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Abstract
The analysis of the distribution and density of nuclear tracks forming an autoradiography in a nuclear track detector (NTD) 
allows the determination of 10B atoms concentration and location in tissue samples from Boron Neutron Capture Therapy 
(BNCT) protocols. This knowledge is of great importance for BNCT dosimetry and treatment planning. Tissue sections 
studied with this technique are obtained by cryosectioning frozen tissue specimens. After the slicing procedure, the tissue 
section is put on the NTD and the sample starts drying. The thickness varies from its original value allowing more particles 
to reach the detector and, as the mass of the sample decreases, the boron concentration in the sample increases. So in order to 
determine the concentration present in the hydrated tissue, the application of corrective coefficients is required. Evaporation 
mechanisms as well as various factors that could affect the process of mass variation are outlined in this work. Mass evolu-
tion for tissue samples coming from BDIX rats was registered with a semimicro analytical scale and measurements were 
analyzed with software developed to that end. Ambient conditions were simultaneously recorded, obtaining reproducible 
evaporation curves. Mathematical models found in the literature were applied for the first time to this type of samples and 
the best fit of the experimental data was determined. The correlation coefficients and the variability of the parameters were 
evaluated, pointing to Page’s model as the one that best represented the evaporation curves. These studies will contribute to 
a more precise assessment of boron concentration in tissue samples by the Neutron Autoradiography technique.

Keywords Evaporation dynamics · Cryosectioning · Neutron autoradiography · BNCT

Introduction

The analysis of distribution and concentration of certain 
elements in a variety of materials can be achieved using 
Nuclear Track Detectors (NTD), as long as reaction ion-
izing products are generated by the element to be assessed 

(Durrani and Bull 1987). In particular, a mapping of 10B 
atoms present in a tissue section can be obtained by the neu-
tron autoradiography technique, which provides information 
of the microdistribution of that element in the sample (Portu 
et al. 2011). In this case, when samples are exposed to ther-
mal neutrons, 10B atoms undergo a neutron capture nuclear 
reaction  [10B(n,α)7Li], which results in the emission of ion-
izing charged particles (alpha particle, Li ion) that impact 
the NTD producing localized sites of damage in the material, 
or nuclear tracks. They can be observed by optical micros-
copy after a chemical attack, and the 10B concentration in 
the original tissue can be evaluated through track density 
measurements on the NTD.

Tissue sections (~ 30 µm thickness) studied by this tech-
nique are obtained from frozen tissue with a cryostatic 
microtome (cryosectioning), so that the tissue undergoes 
an evaporation process until reaching ambient tempera-
ture. This fact causes dehydration of the tissue section and 
its nominal thickness (set at the cryostatic microtome) is 
different from the actual sample thickness at the moment 
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of irradiation with thermal neutrons. This process changes 
the number of particles reaching the detector (which is 
also related to ions ranges in tissue), thus affecting the 
determination of boron amount in tissue (Thellier et al. 
1988). Moreover, mass variation in the sample impacts 
directly on the boron concentration value. As a conse-
quence certain correction factors must be applied to take 
into account this effect (evaporation coefficients, CEv). 
Since evaporation involves a weight loss in the sample, 
and assuming that the total boron atoms number remains 
constant in the process, the evaporation coefficient can be 
defined as:

where mh is the mass of the “wet” tissue section, immedi-
ately after being cut with the cryostat, and ms is the mass 
of the “dry” sample, at the end of the evaporation process 
(Gadan et al. 2012).

To understand the evaporation phenomenon, the simplest 
case is that of a liquid in a gas–vapor mixture. The liquid 
molecules are in thermal agitation within a wide range of 
velocities, but for evaporation to occur their kinetic energy 
must exceed the cohesion work exerted by the surface ten-
sion at the liquid outermost layer. So, those molecules with 
sufficient energy to overcome the intermolecular attrac-
tion forces will leave the liquid phase entering the gase-
ous medium, where they spread out by diffusion. Collisions 
between molecules could cause some of them to return to 
the liquid phase and to be reabsorbed. The loss of the faster 
molecules causes a decrease of the average kinetic energy 
of molecules in the liquid, lowering its surface temperature 
(Rolle 2006). This phenomenon is known as evaporative 
cooling.

Semisolid materials, such as vegetable and animal tissues, 
could be considered as a three-dimensional solid matrix that 
contains an aqueous solution. In this case, drying also con-
sists of water changing from the liquid form in the tissue to 
the vapor phase in the air layer closer to its surface, and the 
difference of water-free energy in those states commands the 
process. However, the difference between the two values of 
free energy decreases throughout the entire process, leading 
to nonlinear drying kinetics (Pammenter et al. 2002).

Different conditions, which are generally difficult to quan-
tify as they change along the drying period, may determine 
the evaporation rate. The diffusion of water from the inner 
part of the tissue to the air is affected by both internal and 
external factors. For instance, there are retarding resistances 
in the air layer in contact with the tissue surface, but also 
in the outermost layer of the tissue itself, depending on its 
composition and permeability. Also the constraints in the 
movement of water molecules from the inner part of the 
tissue to the surface may vary in the process of dehydration.

(1)CEv = ms
/

mh
,

Mechanisms such as pressure and moisture concentra-
tion gradients, capillary forces, effusion, etc. make water 
cross the material to finally break through the pores and 
diffuse into the air. The conditions in which the process is 
carried out necessarily impact on many (physicochemical 
as well as structural) properties of tissue in a complex way 
(Skogseth et al. 2014). Volume as well as size and shape of 
semisolid systems are defined by the particular structure 
and the mechanical properties of its elements at equilib-
rium, so water removal from the material implies the rup-
ture of this equilibrium, internal and external pressures are 
no longer balanced, and contractile stresses are generated 
causing shrinkage or collapse of the tissue (Mayor and 
Sereno 2004).

From the mass transport point of view, drying could be 
understood as a diffusion process. During the first period 
of drying, the water contained in the material evaporates 
from its surface to the air flow (by external diffusion). 
After the moisture gradient inside the material builds up, 
the second drying period begins. During this period water 
is transported from the inner part of the material to the 
surface (internal diffusion) (Chen 2007).Typical drying 
curves exhibit two stages (Gekas 1992), though there 
is a previous “warm-up” period that may be relatively 
short and sometimes can go unnoticed. The first drying 
stage is known as the “constant rate” period because it 
shows a linear decrease of water content, the drying rate 
depending on temperature, moisture and flow of air. The 
temperature of the material stays constant, i.e. any added 
heat is consumed to evaporate the free water. The second 
stage, called “falling rate” period, begins as the passage 
of internal moisture within the tissue to the surface rules 
the drying process. The drying rate starts decreasing. 
The temperature of the material rises causing the mass 
to decrease. The variation of temperature also produces 
a diminution of the heat transfer driving forces. The path 
of evaporated vapors is more complex, so the resistance 
against the diffusion is higher. During the first part of 
this period liquid and vapor diffusion through tissue and 
capillary flow are the proposed mechanisms, and under 
certain conditions water loss follows a simple negative 
exponential function, which depends on the drying rate. 
But when tissue is closer to reach equilibrium with air, 
the water content diminution is slower (Pinto and Tobi-
naga 2007; Chen and Peng 2005). Models based on Fick’s 
law are typically used to describe the drying kinetics in 
the falling rate period (Chen 2007). This law is given by 
a differential equation describing diffusion of molecules 
in a medium with concentration or temperature gradients. 
Here flow of particles or heat tends to homogenize the 
solution and achieve the chemical or thermal equilibrium. 
In many cases these models are not able to represent the 
complexity of the whole process. For example, in tissues 

Author's personal copy



155Radiation and Environmental Biophysics (2018) 57:153–162 

1 3

with high water content, the reduction in volume or 
“shrinkage” (Katekawa and Silva 2006) occurs simulta-
neously with the diffusion of moisture in the solid, which 
probably affects the rate of moisture removal.

These models are very complex, and an overall solution 
to these problems can only be obtained by numerical cal-
culation (Chen 2006; Lu et al. 2015). From this it follows 
that the question of evaporation involves a large number of 
mechanisms and factors that may hinder the description of 
the phenomenon and its resolution. As a rule it is observed 
that if the drying of the material is “slow” (Pammenter 
et al. 2002), or under constant relative humidity and tem-
perature (Sun 2002), it can be described by an exponential 
relationship.

Summarizing, the drying rate of a tissue is affected by 
factors related to both the particular sample under considera-
tion (amount of material, size and shape, composition of the 
outermost layer or permeability), and environmental condi-
tions such as air vapor pressure, temperature, and convective 
air flow on the tissue surface (Esther et al. 2016).

In this work we studied the dynamics of evaporation of 
thin tissue sections by analyzing sample weight variation. 
For that purpose a code was designed to record, visualize 
and analyze data, and a measurement protocol was estab-
lished, in which local ambient parameters as temperature, 
pressure and humidity were also considered, as they could 
affect the evaporation process. Experimental evaporation 
curves were analyzed through different drying models from 
the literature, and the influence of sample geometrical char-
acteristics was evaluated.

Materials and methods

Biological material

Tissue sections were obtained using a cryostat microtome 
Leica Microsystems CM 1850, in the same way they are 
performed for routine pathological analysis and for the auto-
radiography technique. The tissue block is fixed to a plate 
inside the equipment at an established temperature (− 16 or 
− 18 °C), controlled by thermocouples. For the evaporation 
analysis, the tissue sections are mounted on 250 µm thick-
ness Lexan™ polycarbonate foils, in order to reproduce the 
conditions in which neutron autoradiography is performed 
(e.g., Portu et al. 2013).Normal liver and lung sections from 
adult BDIX rats (Charles River Lab., MA, USA) were used 
in these experiments. All samples come from preclinical 
protocols of other research groups in BNCT (e.g., Garaba-
lino et al. 2011), approved by the Ethics Committee of the 
Argentine National Atomic Energy Commission. No animals 
were sacrificed specifically for this study.

Mass measurements

Mass was recorded in a semi micro analytical laboratory scale 
Sartorius  Cubis® Model MSE125P-000-DU-00 (σap = 10−5 g), 
connected to a PC via a USB port. Typical mass values are 
mh = 0.00150 g, ms = 0.00030 g.

Taking into account that ambient conditions can affect 
evaporation mechanisms as well as mass registration (Peña 
Pérez and Becerra Santiago 2010), the need of recording these 
factors at the moment of mass registration was considered. 
 INGKA® sensors connected to the PC through a USB port 
were used to track temporal evolution of pressure, temperature 
and humidity. Values were acquired every 1 s. The same sam-
pling rate was used for mass recording. The sensors accura-
cies are: 0.1 °C for the temperature, 0.01 hPa for pressure and 
 10− 6% RH for humidity.

A Graphical User Interface in Matlab was developed for 
data acquisition and analysis of the results. The program 
EVAP v.1.0, not only allows recording of data, but also plots 
the evolution of sample weight in real time, and calculates the 
evaporation coefficient. Temperature, pressure and humidity 
files corresponding to the same acquisition period are also 
read in order to make mass data corrections. A protocol of 
procedures for data acquisition was established, so as to assure 
that measurements are always made under the same conditions 
(Espector et al. 2016).

Mathematical models

Fourteen mathematical models for biological matrices pro-
posed in the literature (Akpinar et al. 2003; Gunhan et al. 
2005; Jayas et al. 1991) were evaluated, through the fitting 
of the experimental data. The equations corresponding to the 
different models are shown in Table 1.

To compare the curves, the relative mass MR is defined, 
which avoids the dependence on the particular values of mh 
and ms as:

where the mass in the ith instant is represented by mi. A 
number of statistical parameters that account for adjustment 
quality are proposed in the literature (Gunhan et al. 2005; 
Núñez-Mancilla et al. 2011; Chapra 2012).

In this work we use the Coefficient of determination R2 
(Eq. 3), the mean bias error (MBE) (Eq. 4), the root-mean-
square error (RMSE) (Eq. 5), and the reduced Chi-square 
(Eq. 6):

(2)MR =
mi − ms

mh − ms

,

(3)R2 = 1 −

∑N

i=1
(MRi

−MRest,i
)
2

∑N

i=1
(MRi

− M̄Ri
)
2
,
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MRi
 is the relative mass experimentally obtained for the ith 

moment, MRest,i
 is the estimated relative mass for that instant 

and N is the total number of experimental data.

In Eq. 6, n is the number of constants used in the model.
A routine that fits the experimental data with the models 

proposed in Table 1 was developed. It determines the adjust-
ment parameters for each of the models by the method of 
least squares. In addition, the statistical parameters defined 
above are tested.

Geometrical considerations

Reduction in the sample thickness due to evaporation 
could be approximated by mass loss whenever the tis-
sue section area is assumed to remain unchanged during 
the evaporation process. While this supposition had been 
accepted in other works (Thellier et al. 1988; Bortolussi 
and Altieri 2013) its experimental validation has been 
accomplished only in this study. For that purpose, different 
30 µm thick rat liver sections were mounted on glass and 
observed in an Olympus DP70 microscope in sequential 

(4)MBE =
1

N

N
∑

i=1

(MRi
−MRest,i

)

(5)RMSE =

√

√

√

√
1

N

N
∑

i=1

(MRest,i
−MRi

)
2

(6)�2 =

∑N

i=1
(MRi

−MRest,i
)
2

N − n

capture mode. To visualize the effect of dehydration on 
their area, the tissue sections were photographed sequen-
tially as a whole at low magnification (1.25×), in black 
and white, starting just after being obtained at the cryostat 
(“time 0”).

In order to assess the impact of the tissue section area on 
the dynamics of evaporation, a set of BDIX rat liver sec-
tions were measured. The first ones were taken from a tissue 
block (area A1), then the block was reduced in size with 
a scalpel twice (areas A2 and A3) and the other sections 
were obtained. In all cases, the nominal section thickness 
was 30 µm. Evaporation curves of the tissue sections were 
registered.

Drying curve dependence on section thickness was also 
studied. With that purpose, BDIX rat liver sections of 5, 
10, 20, 30 and 60 µm nominal thicknesses were performed. 
Moreover, the influence of thickness in the evaporation 
dynamics was also studied through a series of experiments 
using an infrared thermal imaging camera. Dynamic Infrared 
Thermography is a non-invasive technique that determines 
the temperature distribution of an observed “scene” during 
time, by recording the infrared radiance coming from that 
scene and converting it to temperature. For this experiment, 
sections of BDIX rat liver of 10, 30 and 60 µm thicknesses 
were used. Mass variation was recorded simultaneously with 
Infrared Thermography images of samples acquired sequen-
tially, in each case. A FLIR model T-420 camera was used, 
which achieves a spatial resolution of 100 µm, 50 mK tem-
perature sensitivity, working range from − 20 to 650 °C, and 
acquisition of radiometric images and videos at 30 Hz rate. 
An area of 3 × 3 pixels at the center of the tissue section was 
selected in each video and the temperature data as a func-
tion of time of that particular area were recorded through 
specific software.

Table 1  Mathematical models of mass loss as a function of time (modified from Gunhan et al. 2005)

Model name Equation References

Lewis MR = exp(−kt) Lewis (1921)
Page MR = exp(−ktn) Page (1949)
Modified Page MR = exp[−(kt)n] White et al. (1981)
Henderson and Pabis MR = a × exp(−kt) Henderson and Pabis (1961)
Yagcioglu et al MR = a × exp(−kt) + c Yagcioglu et al. (1999)
Two-term MR = a × exp(−k0t) + b × exp(−k1t) Henderson (1974)
Two-term exponential MR = a × exp(−kt) + (1 − a) × exp(−kat) Sharaf-Elden et al. (1980)
Wang and Singh MR = 1 + at + bt2 Wang and Singh (1978)
Diffusion approach MR = a × exp(−kt) + (1 − a) × exp(−kbt) Kassem (1998)
Verma et al MR = a × exp(−kt) + (1 − a) × exp(−gt) Verma et al. (1985)
Modified Henderson and Pabis MR = a × exp(−kt) + b × exp(−gt) + c × exp(−ht) Karathanos (1999)
Simplified Fick’s diffusion equation MR = a × exp[−c(t∕L2)] Diamante and Munro (1991)
Modified Page equation-II MR = a × exp[−k(t∕L2)n] Diamante and Munro (1993)
Midilli and Kucuk MR = a × exp(−ktn) + bt Midilli et al. (2002)
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Results and discussion

Considering the nominal appreciation of the scale and 
calculating the relative errors for typical mass values 
(mh = 0.00150 g, ms = 0.00030 g), an uncertainty of 5% in 
the expression of mass ratios was obtained (and for the CEv 
in particular) for this method.

It was observed that all the measurements of tissue 
weights were stabilized in about 5 min or less. So an aver-
age value of readings in the time range from 0.1 to 0.2 h 
(6–12 min) was used to determine the stabilization mass 
ms, since once the evaporation process is complete readings 
scarcely fluctuate around a midline.

Certain relationships between ambient conditions and 
changes in the mass readings had been found previously. 
Two correction factors could be determined in order to 
reduce the uncertainty associated with the scale drift over 
time and obtain stable readings (Espector 2016).

Regarding to possible variation of the tissue section area 
while drying, the images of the whole set of sequential pho-
tographs were digitally superimposed finding that the area 
remained unchanged within the accuracy of the procedure 
(data not shown). Images of several tissue sections were 
taken after some months of being sliced, and no difference 
was observed. In summary it could be concluded that the 
most important tissue section reduction occurs most notice-
ably by changes in its thickness.

The complexity of the evaporation process in tissues, that 
has been outlined in the Introduction, makes it extremely dif-
ficult to set up a mechanistic model of the phenomenon, and 
more simple presumptions can be made. In fact, in the case 
of our samples, an external air flow is not applied and evapo-
ration occurs at room temperature. Moreover no significant 
fluctuations of this variable occur during the measurement 
(in general, differences do not exceed 0.3 °C).

In this work BDIX rats liver sections were considered to 
test the models presented in Table 1, which are generally 
expressed by negative exponential functions. Thirteen curves 
of mass evolution were registered for sections corresponding 
to this type of tissue, as seen in Fig. 1. The measurements 
correspond to sections coming from the same animal, but 
(1) taken at different times of day, (2) different days, (3) 
same block of tissue that remained in the cryostat, (4) dif-
ferent tissue blocks. In order to compare results, the mass 
values at the ith instant are normalized to the first value 
(Evap = mi/mh). The final mass normalized value remained 
reproducible even varying the experimental conditions in 
which the sections were obtained. The CEv for these curves 
was 0.31 ± 0.02 (mean ± standard deviation), which matches 
with a historical value determined by thermogravimetry 
(Portu et al. 2015).

A preliminary comparison of the R2 coefficients led 
to a first selection, such that those curves with a value of 
less than 0.96 were discarded. In this way the analysis was 
reduced to three models: Page, Henderson and Pabis and 
Yagcioglu.

These models are all exponentially decreasing equations 
with different variants and also yielded satisfactory results 
for the other statistical parameters that account for adjust-
ment quality (Table 2).

Figure 2 shows results obtained from adjusting the aver-
age liver evaporation curve with the three selected models. 

Fig. 1  Mass evolution registered 
for sections corresponding to 
BDIX rats liver. Curve fitting 
with Page, Henderson and Pabis 
and Yagcioglu equations

Table 2  Statistical parameters calculated for Page, Henderson and 
Pabis and Yagcioglu curves

R2 SSE RMSE Chi

Page 0.9686 − 0.0045 0.0434 0.0019
Henderson and Pabis 0.9642 − 0.0066 0.0463 0.0021
Yagcioglu 0.9655 − 1.88E−09 0.0455 0.0021
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Though they are quite similar almost for all the registered 
times, the fit obtained with the Page model keeps always 
within the zone determined by the average experimental 
curve and the curves generated from the standard deviation. 
Furthermore, the calculated value with this model at time 0 
is 1, which is consistent with the fact that normalized values 
are being considered.

About 70 mass versus time evolution curves including 
various experimental conditions and different tissues from 
diverse animal species were also tested with the models. 
Data corresponding to 16 BDIX rat lung sections were also 
fitted and the resulting curves exhibited the same behavior 
as those corresponding to normal liver.

Finally experimental curves were analyzed individually. 
The variation of the adjustment parameters corresponding 
to each of the three models was analyzed, considering that 
parameters from curves from the same type of tissue and 
registered under similar experimental conditions should be 
alike. The results of this analysis are shown in Table 3 that 
also includes measurements from BDIX rat lung sections. 
The smallest deviations of the adjustment parameters were 
obtained for the Page model.

The Yagcioglu model could also be discarded following 
a principle of simplicity, since it contains three adjustment 
parameters instead of two. This fact explains the high devia-
tions found for these constants. Furthermore, the fact that a sin-
gle set of parameters cannot be assigned to a family of curves 
makes it difficult to attribute a physical meaning to them.

So, even though the three models could be acceptable 
regarding to the statistical parameters results, Page’s model 
appears to be the best description of this particular problem.

Curves of weight loss for tissue sections of different area 
and equal thickness are shown in Fig. 3. It can be seen that 
the larger the section area, the longer the stabilization time. 
At least for the tested areas, the period used to calculate 
the dry mass ms remains valid. However, this time interval 

should be revised in case the mass is much higher than those 
used in this study. It should be noticed that the tissue sec-
tions commonly used in practice for neutron autoradiogra-
phy have areas in the range between those of samples A2 
and A3, i.e. masses below 2.5 mg. Data corresponding to 
the three areas were adjusted using the Page model. The 
parameter k was found to keep almost the same in all cases. 
On the other hand, parameter n was 20% (for A1) and 12% 
(for A2) higher than the one obtained for A3. Thus it could 
be inferred that parameter n increases with tissue section 
area. In spite of the dependence of the evaporation dynamics 
on the tissue area, the results obtained for the CEv matched 
each other.

Fig. 2  Average evapora-
tion curve of BDIX rat liver 
sections, fitted with the three 
selected models. The black full 
line corresponds to the average 
of all the considered experi-
mental curves and the standard 
deviation is represented in 
dotted lines

Table 3  Mean adjustment parameters and their standard deviation 
(SD) for the three analyzed models, corresponding to experimental 
data from BDIX rat liver and lung slices

SD values higher than 10% are underlined

Model Parameter BDIX rat liver BDIX rat lung

Page
MR = exp(−ktn)

<k> 63 63
SD k 5% 6%
<n> 1.16 1.13
SD n 6% 8%

Henderson and Pabis
MR = a × exp(−kt)

<a> 1.13 1.10
SD a 3% 4%
<k> 43 46
SD k 21% 26%

Yagcioglu
MR = a × exp(−kt) + c

<a> 1.1 1.1
SD a 3% 4%
<k> − 0.02 − 0.01
SD k 89% 77%
<c> 41 45
SD c 24% 29%
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In Fig. 4 evaporation curves for tissue sections of the 
same area and different thicknesses are shown. As expected, 
the larger the section thickness, the slower the stabilization 
process. However, this parameter does not affect the CEv 
final value. These results confirm the dependence of evapo-
ration dynamics with tissue geometry: a greater thickness 
causes that water molecules in the tissue take longer to dif-
fuse and reach the surface. Water molecules inside the tissue 
must travel a distance to reach the surface and evaporate, and 
as the tissue is thicker, the path is longer.

Evaporation curves corresponding to sections of differ-
ent thicknesses were also fitted with Page’s model and the 

obtained parameters k and n were analyzed. The results of 
this study are plotted in Fig. 5.

In this case, as in the previous experience, parameter 
k remains unchanged. On the other hand a relationship 
between n and the section thickness (and therefore with 
the time necessary to achieve stabilization) could be estab-
lished. The results of these tests suggest that although the 
Page model has two adjustable parameters, only one of 
them is sensitive to the geometric variations imposed in the 
experiments. Thus it could also be associated to the speed 
necessary for the sample mass to stabilize. Parameter n was 
plotted as a function of the sample mass (which as it was 
mentioned, accounts for the area) and as a function of the 
section thickness (Fig. 6).

As mentioned before no variations were found in param-
eter k under the different experimental conditions. It could 
be considered as a constant, at least within the conditions 
in which the measurements were realized. It should be 
remarked that although parameter n is related to the evapora-
tion dynamics, the final result of CEv showed no dependence 
on any of the two parameters of the model.

Gunhan et al. (2005) established that parameters k and n 
were related to environmental conditions, and in particular 
they determined that k depended on temperature and relative 
humidity. It is important to note that in the above mentioned 
work, experiments were carried out over a wide range of 
temperature (40, 50 and 60 °C) and relative humidity (5, 
15 and 25%) variation. However, measurements carried out 
in the present study were made at laboratory temperature, 
humidity and pressure, so that changes of the different vari-
ables were not significant, even though they have been per-
formed in different seasons of the year. This could be the 
reason why values found for k are practically constant.

Fig. 3  Evaporation dynamics of 30 µm thickness sections with differ-
ent areas (BDIX rat liver). The area is classified by its initial mass mh. 
mA1 = 3.8 ± 0.1 mg, mA2 = 2.5 ± 0.1 mg, and mA3 = 1.1 ± 0.1 mg

Fig. 4  Mass variation as a function of time for liver samples of differ-
ent thicknesses coming from BDIX rats

Fig. 5  Average normalized k and n parameters obtained from fitting 
the data with the Page model, for different slice nominal thickness
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In relation to measurements of sample temperature 
made by Thermography, the obtained curves are shown 
in Fig. 7, along with those corresponding to simultane-
ous measurements of mass during the evaporation process. 
The three curves related to samples of different thickness 
(10, 30 and 60 µm) have two transients in which the tem-
perature increases, and two ranges in which it remains 
constant. In the mass evolution curves, it can be observed 
that the values stabilize at the beginning of the second 
transient. While evaporation occurs, the mass varies and 
the temperature remains constant (i.e., the temperature 
remains constant during a phase change; the heat trans-
ferred to the liquid water in the tissue is used up in its 
change of state and does not influence the tissue tempera-
ture). The first transient, probably due to its short time 
length, goes unnoticed in the curves of mass evolution 

and could be related to the constant rate period described 
in the Introduction.

It was also observed in the video sequence acquired by 
the thermal camera that the temperature changes in the tis-
sue section are not uniform, but occur from the edges of 
the sample towards the center. This can be associated with 
the differences in stabilization velocity observed in sections 
of different area (Fig. 7): a larger surface implies that the 
evaporation process will be slower.

Another result obtained from measurements made by 
Infrared Thermography is related to the fact that stabiliza-
tion time was determined more precisely, and a proportional-
ity ratio between this value and the tissue section thickness 
was found. Thus, at least in the studied thickness range, it 
was proposed that:

where testab is the stabilization time and e is the thickness 
of the tissue section, for any pair of cases i, j within the 
range of this study. In this way, it would be possible to esti-
mate the time necessary to stabilize for a tissue section of a 
given thickness, and the interval along which the dry mass 
ms should be calculated.

In spite of differences found in relation to the evapora-
tion dynamics, the final CEv proved to be independent of 
the nominal section thickness and area. This finding is of 
great relevance for samples in which the mass is too small, 
where larger errors are introduced in the measurement. In 
these cases, sections of greater thickness than usual could be 
made, in order to obtain an initial mass of greater magnitude. 
It should be noted that increasing the thickness also implies 
an increase in the stabilization time, so it may be necessary 
to modify the time period considered to calculate the dry 
mass ms, for which Eq. 7 would be useful.

Conclusions

A protocol was established in order to study evaporation in 
thin tissue sections by measuring mass variation. An analy-
sis of drying curves corresponding to models found in the 
literature was done, based on the comparison of various sta-
tistical parameters. The best fit of the experimental data of 
sample weight as a function of time was obtained with the 
curve proposed in the Page model. Although this equation 
has two adjustable parameters, only one of them showed a 
dependence on geometric characteristics of the tissue section 
(area, thickness).

It was found that the ambient parameters did not affect 
the results, as long as the measurements are carried out 
under normal ambient conditions. However, as future work, 

(7)testabj ≈
ej

ei
testabi ,

Fig. 6  Variation of parameter n (Page model) as a function of a sam-
ple mass (which accounts for the area) and b thickness. The experi-
mental data could be fitted by the equations n = 0.10 × [mass] + 1.01 
and n = 0.0079  ×  [thickness] + 0.86, with R2 = 0.96 and R2 = 0.98, 
respectively
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a broader analysis is proposed to study the influence of 
environmental conditions on the adjustment parameters 
and eventually find a functional relationship between these 
parameters and the environmental and geometric variables. 
The fact that experimental results could be adjusted with 
Page’s equation opens the possibility of using the selected 
model to predict the mass change, especially in those cases 
where the scale measurement is difficult.

As expected, the tissue section thickness has a direct 
influence on the time the mass needs to reach stabilization. 
On the other hand for the range of areas of interest, the effect 
of the tissue section area on the stabilization time is of no 
importance, but it should be taken into account in case of 
using larger tissue blocks.

Measurements by Infrared Thermography showed that 
mass loss during the evaporation process occurs at constant 
temperature of the sample. The different evaporation stages 
described in the theory were observed and a proportionality 
relationship between the thickness of the tissue section and 
the stabilization time was proposed at least for the consid-
ered thicknesses range.

This work also allowed the assessment of CEv under 
similar conditions to those routinely used for boron con-
centration determination in tissue samples through the 
neutron autoradiography technique. This study has proved 
that although parameters in Page’s model are related to the 
evaporation dynamics the final result of CEv showed no 
dependence on any of them, which reflects the fact that nei-
ther geometrical nor ambient factors affect the CEv values. 
This work, that has extensively studied the influence of those 
factors on the evaporation process in tissue sections, would 

allow us to infer that CEv’s mainly depend on the particular 
type of tissue.
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