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Abstract
Boron Neutron Capture Therapy (BNCT) is a cancer treatment option that combines preferential uptake of
a boron compound in tumor and irradiation with thermal neutrons. For treatment planning, boron
concentration in different tissues must be considered. Neutron Autoradiography using Nuclear Track
Detectors (NTD) can be applied to study both boron concentration and microdistribution in tissue
samples. Histological sections are obtained from frozen tissue by cryosectioning. When they reach room
temperature, they undergo an evaporation process, which leads to an increase of boron concentration in
the sample. In order to take this effect into account, certain correction factors (Evaporation Coe�cients,
CEv) must be applied.

With this aim, a protocol was established in order to register and analyze mass variation of tissue
sections, measured with a semimicro scale. Values of ambient temperature, pressure and humidity were
simultaneously recorded. Reproducible results of evaporation curves and CEv values were obtained for
different tissue samples, which allowed the systematization of the procedure. This study contributes to a
more precise determination of boron concentration in tissue samples through the Neutron
Autoradiography technique, which is of great relevance to make dosimetric calculations in BNCT.

Introduction
Boron Neutron Capture Therapy (BNCT) is an attractive proposal for cancer treatment. Many advances
have been made in basic and clinical research in this �eld, exploring different targets with a promising
outcome (e.g., Chen et al., 2021; Hirose et al., 2021; Kawabata et al., 2021). Unlike conventional
treatments, BNCT is a biologically targeted radiation therapy: it ideally allows the irradiation of individual
cells or micrometastatic sites with high Linear Energy Transfer (LET) radiation, without affecting the
surrounding healthy tissue. It is mainly applied to pathologies that respond poorly to conventional
therapies, for different reasons. In many cases it is due to the high heterogeneity of the treated tumors, or
to the high sensitivity of the surrounding healthy tissue that acts as a dose limiter, or to the fact that
lesions are too small to be correctly detected or are distributed in such a way that radiation damage to
healthy tissues cannot be avoided (Coderre et al., 2003).

BNCT is considered as a binary therapy. It requires that a non-toxic compound rich in 10B that
preferentially accumulates in tumor cells is infused to the patient. Once the compound is biodistributed in
the organism, the region to be treated is irradiated with a thermal or epithermal neutron beam. The
charged particles emitted in the boron neutron capture (BNC) reaction deposit a high amount of energy in
a range of about a cell diameter. In this way, the tumor cells that have captured 10B atoms are destroyed,
while the healthy ones are ideally preserved. For this reason, it is essential to know the distribution and
concentration of boron in the different tissue structures when considering a BNCT protocol, especially
taking into account that boron uptake may be different depending on the compound to be used in that
application.
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The Neutron Autoradiography technique using Nuclear Track Detectors (NTD) allows the mapping of
heavy particle emitting elements in a sample. Within the framework of BNCT, it means the possibility of
knowing the 10B microdistribution in tissue sections. When a boron-loaded tissue section is placed in
contact with an NTD and exposed to a thermal neutron �ux, the BNC reaction ( ) occurs.
The α and 7Li resulting particles impact the detector generating localized damage in the material, in the
surroundings of the ion path (latent tracks). Through a chemical attack process or etching, these latent
tracks are revealed and ampli�ed even at light microscopy level, which enables their observation and
quanti�cation (e.g. Fleischer et al., 1975). By measuring the number of tracks per unit area (tracks
density) observed on the detector and using a previously established calibration curve (Portu et al., 2011),
it is possible to estimate the concentration of 10B in the different tissue structures of the original sample.
This information is essential in the �eld of BNCT and allows, for example, the analysis of the uptake
pattern of different borated compounds (Portu et al., 2011, 2013).

The histological sections to be studied using this technique are obtained by freezing using a cryostatic
microtome (or cryostat). In the transition to room temperature, the tissue undergoes an evaporation
process, which generates an increase of 10B atoms concentration in the sample. Furthermore, in the case
of soft tissues, evaporation has a direct in�uence on the tissue section thickness, which at the time of
irradiation will be smaller than the nominal thickness set in the cryostat. Thickness of the sample
determines the number of particles arriving at the NTD and consequently on the boron quanti�cation
(Ceberg et al., 1993). For these reasons a natural ampli�cation of the �nal number of tracks in the
detector occurs.

In order to quantify the boron concentration in the original sample it is necessary to establish correction
factors that account for this effect. Since evaporation implies a loss of weight in the sample, and
assuming that the quantity of boron atoms does not vary during this process, the concentration can be
corrected by an Evaporation Coe�cient (CEv), de�ned as:

1

Where mh corresponds to the “wet” section mass, measured immediately after the tissue is sectioned in
the cryostat, and ms is the “dry” section mass, measured when the evaporation process is �nished.

The measurement of mass loss is usually carried out through a thermogravimetric analysis (TGA)
(Saadatkhah et al., 2020). However, this method requires special equipment, is a destructive technique
and takes a long time (2 hours- (Portu et al., 2015)) which reduces the possibility of taking several
measurements per day. Hereby, it is necessary to develop a protocol that allows to take measurements
using equipment that is widely available, without restrictions on the number of samples to be analyzed.

10B(n, α)7Li

CEv =
ms

mh
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The problem of tissue evaporation was presented in (Gadan et al., 2012) and the evaporation dynamics
was extensively studied in our laboratory (Espector et al., 2018). The proposed correction was applied by
Takeno et al. (2021) to consider the effects of water loss on density and elemental composition and was
also employed in alpha spectrometry determinations (Bortolussi & Altieri, 2013).

The aim of this work was to explore different aspects involved in the setup of the experimental conditions
for the sample mass variation measurement, and to establish a protocol to determine the evaporation
coe�cients corresponding to different tissues. Systematization of the measurement method also made it
possible to create speci�c software for data recording, visualization, and analysis (EVAP v.2.0).
Temperature, pressure and humidity values were registered simultaneously to mass measurements and
correction factors associated to environmental conditions were proposed. The protocol was applied to
record mass variation due to evaporation in different tissues of interest for autoradiographic analysis, in
order to obtain reference values of CEv.

Materials And Methods
A Sartorius Laboratory scale Cubis® line, model MSE125P-000-DU-00 (precision: 10− 5 g) with USB
connection to a notebook was used in this work. Measurements of the mass evolution were taken every 1
s. To characterize the scale drift, 24-hour records of mass values as a function of time were made with
different standard weights (Gebrüder Bosch Jungingen / Hohenz) of 20 mg, 50 mg, 100 mg, 200 mg and
500 mg. Simultaneously, temperature, pressure and humidity readings were monitored at intervals of 1 s,
using INGKA environmental sensors. Two correction factors were determined to reduce the error
associated with the scale drift.

A program designed in Matlab, EVAP v.2.0, was developed to command the whole process of weight
determinations over time. The program displays the graph of mass variation as a function of time. It also
allows uploading data from temperature, pressure and humidity measurements, and applies the
corresponding correction factors. The code selects the �rst signi�cant mass value and de�nes it as mh.
As the evaporation takes place, the mass measurements stabilize in about 5 min. Thus, an average of the
values recorded between 6 and 12 min was used to obtain the ms value and calculate the evaporation
coe�cient.

Tissue samples from normal BDIX rats, nude mice and hamsters were analyzed in this work, being all of
them of interest for Neutron Autoradiography analysis in BNCT. Samples coming from a hamster’s cheek
pouch oral cancer model were also included in the analysis (Kreimann et al., 2001). All the animals were
infused with borofenilalanine combined with fructose (BPA-f) according to protocols previously
established in each case: for the BDIX rat (Garabalino et al., 2011) and hamster (Kreimann et al., 2001)
with a dose of 300 mg / kg and sacri�ced 3 h post boron injection and for nude mice (Carpano et al.,
2015) of 350 mg / kg and sacri�ced 1 h post boron injection. All samples used in this study come from
other research groups at BNCT, approved by the institution's Ethics Committee. BDIX rat liver samples
were used to design the protocol, due to the uniformity of this tissue at the histological level. In order to



Page 5/18

analyze the variation of CEv between species, samples of hamsters and nude mice liver were also
included. Furthermore, CEvs were determined in reference tissues (liver, kidney and lung) in BDIX rats.

Sections of the different tissues were obtained by freeze sectioning with a CM 1850 cryostatic microtome
from Leica Microsystems. In a previous work it was proved that the difference in thickness sections
modi�es the evaporation dynamics of the sample but does not affect the CEv �nal value (Espector et al.,
2018). Thus, in order to reproduce the conditions under which an autoradiography is performed, 30 µm
and 60 µm nominal thickness sections were obtained and extended on square polycarbonate sheets (2
cm side and 250 µm thick). In previous works, the advantages of using polycarbonate as NTD for the
quanti�cation of particles from BNC were established (Saint Martin et al., 2011). The assembly tissue
section + polycarbonate was transferred to the scale’s weighing chamber in an ice container, to prevent
the evaporation process from starting before recording. Registration time was typically 30 min, and once
the measurement is �nished, EVAP v.2.0 automatically calculates the CEv and generates a document
containing all the acquisition information.

The evaporation dynamics obtained through the procedure proposed in this work was compared with the
one measured by Thermogravimetry, considered as the reference method. For that purpose, a Shimadzu
DTG-50/Simultaneous TG-DTA was set at ambient temperature, without air �ux, in order to assure
equivalent conditions to those used for the proposed method. The rolled slices were inserted in quartz
weighing pans and the mass was registered for 2 h, every 1 s.

In summary, a measurement protocol was established in order to standardize the conditions for all and
each sample to be analyzed. Firstly, both registration of the scale and sensors readings are started by the
computer. Then the sample is sliced in the cryostat, mounted on a 250 µm thickness polycarbonate sheet,
and immediately placed on the scale plate. At the end of the 30-minute acquisition, EVAP v.2.0 calculates
the CEv and plots the complete curve of mass as a function of time.

Results And Discussion
The aerostatic driving force is the ascending force of the object that is being weighed (Peña Pérez &
Becerra Santiago, 2010). The application of a correction factor (Faf) associated with the aerostatic driving
force is recommended in the bibliography. The Faf (Eq. 2) to be applied to the scale recorded mass value
takes into account the air density, which may vary depending on ambient temperature, pressure and
humidity:

2

Faf =
1 −

ρa

ρc

1 −
ρa

ρ
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where ρa is the air density expressed in kg/m3 (calculated with Eq. 3), ρc is the density of the weights

used by the manufacturer to calibrate the scale (8000 kg/m3, corresponding to stainless steel) and ρ is
the density of the objects being weighed (2700 kg/m3for aluminum weights).

The air density ρa is calculated according to the semi-empirical formula

3

where p is air pressure in hPa, h is relative moisture (%), and t is temperature (ºC).

When the Faf correction was applied to the standard weights measurements, a minor difference was
observed between the measured value and the weight’s nominal mass. On the other hand, �uctuations
observed during the measurement remained.

These �uctuations turned out to be temperature dependent, moreover each temperature increase detected
by the temperature sensor implied a mass decrease, and vice versa. From this observation, an empirical
factor related to temperature (T) could be determined:

4

where Tinst and Taverage are the instantaneous and mean temperature during measurement, respectively,
and mn is the nominal mass of standard weights expressed in mg.

Thus, the value of corrected mass (m) is given by the simultaneous application of the factors proposed to
the scale reading (W), in the form:

5

When applying both the aerostatic and the empirical factors (Eq. 5), records got stable around the
nominal value, for the different standard weights. An example of the smoothing effect of these
corrections on measurements is presented in Fig. 1.

On the other hand, when analyzing modi�cations introduced by the correction factors on the CEv
calculation, it was observed that only the third decimal place is affected. Therefore, this correction would
not be essential in order to obtain a representative CEv. Nevertheless, the corresponding calculation

ρa =
0.348444p − h(0.00252t − 0.020582)

273.15 + t

Fe = ( )
5/mnTinst

Taverage

m = Faf ∗ Fe ∗ W
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routine was incorporated in the protocol and in the EVAP v.2.0 code, since it could be useful in future
measurements, i.e., in case that extended in time weighing determinations were necessary.

The analysis of measurement uncertainties is essential to estimate the error of the proposed new
methodology. Nominal uncertainty of each instrument (Table 1) as well as typical values of every
magnitude involved in the process (mass, temperature, pressure and humidity) were considered, and
relative errors were calculated. Taking into account Eq. 1, and the correction factors of Equations 3 and 4,
the error of the proposed methodology has been estimated as 5%.

Table 1
Instrumental ranges and nominal uncertainties.

Instrument Range Nominal uncertainty

Semimicro Scale (Cubis) 0–60/120 g 10− 5 g / 10− 4 g

Temperature Sensor (INGKA) 0 - +65°C 0.1°C

Pressure Sensor (INGKA) 300–1100 hPa 0.01 hPa

Humidity Sensor (INGKA) 0–100% RH 10− 6% RH

Figure 2 shows a screenshot of the EVAP v.2.0 display. The program was developed to record and
analyze mass values as a function of time. It allows the input of the sample identi�cation data, and the
duration of the time that the recording will last, which was set as 30 min for all the tissue sections
measured in this work. The program plots a graph with the registered values, normalized to the initial
mass (mh). It displays both the starting and the ending times of the record, as well as the calculated CEv
value together with a historical value that serves as a reference. Finally, it offers the possibility of loading
a �le containing a record with the environmental conditions record, that are used to correct the original
mass values by applying the previously explained correction factors.

Liver tissue samples were used to establish the new CEv measurement protocol. The data obtained with
the proposed methodology was compared with the results of measurements using TGA. Representative
curves of both types of measurements are shown in Fig. 3. In order to compare results, the mass values   
at the i-th instant are normalized to the �rst value (Normalized Mass = mi ⁄ mh). Since stabilization using
TGA is slower and more variable than in the new procedure, subsequent intervals should be considered
for the calculation of ms. The variation in the time elapsed until stabilization is associated with the fact
that the geometry of the slice required by the TGA equipment is different from that used in this method.
Although the dynamics of the two mass curves as a function of time were different, the �nal value of the
CEv in both cases was equivalent to the historical value of 0.31 ± 0.02 (Portu, Postuma, et al., 2015). The
equivalence between CEv values from TGA and the new methodology was also con�rmed for lung
samples (see Table II).
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Mass values as a function of time   were recorded using EVAP v.2.0 for BDIX rat liver samples, as it can be
seen in Fig. 4. The measurements correspond to tissue sections from the same animal, but under
different conditions: (I) different moments along the day, (II) different days, (III) different tissue blocks.
The obtained curves were reproducible for the same type of tissue and species, even though the tissue
sections had been obtained under different experimental conditions. In every case, it was found that from
0.1 h on, the mass value remains approximately stable. Consequently, the average of mass values   
recorded in a lapse between 0.1 and 0.2 h (6 to 12 min) was considered to calculate the dry mass ms.

The CEv values of 38 liver sections coming from different animals were determined, obtaining the
distribution shown in Fig. 5. In order to evaluate the normal distribution of this data, a Kolmogorov-
Smirnov test was performed, showing that the hypothesis is not rejected at a 5% signi�cance level (with a
p-value of 0.20). This indicates consistency in CEv values of tissues from different animals and allows to
determine a reference value for liver samples. Therefore, the CEv corresponding to this tissue was
established as 0.30 ± 0.02 (mean ± standard deviation), which coincides with the historical value
determined by TGA (see Table 2).

The new methodology was then applied to study the evaporation dynamics of liver sections from nude
mice and hamsters, besides BDIX rats. As shown in Fig. 6, when analyzing the same type of tissue from
different species, no variations are observed in the evaporation dynamics and in the �nal CEv value (see
Table 2).

The protocol developed in this work allowed to determine reference CEv values for some tissues, in order
to be used in boron quanti�cation by Neutron Autoradiography. Table 2 shows values obtained for
tissues of interest, such as liver, lung and kidney. The measurements were taken from n samples from
different animals and each dataset showed a normal distribution, as the one presented in Fig. 5. CEv
ranges for liver samples from different species overlap, and the calculated values for rat liver and kidney
are equivalent to those reported in Takeno et al., 2021. Furthermore, rat tissue CEvs are consistent with
the characteristic water content measured by desiccation in lung, liver and kidney reported in the literature
(Reinoso et al., 1997).
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Table 2
CEv reference values for different types of tissues, to be applied in boron

quanti�cation using Neutron Autoradiography.
Tissue Species CEv Water Content

Liver NUDE 0.27 ± 0.03 (n = 16)  

Liver Hamster 0.27 ± 0.03 (n = 17)  

Liver BDIX 0.30 ± 0.02 (n = 33) 0.705

Kidney BDIX 0.23 ± 0.02 (n = 19) 0.771

Lung BDIX 0.20 ± 0.02 (n = 24) 0.790

Metastatic lung BDIX 0.20 ± 0.03 (n = 16)  

a The value coincides with that obtained through TGA (0.32 ± 0.02).

 The value coincides with that obtained through TGA (0.20 ± 0.03).

 Reported by Espain et al., 2020.

 Reported by Reinoso et al., 1997.

Table 2 also shows the CEv value of samples from the experimental model of disseminated lung
metastases of colon carcinoma in BDIX rats (Trivillin et al., 2014). Despite the histological heterogeneities
observed in metastatic lung, the CEv values obtained   for these cases did not show statistically signi�cant
differences. Furthermore, as discussed in Espain et al., 2020, the CEv value of normal lung and lung with
metastases are equivalent.

Because of the interest in studying boron microdistribution in different types of tissue coming from a
hamster’s cheek pouch oral cancer model (Portu, Molinari, et al., 2015), CEv values of samples of tumor,
normal pouch tissue and precancerous tissue were measured. The results are presented in Table 3.
Although the histology of precancer and tumor tissue may vary between each section, this was not
re�ected in an increased dispersion. Moreover, normal, precancer and tumor tissue showed similar CEv
values.

Table 3
CEv reference values for samples coming from a hamster’s

cheek pouch oral cancer
Tissue Species CEv

Normal Cheek Pouch Hamster 0.23 ± 0.02 (n = 15)

Precancer Hamster 0.19 ± 0.01 (n = 12)

Tumor Hamster 0.18 ± 0.01 (n = 8)
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Given that the new methodology allows measurements with equipment commonly found in a laboratory,
it proved to be advantageous to obtain reference values. Besides, as it is not a destructive technique, it
allows the determination of the CEv corresponding to the same section that will later be used to quantify
boron content by Neutron Autoradiography. This advantage is of special interest for the quanti�cation of
heterogeneous tissues that could present differences in their evaporation coe�cients. Currently, CEv is
used not only to take into account the effects of water evaporation on tissue thickness, but also to study
the variation in density and elemental composition between dry and wet tissue samples (Takeno et al.,
2021). Having an established and reproducible protocol that allows the systematization of the procedure
will contribute to a more precise determination of boron concentration in tissue samples through the
Neutron Autoradiography technique.

Conclusions
A protocol was established with the aim of studying the mass variation of histological sections due to
evaporation, which allows the determination of the CEv with affordable equipment and materials, present
in a standard laboratory. A code, EVAP v.2.0, was developed to perform the recording, visualization and
analysis of the obtained data. The error of the proposed methodology was estimated at 5%.

The in�uence of the environmental parameters on the evaporation process was also studied and
correction factors were determined to balance ambient �uctuations. On the other hand, it was found that
this correction was not necessary for readings carried out under the laboratory environmental conditions,
at least for studies performed during 30 min, as those presented in this work.

The designed protocol was applied to determine CEv values for different tissues and species.
Reproducible and consistent results were obtained, which allowed to establish a set of reference values.

The proposed methodology for measuring evaporation coe�cients is a high-throughput technology that
allows many repetitions given its practicability compared to other techniques such as TGA, and it can
also be applied to samples of human biopsies. In this case, precise information of the boron uptake
pattern in tumor and normal tissue obtained by neutron autoradiography will be of great importance
when planning a BNCT treatment.
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Figures

Figure 1
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Mass values as a function of time for a 100 mg standard weight without correction (Original Mass),
corrected with each proposed factor, and with both factors at the same time. The black line represents the
weight nominal mass. 

Figure 2

Screen capture of the EVAP v.2.0 display once the measurement is �nished.
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Figure 3

Comparison of BDIX rat liver evaporation dynamics in curves obtained with the presented method
(yellow) and with TGA (blue). Yellow dotted line shows the interval that was used to average the values   
measured with a semimicro scale. The CEv value obtained by both methods (0.32) is shown in red.
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Figure 4

Evaporation dynamics of liver sections from a BDIX rat registered with the new methodology. Tissue
sections were obtained under different experimental conditions. B1: Block 1, B2: Block 2. The dotted line
shows the averaged interval to obtain the CEv values. 
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Figure 5

Distribution of CEv values   for BDIX rat liver tissue samples. The dotted line shows the mean value of the
distribution (0.30). In black the theoretical distribution is presented. 
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Figure 6

Comparative evaporation curves of liver sections from BDIX rat, nude mice and hamsters.


