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Abstract. Dynamic thermography has been clinically proven to be a valuable diagnostic technique for skin tumor
detection as well as for other medical applications such as breast cancer diagnostics, diagnostics of vascular
diseases, fever screening, dermatological and other applications. Thermography for medical screening can be done
in two different ways, observing the temperature response under steady-state conditions (passive or static
thermography), and by inducing thermal stresses by cooling or heating the observed tissue and measuring the
thermal response during the recovery phase (active or dynamic thermography). Both methods have been used for
medical applications; however, recent research on dynamic thermography has shown many advantages over static
thermography. The numerical modelling of heat transfer phenomena in biological tissue during dynamic
thermography can aid the technique by improving process parameters or by estimating unknown tissue parameters
based on measured data. This paper presents a nonlinear numerical model of multilayer skin tissue containing a
skin tumor, together with the thermoregulation response of the tissue during the cooling-rewarming processes of
dynamic thermography. The model is based on the Pennes bioheat equation and solved numerically by using a
subdomain boundary element method which treats the problem as axisymmetric. The paper includes computational
tests and numerical results for Clark Il and Clark IV tumors, comparing the models using constant and temperature-
dependent thermophysical properties, which showed noticeable differences and highlighted the importance of
using a local thermoregulation model.
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1 Introduction

Thermography or Infrared Thermal (IRT) imaging has become a very valuable tool in recent times due to
the development of modern and efficient infrared cameras and related technology, and is mostly used for
monitoring in problems where heat transfer plays an important role. IR cameras measure the thermal radiation that
is emitted from the observed surface and, based on the intensity and emissivity of the surface, the temperature can
be evaluated. Because the method measures the temperature in a contactless manner, it has an advantage over
measurement techniques that use temperature sensors that have to be in contact with the material or media under
observation. It has therefore found practical use in medicine for various applications such as breast cancer
diagnostics, diagnostics of vascular diseases, fever screening, dermatological applications, blood pressure
monitoring, etc. [1,2]. In this paper, we will focus on the use of numerical modelling of biological tissues to assist
IRT imaging for the early detection of skin tumors, which is very important for the survival rate of patients,
especially in the case of malignant melanoma [3-5].

Thermography for medical screening or diagnosis can be done in two ways, observing the temperature under
steady-state conditions (passive or static thermography) or inducing thermal stresses by cooling or heating of the

CILAMCE 2020
Proceedings of the XLI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Foz do Iguagu/PR, Brazil, November 16-19, 2020


mailto:luiz.wrobel@puc-rio.br
mailto:jurij.iljaz@um.si
mailto:matjaz.hribersek@um.si
mailto:jure.marn@um.si

Template for CILAMCE 2020 full-length paper (double-click here to enter the short title of your paper)

observed tissue and measuring the thermal response during the recovery phase (active or dynamic thermography).
Both methods have been used for medical applications: however, recent research on dynamic thermography shows
that this is a superior approach over static thermography as it provides more information on the observed tissue
[6,7]. Skin tumor has a higher blood perfusion rate and metabolic heat generation than healthy tissue [8], which is
reflected in higher temperatures that can be detected by using IRT imaging. However, because of the relative small
size of a skin tumor at its early stage, the temperature difference is also small and very difficult to detect using
static thermography. Using dynamic thermography with an applied cooling, the temperature difference between
the skin tumor and the surrounding healthy tissue during the recovery phase can reach the range of 300mK, which
produces a much higher thermal contrast and is easier to observe with an IR camera [9]. Another issue is that the
examination time in static thermography can be quite long because of the time needed for the patient to acclimatize
to the examination room conditions and to achieve temperature equilibrium [9].

To improve the survival rate of patients with malignant melanoma, the tumor has to be detected at an early
stage. The stage of the tumor is usually classified with the Clark level [5]; however, one of the prognosis variable
is also the Breslow thickness [10]. Clark et al. [5] classified different skin tumors into levels from | to V, depending
on their invasiveness. The Clark I level represents melanoma in situ, which means that the cancerous cells are only
in the epidermis, the outer layer of the skin, while Clark V means that it has grown into the fat layer under the
skin. Breslow [10] conducted a study on the survival rate of skin melanoma measuring its thickness, diameter and
cross-sectional area, and found that if the diameter of the melanoma is less than 5mm there was no metastasis.

This paper presents a new approach for modelling heat transfer in tissue, as it includes the thermoregulation
response of the tissue for use in dynamic thermography. The numerical model of skin tumor proposed in this paper
describes the thermal response to the external thermal stimulus more realistically, treats the problem as 3D and
includes different layers of tissue and temperature-dependent properties or the blood perfusion rate and metabolic
heat generation. The model is based on the Pennes bioheat model while the subdomain BEM approach [11] is used
to solve the governing equations.

2 Numerical model

The proposed numerical model treats skin tissue as non-homogeneous, composed of several different layers
as can be seen in Figure 1, representing the computational domain. The basis for the model was taken from [3,9,12].

The model geometry is cylindrical, with representative diameter and thickness, placed in the center of the
computational domain. In this way, the bioheat transfer problem is treated as axisymmetric, which reduces the
computational time compared to a full 3D model.

The model shown in Fig. 1 is derived for skin tissue including a tumor. Because there are many uncertainties
in the values of some parameters, Iljaz et al. [12] presented a sensitivity analysis of 56 model parameters by using
an objective function gradient technique to determine the values of the most important parameters in the model,
which are used in this work.
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Figure 1. Sketch of the numerical model: a) Isometric view; b) Cross-sectional view
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3 Governing equations

The Pennes bioheat model is widely used to describe heat transfer in biological tissue because of its relative
simplicity, and is written as follows [13]:

pcdT/ ot =V.(kVT) + wppp ¢,y (T, = T) + qp, 1)

where T represents tissue temperature, p, ¢ and k are the effective density, specific heat and thermal conductivity
of tissue, respectively, w, is the blood perfusion rate, p,, is blood density, ¢, is specific heat of blood, T, is arterial
blood temperature, t is time and q,, is metabolic heat source. The blood perfusion rate is a scalar representing the
volumetric blood flow rate per volume of tissue through small arterioles and capillary bed. The blood perfusion
acts like a heat source of heat sink inside the tissue, depending on the temperature difference between tissue and
arterial blood flow. During the cooling process of dynamic thermography, blood perfusion acts like a heat source,
heating up the tissue during thermal recovery, similar to the metabolic heat source which depends on cell activity.
Between these two effects, blood perfusion plays a major role in reheating the tissue.

All the parameters in the Pennes equation are usually treated as constant. However, there are many factors
that affect the value of these parameters. The parameters are usually estimated or taken from the literature because
of the lack of measurement data [3]. It is known that central and local thermoregulation of the human body
influence the value of the blood perfusion rate and metabolic heat generation of the skin, muscle and other tissues,
which play an important role in keeping the body core temperature constant [14,15]. In other words,
thermoregulation tries to keep the human body warm in cold conditions and vice-versa. Therefore, in this paper, a
local thermoregulation model that describes blood perfusion rate and metabolic heat generation as temperature-
dependent will be adopted. The arterial blood temperature is assumed to be constant and equal to the body core
temperature, which is a reasonable assumption because of the application of local cold stress, as well as the fact
that the patient is acclimatized during the examination and is a resting position.

The thermoregulation model adopted in this paper uses the van’t Hoff Q,, effect to model the temperature
change of basal metabolic heat generation rate in the tissue. The model developed by Fiala et al. [14] is as follows:

Gm = Gmpbas T Ampas T Amsn + Aqmw 2

where g, pas represents the basal metabolic rate at rest, 4q,, ;45 the change in basal metabolic rate due to
temperature change, 4q,, s the shivering effect controlled by the central nervous system, 4q,,,, the change in
metabolic rate due to work or exercise. In the current problem, the shivering and exercise effects are not considered
as the patient will be acclimatized and in a resting position. The basal metabolic change due to temperature is
modelled by using the van’t Hoff Q,, effect in the form:

Aqm,bas = 4m,as (Qlo,m(T_TO)/lo - 1) (3)

where Q,, ., represents the metabolic rate coefficient that usually takes the value of 2, T is local tissue temperature
and T, is the body equilibrium temperature. Inserting eg. (3) into eq. (2), the thermoregulation model for metabolic
heat generation can be written as

gm(T) = 9m.bas Qlo,m(T_TO)/lo 4)

A similar model has also been used for the perfusion rate coefficient, as follows:

wp (T) = Wp pas Q1o,b(T_T°)/10 )

As the bioheat equation is written for each layer or tissue in the model, compatibility and equilibrium
conditions have to be imposed along the interface between layers, using a standard BEM sub-regions procedure.
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4 Boundary conditions

We now have to prescribe appropriate boundary and initial conditions for the problem. For the bottom part
of the domain, we prescribe Dirichlet conditions assuming that the muscle tissue is thick enough to reach the body
core temperature, which does not change with time:

T(r,z,t) =T, z=0 0<r<D/2 0<t<rt (6)

where T, represents the body temperature in thermal equilibrium with the surrounding environment, D is the
diameter of the computational domain and t represents the simulation time, including the cooling process.

On the sides of the computational domain, adiabatic boundary conditions are prescribed assuming that the
diameter D of the computational domain is sufficiently large not to affect the solution. The boundary condition is
of the form

aT(r,z,t)/or =0 0<z<H r=D/2 0<t<rt 7

where H is the total height of the computational domain.

For the skin surface, we take into account the cooling process as well as the heat transfer with the surrounding
environment during the rewarming phase. A constant cooling approach seems to be the most appropriate because
of the deep penetration and high temperature contrast during the rewarming phase. Therefore, the boundary
condition is given by

T(r,z,t) =T, z=H 0<r<bD/2 0<st<t 8)

where T, represents the cooling temperature and t. the cooling time. After the cooling time, the skin is exposed to
the surrounding environment, which is described by the following Robin condition

koT(r,z,t)/ 0z = a(T — Ty) z=H 0<r<D/2 t,<t<r1t 9)

where a represents the heat transfer coefficient, T is the local tissue temperature and T, is the ambient temperature.
The heat transfer coefficient can include many effects such as heat convection, thermal radiation and water
evaporation [16]. However, thermal radiation is negligible in this case due to the small temperature difference
between the skin and the surrounding environment, and does not affect the rewarming process, and so is water
evaporation by sweating because the cooling-rewarming process does not induce sweating. The main contribution
during rewarming is therefore heat convection with the surrounding environment, that is not intense in this case as
the skin rewarms mostly due to the internally generated heat or blood perfusion.

For the initial temperature distribution T'(r, 8, z, t = 0), we prescribe the steady-state solution of the bioheat
problem determined with boundary conditions (6), (7) and (9).

5 Boundary element method

The subdomain Boundary Element Method (BEM) was used to solve the previously described numerical
model. This technique was described in detail in [11] and will not be repeated here. The main points of the current
BEM formulation are as follows: the fundamental solution of the axisymmetric Laplace equation is utilized, based
on elliptic functions, with the transient and domain terms taken into account by using the subdomain approach as
discussed in [12]. A second order finite difference approximation is adopted for the time marching scheme. The
elements adopted have quadratic interpolation for the temperature and constant approximation for the heat flux, to
avoid the discontinuities of the normal at corners. The cells employed for the domain discretization are also
quadratic. The resulting system of equations is non-linear and has to be solved by using an iterative scheme.
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6 Computational tests

The computational tests of dynamic thermography for skin tumor were applied for two different tumor sizes,
Clark Il and Clark 1V, showing the differences in thermal response during the rewarming period. For Clark I, the
diameter and thickness of the tumor are d; = 2 mm and h, = 0.44 mm, while for Clark IV the equivalent
dimensions are d; = 2.5 mm and h, = 1.1 mm. The material properties and tissue dimensions of each layer are
as follows [3, 9, 16]:

Epidermis: h = 0.1 mm, p = 1200 kg/m?, ¢, = 3589 J/(kg K), k = 0.235 W/(m K)

Papillary dermis: h = 0.7 mm, p = 1200 kg/m?, ¢, = 3300 J/(kg K), k = 0.445 W/(m K),

Wp pas = 0.0002 s7%, @ pas = 368.1 W/m?

Reticular dermis: h = 0.8 mm, p = 1200 kg/m?>, ¢, = 3300 J/(kg K), k = 0.445 W/(m K),

Wppas = 0.0013 572, Gy pos = 368.1 W/m3

Fat: h = 2 mm, p = 1000 kg/m?3,¢, = 2674 ]/(kgK), k =0.185 W/(m K),

Wp pas = 0.0001 s7%, @ pas = 368.3 W/m?

Muscle: h = 8 mm, p = 1085 kg/m?, ¢, = 3800]J/(kgK), k =0.510 W/(m K),

Wp pas = 0.0027 7%, @ pas = 684.2 W/m?

Clark Il tumor: d = 2 mm, h = 0.44 mm, p = 1030 kg/m3,cp = 3852]/(kgK), k =0.558 W/(m K),
Wp pas = 0.0063 7%, @ pas = 3680 W/m?

Clark IV tumor: d = 2.5 mm, h = 1.1 mm, p = 1030 kg/m3,¢, = 3852]/(kgK), k =0.558 W/(m K),
Wp pas = 0.0063 7%, @ pas = 3680 W/m?

Blood: p = 1060 kg/m?,c, = 3770 ]/(kg K)

The values of the van’t Hoff coefficients are taken as Q1q,, = Q10, = 2 for all layers with the exception of
the tumor, for which Qy4,, = Q105 = 1.1, based on values from the literature. The mean body core temperature
for a healthy person in a resting position has been set to 37°C, the same value as for the arterial blood temperature.
The ambient temperature was set to 24°C, and the heat transfer coefficient is equal to 10 W/(m? K). The cooling
time and cooling temperature are taken as t, = 60 s and T, =13°C. We added an extra 10 minutes of simulation
time to account for the rewarming period. Therefore, the total simulation time was setto T = 660 s.

To assure numerical accuracy of the results, mesh and time convergence analysis was performed. The
appropriate element size was found to be Ar = 5 mm and the appropriate time step to be At = 1s. Figure 2 shows
the structured mesh used for the numerical simulations, where the number of elements in the thin layers was a
minimum of 2. The domain size adopted in [3, 9, 16] was 12 mm, but we found it appropriate to use a larger
domain. For both tumors, the domain size was taken as D = 25 mm.

magnification

Figure 2. Representative computational mesh for Clark Il tumor
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The results shown below simulate dynamic thermography for skin tumor screening, showing the temperature
response after the cooling period. The most important issue is to get a large temperature difference between the
highly vascular skin tumor and the surrounding tissue, to make it possible to detect the tumor in its early stage
using an IR camera.

Figure 3 shows the temperature response of the skin tissue and tumor during the rewarming period, where a
high temperature difference can be observed, particularly at the beginning of the rewarming period. Figure 3 shows
numerical results for Clark 11 and Clark IV tumors, for constant and time-dependent thermophysical properties. In
the first 60 s, the skin is cooled to 13°C and is then exposed to the environment with a higher temperature of
22.4°C. Comparing the results obtained with constant and time-dependent thermophysical properties, it can be
seen that the model with time-dependent properties predicts a lower peak temperature difference, and also that the
difference decreases through time is slightly lower for the model using constant properties, particularly for the
Clark IV tumor. However, the temperature differences provoked by the rewarming approach are now high and can
be easily detected by an IR camera. As the rewarming period is mostly controlled by the amount of cold applied
during the cooling phase, the window time for the rewarming observation can be changed if needed.
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Figure 3. Maximum temperature difference during the rewarming period of dynamic thermography for: a)
Clark I1; b) Clark 1V tumor

7 Conclusions

Dynamic thermography has been shown in many papers to be a promising new non-invasive diagnostic
technique not only for the detection of skin tumor but for many other medical applications. The technique involves
thermal provokation of the investigated tissue by cooling or heating, and recording its temperature response using
an IR camera that reveals much more information about the tissue under consideration than using static
thermography. Using this technique, we can also estimate some of the unknown parameters of the problem which
are very important for diagnosis or prognosis, based on the temperature response or measurements by solving an
inverse problem [17]. For that, we need to use an accurate numerical model that reflects the problem under
investigation realistically.

The main novelty of this research is the improved three-dimensional model that includes the
thermoregulation response of the cooling-rewarming process, which will contribute to further developments in the
field of bioheat modelling or for solving inverse problems in dynamic thermography.
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