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Abstract The use of optical sources in medical praxis is increasing nowadays. In
this study, different approaches using thermo-optical principles that allow us to pre-
dict thermal damage in irradiated tissues are analyzed. Optical propagation is studied
by means of the radiation transport theory (RTT) equation, solved via a Monte Carlo
analysis. Data obtained are included in a bio-heat equation, solved via a numerical
finite difference approach. Optothermal properties are considered for the model to be
accurate and reliable. Thermal distribution is calculated as a function of optical source
parameters, mainly optical irradiance, wavelength and exposition time. Two thermal
damage models, the cumulative equivalent minutes (CEM) 43 °C approach and the
Arrhenius analysis, are used. The former is appropriate when dealing with dosime-
try considerations at constant temperature. The latter is adequate to predict thermal
damage with arbitrary temperature time dependence. Both models are applied and
compared for the particular application of skin thermotherapy irradiation.
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1 Introduction

The application of engineering to medicine is revolutionizing medical praxis. For in-
stance, tools like endoscopes or ultrasound imaging allow practitioners to see
tissues in a way they could have never imagined. Among these technological ad-
vances, optical methods become more important nowadays, both in treatment and
characterization of biological tissues. The application of optics to the field of medi-
cine is a promising tool for the development of new methods of treatment of disorders
and of tissue observation with greater detail and contrast, for example, by means of
optical coherence tomography (OCT) [1] or fluorescence spectroscopy [2]. Besides
characterization applications, optical techniques provide also new treatment possibil-
ities, and the appropriate study of their effects uses thermo-optical principles. Two
examples of optical treatment by optical irradiation are photodynamic therapy (PDT)
[2] and low intensity laser therapy (LILT) [2]. LILT relies on the administration of low
intensity optical radiation as a therapeutic procedure, where sometimes the applica-
tion of subsequent different light exposures improves the final result. PDT uses optical
radiation to stimulate the reaction of a substance inoculated previously to the patient.
This compound usually provokes tissue necrosis, so it is normally used in tumor elim-
ination. Another very interesting implementation is thermotherapy, which consists of
controlling temperature increase in a pathological biological tissue. With this method
it is possible to provoke an improvement on specific diseases, but a previous analysis
of treatment is needed in order for the patient not to suffer any collateral damage,
an essential point due to security margins in medical procedures. If the temperature
increase is aimed at tissue necrosis, like in cancer, it is called hyperthermia [3].

In this study, we analyze different approaches that allow us to predict thermal
damage in tissues irradiated by optical sources. These models require temperature
distribution data. The next section presents the optical propagation model consid-
ered, which uses the radiation transport theory (RTT) equation, solved via a Monte
Carlo analysis. In Sect.3 a thermal model, taking into account conduction, convec-
tion, radiation, blood perfusion, and vaporization depending on the specific problem,
is explained in detail. The spatial-temporal differential bio-heat equation is solved via
anumerical finite difference approach. Thermal distribution is calculated as a function
of optical source parameters, mainly optical irradiance, wavelength, and exposition
time. These data are used as inputs in thermal damage models. Section4 describes the
two thermal damage models we consider, the cumulative equivalent minutes (CEM)
43°C approach and the Arrhenius analysis. In Sect.5 both models are applied and
compared for the particular application of skin thermotherapy irradiation. Optother-
mal skin properties are provided for the model to be accurate and reliable. The most
appropriate is proposed as a predictive thermal damage tool in specific optical treat-
ments.

2 Optical Model of Light Propagation in Tissue

There are several approaches to model light propagation in tissue [2]. As is known,
the fact that biological tissues are heterogeneous media makes this task even more
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complex, because analytical solutions are only available for simple geometries, such
as spheres or cylinders [4]. As a consequence, an abstraction consisting of substituting
the real tissue for an ideal material in which spheres of another material are randomly
located is usually assumed. With this model, the effects that are taken into account
are reflection, absorption, and scattering, and therefore the parameters that describe
light propagation in tissue are the index of refraction n (dimensionless), the absorption
coefficient 11, (m™!) and the scattering coefficient j5(m™"). In this kind of problem,
the most difficult effect to model is scattering, because its appropriate study has to do
with different approaches related to the ratio between light wavelength and particle
size, in the so-called geometric, Rayleigh and Mie analyses [5].

Many models work with the assumption made previously, such as Kubelka—Munk
[2], that uses a two flux approximation, a seven flux approach [6], or even an expo-
nential approach in a one-dimensional problem [7]. As was stated in the introduction,
here a three-dimensional model, based on the radiation transport theory (RTT), will be
used. This model assumes that scattering events are sufficiently numerous, and so light
can be considered incoherent, in such a way that polarization or interference effects
can be neglected. In this way, the basic parameter of light is the specific intensity,
1 (F, s, t) (W -m~2. sr_l), that is, the light power per unit area per unit solid angle.
The radiation is expected to be at point 7, and to follow the § direction. Scattering
events are treated according to the scattering phase function, p (§ s’ ) , which contains
the probability of light to be scattered in the different directions. Light comes from
direction 5" and is redirected to §. The basic mechanism in order to express the tempo-
ral differential radiation transport equation is that radiation interacting with a particle
attenuates due to absorption and scattering and also gains power because other parti-
cles can scatter light in the direction of interest. This idea is expressed in Eq. 1, which
is one of the fundamental laws of this thermo-optical model [2]:

1

1F0,8,1) = = (a + 1) I (7 (1), 8,1)

Cm

e

+% p (.81 (FA).§.0)d2 + 0 (F@).5.1). (1)
where ¢y, is the speed of light in the medium, 2 refers to the solid angle, and
0 (7 1),5, t) represents a source placed at the point of interest. For our purposes,
there are no sources inside the tissue and a steady-state situation can be considered. In
this case, %I (F(t), S, t) =0and Q (F(I), S, t) = 0. With this assumption in mind,
we can rewrite the equation in this way:

SVIES) =~ k) 1G9+ 52 [ p(65)16.9)e. @

4
Although this equation could be solved in an analytical way, the problem is usually
simplified by considering approaches in some limiting cases, such as the absorption-

dominant limit or diffusion approximation, depending on the relative importance of
absorption and scattering events in a particular biological tissue. Apart from that, as
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in any problem governed by a differential equation, there is another possibility to
solve it: using a numerical approximation. There are several numerical methods, like
the finite element or the discrete-ordinates approaches [8]. In this specific topic of
the radiation transport equation, the Monte Carlo method is considered a very good
approximation to the real problem. The random character of the process makes such
an iterative method appropriate.

The Monte Carlo numerical method can use various implementations. One of the
most used Monte Carlo methods applied to the RTT model was developed by Wang and
Jacques [9]. They programmed the Monte Carlo method in standard C. The key point
is the inclusion of the random character on a computer, by means of a mathematical
probability analysis, in such a way that numbers with any probability distribution can
be obtained from numbers that follow a uniform distribution between 0 and 1. Light
is treated as a sequence of photons, whose number is intended to be representative
of the accuracy of the solution obtained. One photon is launched and its trajectory,
affected by scattering, and absorption are calculated, while the energy at each point
is stored. Cylindrical symmetry is assumed, because laser beams usually show this
kind of behavior, so in fact the data can be interpreted as coming from a 3-D analysis.
The complete tissue is divided in a two-dimensional grid in the r and z directions. As
usual, more accurate results require a smaller grid, but the need of a reduced time of
computation imposes a trade-off.

The program is used to calculate several parameters. From the point of view of
this study concerning thermotherapy, the most important one is the absorption of each
element of the grid, due to the fact that it will be the seed of the thermal model. The
fluence rate is also shown along with the reflectance and transmittance as a function
of the radial position and the angle of observation. This implementation of the Monte
Carlo model is also multi-layered, so it is possible to define several layers of different
materials, with their borders always perpendicular to the laser beam, which is very
useful due to the fact that tissues usually can be divided in different strata. For the
appropriate definition of the model, the characteristics and dimensions of each layer
are required. The optical parameters needed are the index of refraction, n, the absorp-
tion coefficient, iy, the scattering coefficient, is, and the anisotropy of scattering, g.
This last parameter is also called the average cosine of scatter (dimensionless), and it
is related to the scattering phase function by the following relationship [2]:

[ p(-§)5-5de
A

[ p(-5)ds
4

g:

1 1
= e /1’ (§ . 5/) §-8dQ = W /p (cos0) cos b sin6da, 3)
4m 47

where the so-called albedo is defined by
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In this equation, o, and oy stand for the scattering and absorption cross section, and
represent the ratio of the scattered and absorbed optical power to the incident power,
respectively. The average cosine of scatter gives an idea about the probability of being
scattered in a particular direction. For instance, g = O implies that all directions are
equally probable. If g > 0, the radiation tends to be scattered forward, and vice versa.
The albedo simply shows the predominance of absorption or scattering in a particular
tissue.

The key point in order to achieve a good model of the tissue under interest is the
possession of all the optical parameters of the different layers in which the tissue is
divided [2,10]. It is clear that, as we are dealing with a simplified model of reality, the
lack of accuracy in these parameters will increase greatly the error probability.

3 Thermal Model of Radiated Tissue

In the previous section the optical distribution of light in a biological tissue was calcu-
lated. With these data, and taking into account the thermal properties of the sample, our
objective now is the achievement of a model that gives us temperature maps associated
with that radiation. The model used will consider the influence of spatial and tempo-
ral coordinates, so time-dependent analysis will be developed. Afterwards, thermal
damage will be estimated from temperature distributions.

The study of the thermal effects in a material involves a knowledge of the main
mechanisms of heat transmission [11]. Conduction stands for the diffusion of heat in
a solid from hot regions to colder ones, convection involves the interaction between a
solid surface and a fluid in contact with it, and radiation refers to the heat transport due
to the infrared emission of a body at a nonzero temperature. The application of these
considerations about heat transmission to biological tissues follows the general theory
with the exception of some particularities. The point now is to obtain a differential
equation that allows us to represent the spatial-temporal temperature distribution in
a tissue, which is called a bio-heat equation. As usual, there are several approaches
to this objective, for instance those developed by Pennes, by Chen, and Holmes, the
Weinbaum, Jiji, and Lemons (WJL) model, or the Wissler model [12].

The process for obtaining a bio-heat equation will be described. As was stated
above, the main idea is the achievement of a spatial-temporal thermal model. The
process starts with the definition of a balance equation that models thermal energy in
the tissue:

anin = Qstorage + Qloss + W. ©)

Each element admits an integral expression. The heat gained depends on the vol-
umetric heat generated ¢ (7, t) in the 7 position and time ¢, and the heat storage is
related to the temperature increase and the thermal parameters of the particular tissue:

anin = /61 (7’ rHdv (6)

Vv
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dT (7, 1)
Ostorage = ,OCTdV, @)

Vv

where the temperature is represented by 7' (in K), tissue density is p (in kg-m~3), and
the specific heat is ¢ (in J-kg~!-K~!). The term W in Eq.5 can be neglected here
because it represents the heat internally generated. Thermal losses are compounded,
on one hand, by the effect of conduction in the tissue, which is expressed as an area
(S) integral,

Qcond = —/kVT (7, r)nds, 8)

N

where the parameter k is the thermal conductivity (in W-m~!-K~!) and vector 7
represents the normal to the surface through which conduction is considered. On the
other hand, biological tissues suffer from blood perfusion, that is, the significant effect
of blood flow in in vivo treatment of tissue. There are some models that deal with this
specific problem [12]. In this case, the one proposed by Pennes is used. The basic
parameters by means of which the model is defined are the volumetric perfusion wy
(in mglood 7L kgt_isiue), and the venous and arterial temperatures:

Operfusion = —PbCbWh (Tart — Tven) )

The subscript b stands for blood, and the absence of a subscript stands for tissue. With
Eqs. 6-9 the bio-heat equation can be expressed as [11]

- dT (7, 1) N
q(r,t)dV = chdV — | kVT (r,t)ndS
1% 1% S

- / pocowy [Tare (7, 1) — Tyen (F, 1) ] V. (10)
v

In the same way as the RTT equation for optical propagation in tissue, Eq. 10 can
be solved analytically or numerically, and here again a numerical method is used due
to the complexity of the analytical solution. Numerical approximations are mainly the
finite difference method and the finite element method [13]. An explicit finite differ-
ence method, which transforms the differential equation to a difference equation that
can be solved in an iterative way, is chosen [14]. The derivatives are substituted by
means of the Taylor expansion, and appropriate boundary conditions must be defined
for each element of the established grid which is not situated inside the tissue.

As cylindrical symmetry was assumed in the previous analysis of optical
propagation in tissue, the same assumption will be taken in the thermal model, so
a two-dimensional grid is defined to solve a real three-dimensional problem. Thermal
properties are considered constant in each layer, and the temporal evolution can be
followed. The heat generated by the laser source is represented by ¢ (7, ¢) in Eq. 10.
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There is another important fact when dealing with this bio-heat equation, the def-
inition of the boundary conditions. They will strongly depend on the geometrical
configuration of the problem considered. As we have in general a 2-D grid, repre-
senting depth and radius of a rotating solid, there will be problems in principle in its
four boundaries. The left boundary is usually solved because cylindrical symmetry
implies that the temperature at the other side of the depth axis must not change, what
is expressed mathematically as dr _ o, Right and bottom boundaries are normally
continuations also of the tissue, and if the grid is sufficiently large so as to cover almost

all the significantly heated area, equivalent zero gradients can be assumed, ((jl—{ =0

and %—: = 0. The most interesting boundary is usually the upper one, because as radi-
ation comes from that side, it is the part in contact with the environment. Depending
on the specific case we are dealing with, effects like convection or radiation should
be taken into account [11]. The usual condition of a biological tissue irradiated from
the outside, that considers convection by the external fluid (air in most cases) and heat
radiation, can be expressed as

dr
ks =he(Te =T +oe (Te4 - T;‘) + highm (Pe — Psar) (11)

where A is the convection coefficient (in W-m~2 - K~1), 7, is the environmen-
tal temperature in the external medium, 7 is the temperature of the tissue surface,
o =5.6910"8W. m'2 . K~* is the Stefan-Boltzmann constant, ¢ is the emissivity
or ratio of the surface radiation to that of an ideal blackbody (dimensionless), kg is
the phase-change enthalpy of water (in W -s - kg~!) at Ty, hp, is the convection mass
transfer coefficient (in m-s~1), pe is the density of water vapor in air, and pg, is the
density of saturated water vapor at Ts.

Next Figs. 1 and 2 show some results of applying an explicit finite difference numer-
ical method to the differential bio-heat equation, with the boundary conditions pre-
viously exposed, on skin. Skin opto-thermal parameters are summarized in Table 1.
The fact that they come from a spatial-temporal bio-heat equation makes the influ-
ence of exposition duration fundamental. In this way, graphs represent the irradiation
by means of a solid-state AlInGaP diode laser that emits at 633 nm, with a power of
0.2W and 0.8 W. Figure 1 represents the temperature increase distribution after 10s
of irradiation with a 5 mm beam radius. It can be appreciated that an increase of more
than 20K is achieved. In Fig. 2, radiation power is decreased to 0.2 W, and exposition
time is increased to 1 min and 20s. In this case, the maximum temperature increase is
reduced (below 20 K), but the heat distribution is more spread.

4 Thermal Damage Models in Tissue

Temperature maps can be obtained from the thermo-optical model previously
described. These data allow a good prediction of the adequateness of the optical source
parameters for the intended thermotherapy treatment. However, it would be extremely
interesting to be able to calculate an estimation of the possible thermal damage the
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Fig. 1 Temperature increase (K) in skin after 10s irradiation by a 633 nm source and 1.02W -cm™
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Fig. 2 Temperature increase (K) in skin after 1 min and 20s irradiation by a 633nm source and
0.25W-cm™2

application of laser could provoke. There are some approaches to solve this problem,
like CEM 43 °C dosimetry [3] or the Arrhenius integral [15]. In this section both of
them will be described.

CEM 43 °C dosimetry is appropriate for topics related with safe temperature ranges
in tissue, because it is more orientated to the achievement of thermal damage at a con-
stant temperature. CEM stands for cumulative equivalent minutes at 43 °C. These
equivalent minutes are calculated by means of the following formula:
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CEM = tM*-D (12)

In this expression, ¢ is the time interval at temperature T (°C). M is the number
of minutes needed to compensate 1°C of temperature change. This value is usually
dependent on the specific temperature of the tissue. In case there are several temper-
atures involved in the time interval considered, it would be necessary to calculate the
equivalent minutes at each constant temperature range. Afterwards, all the minutes
should be added.

The Arrhenius model takes into account temperature distributions that vary with
time. This method is based on the so-called Arrhenius integral:

C (1)

am=n(c2)=/ At (13)
0

where Q (7) is the thermal damage, A is the frequency factor (in s ~1), E, is the
activation energy of the process (in J- mol~!), R is the universal gas constant (8.32
J-mol~1. K1), C(0) is the percentage of living cells at the beginning of irradiation,
and C(7) is the same percentage at the end of the treatment after an exposition of t
seconds. Basic parameters are A and E,, which depend on the specific tissue we are
dealing with and control the speed of cellular necrosis. The thermal damage value is
directly related with the concentration of alive and dead cells. The exponential nature
of Eq. 12 makes the process start with almost no effect on tissue, and after some time,
thermal damage increases rapidly.

From this fundamental Eq. 12, some additional useful parameters can be obtained.
For instance, it is possible to calculate the speed of change of thermal damage, as its
first derivative:

Ea

d@®@) _ Ae(‘ﬁ) (14)

dr

Another important value for the study of thermal damage is the temperature that makes
thermal damage rate equal to 1, something called critical temperature (7¢i¢):

E,

= D (15)

crit

The importance of the critical temperature is related to the thermal damage parame-
ters, frequency factor A, and activation energy E,. When trying to obtain them for the
specific tissue we are studying, we must take into account that critical temperatures
of its main compounds could be known, so a relationship between both of them can
be established. This makes thermal damage analysis easier.
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Fig. 3 Histology of healthy skin

Table 2 Thermal damage

5 -

parameters for CEM 43°C and CEM43°C Arrhenius

Arrhenius models on skin M Activation energy (kcal - mol—1)
<47°C >47°C (44-47) °C (47-60) °C
0.13 0.72 182.2 95.78

5 Application of Thermal Models to the Skin

Once we describe the thermal damage models we consider in this article, we will
compare them when applied to the skin. This tissue is chosen based on the great
applicability of optical treatment techniques, due to the fact that it is easily accessible.

As we saw in previous sections, first a thermo-optical model of skin must be
constructed to apply thermal damage models. Histology coming from Marqués de
Valdecilla University Hospital shows a skin layer structure (Fig.3), and optical and
thermal properties can be measured. Table 1 shows the thermo-optical properties of
skin used in our model. Temperature distributions obtained are used as a seed for
thermal damage models. A diagram of the model is shown in Fig. 4.

The application of thermal models needs some specific parameters. In the case of
the CEM 43 °C model, the value of M is required, and for Arrhenius analysis, we need
the activation energy. These parameters are obtained usually experimentally, and are
showed in Table 2.

In order to compare both models, we make a calculation that consists of represent-
ing thermal damage at three constant temperatures as time increases. In the case of the
Arrhenius integral, the results show thermal damage and in the case of CEM 43 °C,
the data correspond to equivalent minutes. Figures 5 and 6 show the results.

In Figs.5 and 6 there are some arrows that facilitate the comparison. In Fig.5 it
can be appreciated that thermal damage at 43 °C during 60s is near 2. To obtain the
same damage value at 44 °C and 45 °C, exposition times of 24 s and 10s are needed.
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Fig. 5 Thermal damage results with Arrhenius integral
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Fig. 6 Thermal damage results with CEM 43 °C

Results of Fig. 6 show that after 60s at 43 °C, the equivalent minutes at 43°C are 1,
as was expected. However, to obtain the same equivalent minutes at 44 °C and 45 °C,
tissue should be exposed for 43 s and 32 s according to this model. By means of these
graphs, it can be easily seen that the results of both models are quite different. These
differences are mainly due to the inaccuracy of parameter values and also to the pro-
cedures of both approaches themselves. Furthermore, the CEM 43 °C model is more
appropriate for constant temperature expositions, and it does not provide an absolute
damage value, but just a comparison with the situation at 43 °C. On the contrary, the
Arrhenius analysis provides absolute thermal damage values and can easily take into
account temperature changes during the time interval of interest. As a consequence,
the Arrhenius model is preferable for practical applications.

Figure 7 shows the results of the application of the Arrhenius model to laryngeal
skin tissue. A laser of 532 nm with 100 mW and 1 W power is employed, and different
exposition times are considered. As was expected, the maximum thermal damage is
located at the laser impact point, represented in the graphs in the upper left corner.
This worst case thermal damage is translated to the survival cell rate by means of
Eq. 13. The laser irradiation procedure provokes a non-constant temporal temperature
pattern, which is assumed by the Arrhenius model. When irradiating with 100 mW
during some seconds, the survival cell rate is high (at least 94 % in the worst case).
However, if power is incremented to 1 W, after an exposition of only 2 s, the survival
rate is only 1 %. That means that the tissue is almost completely destroyed. A change
in any of these various laser parameters would allow us to predict thermal damage in
the specific thermotherapy application with which we are dealing.
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Fig. 7 Thermal damage (colorbar scale) and associated survival fraction of laser irradiated laryngeal skin
tissue. The wavelength is 532 nm, and two different powers, 100mW and 1 W, were used. The irradiances
are 3.18W-cm™2 and 31.83W-cm ™2, respectively. The exposition time and survival fraction are noted
on each graph

6 Conclusions

In this work, CEM 43 °C and Arrhenius thermal damage models were analyzed and
compared when applied to skin optical treatment. The optothermal model used a RTT
equation, solved via a Monte Carlo numerical method, for the optical propagation of
radiation in tissue. With absorption data from this first analysis, a bio-heat equation,
that takes into account conduction, convection, and radiation heat transfer mecha-
nisms, solved via an explicit numerical finite difference method, determined tem-
perature maps in tissue. These maps were used to estimate spatial-temporal thermal
damage in the sample, by means of both models. The results showed that the CEM
43°C model is appropriate when dealing with dosimetry considerations at constant
temperature and provides only results compared to those at 43 °C, while the Arrhe-
nius analysis is adequate to predict thermal damage with arbitrary temperature time
dependence and gives absolute thermal damage values.

This method allows modeling a general thermotherapy treatment, in such a way
that optical source parameters, such as wavelength, power, or exposition duration, can
be estimated in order for the treatment to be effective, and for the patient not to suffer
from thermal damage in the same tissue or in adjacent ones. The medical praxis related
with this kind of therapies, especially on skin diseases due to the accessibility, could
be greatly improved by using the Arrhenius integral.
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