works and were also widely applied to a variety of fields.

When an ionizing heavy particle penetrates into a polymeric
SSNTD, the ionization and excitation of the material atoms and the
subsequent chemical reactions between the produced species may
create a damaged zone of the material with broken polymeric
chains. Narrow paths are thus formed along the ion’s trajectory.
These paths can be amplified by etching in an appropriate chemical
attack solution, in order to visualize them with an optical micro-
scope (Fleischer et al., 1975). Track pit shape is mainly determined
by the ratio (V) between the preferential attack rate VT along the
particle damaged trail and the bulk rate of attack (VB, etching
velocity in the non irradiated material).
x: þ54 11 6772 7188.
rtu), bernaola@cnea.gov.ar
erman), gisaint@cnea.gov.ar

All rights reserved.
If the ionizing particles are generated in “objects” containing
heavy ions emitters and put in contact with the detector, an auto-
radiographic image of the object can be formed there by the
produced tracks. This autoradiography image provides relevant
information about the spatial distribution of heavy particle emit-
ters in the specimen (Abe et al., 1986).

In particular, it can be used to determine the local distribution of
10B atoms in tissue samples coming from experimental animal
models, or even from human patients, to be potentially treated by
BNCT. In this case, the samples containing 10B in contact with the
detectors must be irradiated with thermal neutrons to yield the
capture reaction: 10B(n,a)7Li. So, the potential track generating
particles are: a particle with 1.47 MeV or 1.77 MeV energy
(depending on the excitation level), and 7Li ion with 0.84 MeV and
1.02 MeV energy (Table 1). Protons produced in potential capture
reactions with 14N atoms in tissue were also included in the table.

The comparison between histological and autoradiography
images leads to a qualitative location of the boron atoms in the
tissue sample (Altieri et al., 2008; Saint Martin et al., 2007).
Moreover, the concentration of 10B in tissue samples may be
inferred by measuring the track density in the detector.

Many techniques are applied at present to evaluate the amount
of boron in tissue samples from BNCT investigations. Prompt
gamma-ray spectroscopy, alpha spectrometry, inductively coupled
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Table 1
LET and Range values in polycarbonate were obtained with SRIM-8 (Ziegler et al.,
1984)code for particles at initial conditions. V values in polycarbonate were calcu-
lated using expressions by Somogyi et al. (1976).

Particle Energy (keV) LET (MeVcm2/mg) Range (mm) V

Alpha0 1770 1.6588 8.24 1.400
Alpha1 1470 1.8069 6.769 1.509
Li0 1016 3.7424 3.815 4.968
Li1 840 3.5566 3.396 4.437
Hþ 580 0.3438 9.43 1.005
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plasma mass/optical emission/atomic emission spectroscopy (ICP
MS/OES/AES) are some examples (Wittig et al., 2008). These
methods give the integral value of 10B concentration in the sample.
On the other hand, boron concentration can be locally evaluated
when autoradiography techniques are applied, which is particularly
convenient when the particle emitter is not uniformly distributed
in the tissue section.

The following analytical expression, proposed in the literature,
relates track density and boron concentration in the sample
(Fleischer et al., 1975):

r ¼ CðBÞNvsBf

4

�
Racos2qa þ RLicos

2qLi

�
(1)

where C(B) is the concentration of boron atoms, Nv is the number of
atoms per unit volume, sB is the neutron capture cross section, and
4 is the thermal neutron fluence. Ra, RLi and qa, qLi are ranges and
critical angles of the alpha particles and Li fragments respectively.
Critical angles refer to the actual possibility of particles to be
recorded in the detector and can be calculated in terms of V. Ions
entering the detector with angles (measured between the ion’s
trajectory and the axis normal to the detector surface) larger than
the critical angle, are not expected to be preferentially etched.
Similar relationships are cited in Armijo and Rosenbaum (1967) and
Durrani and Bull (1987).

An alternative approach to assess 10B concentration in a given
sample is to use some standard material with a known quantity of
10B as a reference. The standard material (concentration Cs) will
produce a track density rs in the area of the detector in contact with
it, while a ru track density will be measured in the area of the
detector adjacent to the sample under investigation. Taking ratios
of these quantities, the unknown concentration can be calculated as
shown in Eq. (2).

ru
rs

¼ Cu
Cs

(2)

As the reference system may be used to evaluate samples of
materials with composition other than the standard one, it must be
assumed that the range (in g cm�2) of the track producing particle
in the standard and in the sample is virtually the same (Durrani and
Bull, 1987). In fact the medium where the reaction occurs deter-
mines the energy loss of the produced particles in their trajectory to
the detector surface and consequently the energy they arrive there
with. This energy value, together with the incidence angle
mentioned before, determine the possibility of observing a track in
a certain detector with a given etching process.

Some desirable conditions for a standard in order to be used as
a reference for neutron autoradiography are: homogeneous distri-
bution of boron atoms in the material, minimal number of back-
ground tracks produced by the material, easy handling, and
proportionality of track numbers with 10B concentration and with
thermal neutron fluence. Some authors have studied absorbing
filter paper (Yanagie et al., 1999), liver homogenate (Fairchild et al.,
1986), boron doped Si (Bortolussi, 2007), etc. as standards, and used
mainly cellulose nitrate and poly allyl diglycol carbonate (PADC) as
track detectors, but not often employed polycarbonate as SSNTD. In
this work, different systems were evaluated for their use as stan-
dards and calibration curves were obtained for polycarbonate
detectors. Experimental results were also studied in relation with
analytical expressions proposed in the literature.

2. Materials and methods

Lexan� polycarbonate films of 250 mm thick were used as
SSNTD. Different systems were evaluated for their use as standards:

- Preliminary experiments were performed using absorbing
filter paper sheets (AFPS) soaked in borax solutions, as sug-
gested in the previously mentioned literature. Filters of
different shapes were used for this purpose: circles (4¼ 5 mm)
and rectangles (8 mm � 40 mm). They were stored at �20 �C
for 24 h and then adhered on Lexan foils.

- Small boxes (Small Lexan Cases, SLCs) were assembled with
Lexan foils. A simple scheme of the construction process is
shown in Fig. 1. The two faces were obtained by cutting rect-
angular shapes of about 25 mm� 15 mm. Two L-shaped pieces
were fixed to one face in order to give a thickness of 0.25 mm.
The assembly was covered with the other face and all the
elements were adhered with polycarbonateechloroform
solution. These boxes are able to contain a volume of about
100 ml. They were filled with 10B solutions (99.99%) of
concentrations ranging from 0 to 100 ppm.

- Homogeneous films were fabricated with LMP agarose (Low
Melting Point: 65.5 �C, Promega�), in enriched boric acid
solutions. Different 2% gels were prepared with 10B concen-
trations from 0 ppm to 100 ppm. The agarose solutions in their
liquid state were poured onto flat plastic molds and then
covered with polycarbonate foils. After 24 h, the films were
almost solid, so they were separated from the plastic mold.
Weight corrections were applied in order to take into account
changes in concentration due to evaporation.

Irradiations with thermal neutrons were carried out at the
biomedical facility of the RA-3 reactor of the Ezeiza Atomic Center
(CAE, Buenos Aires) with fluences of 1011 n cm�2, 1012 n cm�2 and
1013 n cm�2. As amatter of routine a calibrationwith a Self Powered
Neutron Detector (SPND) is performed before each irradiation, to
ensure that the samples are exposed to the same neutron fluence
every time. During the irradiation, the flux is monitored in order to
detect any variation that could occur. The fluence is measured with
an uncertainty of 8%. More details about thermal neutron field
characterization and dosimetry procedures are specified in Miller
et al. (2009) and Pozzi et al. (2009).

After the irradiation process, the filters and agarose samples
were removed from the polycarbonate detectors, which were
etched in PEW alkaline solution (30 g KOH þ 80 g ethyl
alcohol þ 90 g distilled water) at 70 �C for 2 min and then rinsed
thoroughly with water. The SLCs were disassembled and the pol-
ycarbonate faces were then subjected to the same etching process.

The etching bulk velocity was previously determined by
measuring the diameter of fission fragment tracks from a 252Cf
source. The obtained value was VB ¼ (19.2 � 0.6) mm h�1. The
etching time was chosen in order to obtain an appropriate average
track diameter (easily observable), avoiding track overlapping and
track density decrease due to layer removal. For that purpose both
the track density and track diameter were measured for varying
etching time in SLCs samples, corresponding to the 50 ppm and
1012 n cm�2 condition.



Fig. 1. Small Lexan Cases system (SLCs): scheme of the construction process.
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The resulting tracks were observed in a Carl Zeiss MPM 800
digital imaging system (at the Lanais MEF, CNEA-CONICET labora-
tory). The average number of tracks per surface unit was evaluated
by counting over 50 pictures per sample, using image analysis
software. Average values of track density were obtained for each
concentration and the standard deviation was represented in the
figures by the error bars.

The boric acid solutions used for this work were analytically
prepared and the concentration values were checked by ICPeOES
measurements, performed with a Perkin Elmer Instrument. The
digestion and measuring processes were described previously
(Liberman et al., 2004).
Fig. 2. Light microscope track images obtained with a Carl Zeiss MPM 800 digital imaging s
1013 n cm�2.
3. Results and discussion

It has been stated that protons from the reaction 14N(n, p)14C are
not observed in Lexan at optical microscope level (Apel and Fink,
2004). The V value for these protons, whose energy is around
580 keV, is almost equal to 1 under the used etching conditions
(Table 1). For this reason, the preferential attack velocity is
comparable to the bulk velocity, which prevents proton tracks in
this detector from being seen at the light microscope. This char-
acteristic makes this material a suitable SSNTD for its use in tissue
neutron autoradiography, since biological samples contain large
amounts of N.
ystem (40X) for the following neutron fluences: a) 1011 n cm�2, b) 1012 n cm�2 and c)



Fig. 3. Track density versus 10B concentration in aqueous solution for 1011 n cm�2,
1012 n cm�2 and 1013 n cm�2 neutron fluences.

Fig. 4. Calibration curve for LMP agarose films prepared with enriched boron and its
corresponding fitting parameters. Fluence 1012 n cm�2.

A. Portu et al. / Radiation Measurements 46 (2011) 1154e1159 1157
Diameters of tracks produced by both He and Li ions were
around 1 mm, after the etching process. These tracks could be
clearly observed in the optical microscope, and were counted as
a whole to evaluate track density.

Track overlapping was not a major problem in the range of
concentrations and fluencies considered. In those cases inwhich an
excessive number of events was observed (concentrations over
50 ppm, irradiated with 1013 n cm�2), automatic measurements
were checked with manual readings. The amount of boron present
in tissue samples (from 10B biodistribution studies) is supposed to
be within the analyzed range.

The AFPS autoradiographies showed an increase in track density
along the sample’s borders. This fact reveals a non uniform distri-
bution of 10B in the filter paper, due to diffusion of the borax
solution during the evaporation process. Having observed this
behavior in the AFPS, it was decided not to study them any further.

As for the SLCs, reproducible results were obtained with this
system. Both faces of the boxes were evaluated for track density and
no significant differences were found between them. The tracks
were homogeneously distributed on the surface and a reduced
number of background tracks was found ([3.4 � 0.5]0.10�4 mm�2).
In Fig. 2aec), the increase in the number of tracks with neutron
fluence can be observed. Proportionality between these two
magnitudes was established.

A good linear relationship was also found between the number
of tracks per surface unit and the 10B concentration in the solution
for a given thermal neutron fluence. Calibration curves displayed in
Fig. 3 summarize these facts. Fitting parameters are shown in
Table 2.

As it can be inferred from the figures, the results corresponding
to 1011 n cm�2

fluence exhibit the highest deviation, given that the
background contribution is more relevant for this condition. A
flattening in the 1013 n cm�2 curve is observed for concentrations
over 50 ppm, due to overlapping of tracks. Under these conditions
Table 2
Parameters of the calibration curves obtained for the reference systems.
N.A�1 ¼ Ord þ S.[10B].

System Fluence (n cm�2) Ord (10�5) S (10�5) R

SLCs 1011 4.59 3.77 0.987
1012 �4.22 35.6 0.998
1013 19.7 239 0.990
there is a high degree of saturation, which makes individual track
counting very difficult. Samples with an excessive quantity of tracks
should be measured using other techniques, for example optical
densitometry (Portu et al., 2011). Accordingly, the calibration curve
for 1012 n cm�2 was chosen as the most appropriate for quantifi-
cation purposes, since it combines good statistical results and little
track overlapping, which could lead to miscounting.

The autoradiography images of agarose foils also showed
homogeneous 10B distribution inside the material’s structure and
minimal background. The calibration curve displayed in Fig. 4
shows a good linear relationship between 10B concentrations and
number of tracks per surface unit.

These track density measurements were also interpolated in the
SLCs curves and the 10B concentration results were compared to
those obtained by ICPeOES method for the agarose samples. Before
interpolation, the track density values were divided by the agarose
density (1.03 g cm�3), in order to take into account differences in
the material’s composition. The evaporation of the agarose films
was also considered. The error corresponding to the boron
concentration was obtained from the least square approximation
equation for the analytical results (Skoog and Leary, 1996).

In Fig. 5, a good accordance is observed between both tech-
niques. Except for the point corresponding to 25 ppm, the differ-
ences in the results are not statistically significant in the range
Fig. 5. 10B concentration values obtained for the agarose samples, both with the
autoradiography technique and the ICPeOES method.



Table 3
Comparison between experimental (rexp) and calculated track density values (req.1
and req.1,cos qcr ¼ 1) for a 50 ppm boron aqueous solution and 1012 n cm�2 thermal
neutron fluence.

rexp
(1/mm2)

req.1
(1/mm2)

req.1,cos qcr ¼ 1

(1/mm2)

50 ppm 10B
fluence:1012cm�2

0.019 � 0.002 0.027 0.038
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0e40 ppm. This range of concentrations is particularly important,
as most of the measured values in clinic and preclinic studies lay in
it. This fact validates the autoradiography technique for quantita-
tive determination of 10B.

As mentioned previously, the average values are displayed
together with their corresponding standard deviation. However, it
has to be noticed that the processes of detection and measurement
of tracks involve several parameters whose uncertainties should be
propagated. The uncertainty in the fluence is around 8%, but even
taking into account other factors as range straggling or counting
deviations, the uncertainty for track density is still smaller than
10%.

In Table 3 there is an example of the comparison between
experimental and calculated track density values. The measured
result was obtained for SLCs filled with a 50 ppm boron aqueous
solution and irradiated with 1012 n cm�2 thermal neutron fluence.
In the other columns values calculated with Eq. (1) for these
conditions are displayed. The last column shows the result obtained
considering cos qcr ¼ 1 for both particles, which implies no
restrictions in the detection of the arriving particles to the detector.
Even though in the second column critical angles are considered in
the calculation, the experimental value is significantly smaller. This
difference could be ascribed to “observation-counting system” sub
evaluation, but also to the fact that global critical angles and other
approximations are considered in the calculation.

Eq. (1) synthesizes a model that describes the process of particle
production and track formation in a simplified way and a perfect
match with experimental results should not be expected. In fact,
though cited in the literature, in practice authors finally use cali-
bration systems to quantify boron concentration, instead of this
expression (Armijo and Rosenbaum, 1967). Other problems, of
experimental nature, can be avoided by the use of standards to
measure concentrations: sensibility of the observation system and
track counting criteria, variable behavior of different plastics, need
of absolute neutron fluence measurements, to cite some of them.

In sight of these results and considering that the use of boron
doped standards is easier and more consistent to evaluate
unknown concentrations in samples, the appraisal of the studied
reference systems becomes relevant for further applications.

4. Conclusions

The development and implementation of a procedure based on
a “standard”material containing a known amount of 10B to be used
as a reference is essential since it is a simple and reliable way to
correlate number of tracks and boron concentration.

AFPS showed a non uniform distribution of tracks, probably due
to 10B diffusion toward the sample’s borders during the drying
process.

Calibration curves were constructed for agarose films and SLCs
and a good accordance with ICPeOES results was obtained. They
will be appropriate to determine boron concentration in a variety of
tissue samples whenever the ranges (in g cm�2) of particles
generated by the capture reaction are similar in the standard and in
the sample. Also, some corrections must be applied when
measuring track density from tissue samples. The tissue density
and the evaporation coefficient of the sample should be taken into
account as corrective factors, to obtain realistic values of concen-
tration. The precision in the results of this technique are smaller
than the one for analytical methods, as ICP-OES. The principal
advantage of autoradiography is the possibility of obtaining infor-
mation about the spatial distribution of the emitter element in the
unknown sample. In this way, it can be used as a complementary
tool for the study of boron uptake in samples from BNCT protocols.

SLCs would constitute the primary system and agarose films
could be placed alongside the tissue samples during irradiation.
These systems demonstrated the necessary characteristics for use
as standards to evaluate the amount of tracks in unknown samples.
In future studies these reference systems will be used to determine
the boron concentration of tissue samples from preclinical inves-
tigations and clinical studies in BNCT.
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