Associacao Brasileira de Engenharia & Ciéncias Mecanicas

DABGM

24th ABCM International Congress of Mechanical Engineering

_'.'_-T- December 3-8, 2017, Curitiba, PR, Brazil
24th COBEM - 2017

COBEM-2017-1527
COMPARISON BETWEEN PENNES AND DUAL PHASE LAG MODELS
FOR THE BIOHEAT TRANSFER AROUND A HEALTHY AND A
TUMOROUS THYROID

Tiago Pereira da Costa Bittencourt

Bernard Lamien

Federal University of Rio de Janeiro, PEM/COPPE, Rio de Janeiro, Brazil
tiagopcb@poli.ufrj.br, lamienbernard@hotmail.com

Leonardo Antonio Bermeo Varén
University of Santiago de Cali, School of engineering, bioengineering, Cali, Colombia
lebermeo@gmail.com

Helcio Rangel Barreto Orlande
Federal University of Rio de Janeiro, PEM/COPPE, Rio de Janeiro, Brazil
hrborlande@gmail.com

Abstract. This work aims to compare two bioheat transfer models — Pennes and Dual Phase Lag (DPL) models — in the
computational analysis of the temperature distribution around the thyroid region. This work focuses on the detection of
thyroid tumors using measurements of the superficial temperature at the cervical region. Comsol Multiphysics software
was used as the simulation platform. Two geometries were utilized in the simulations — normal and deformed ones. The
simulated experiment consisted of the application of a thermal stimulation (cooling) on the skin surface of the cervical
region, followed by natural heating of the region at room temperature. The conclusions were that Pennes and Dual
Phase Lag models describe similarly the temperature distribution in the region analysed. Finally, the results obtained
in this work did not reveal any thermal pattern at the skin surface to which could be related the presence of the simulated
thyroid tumors.
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1. INTRODUCTION

Over the last few decades, cancer has become a critical global issue. It is estimated that cancer incidence will increase
over the years, majorly in developing countries (Stewart and Wild 2014). For this reason, it is crucial that existing
diagnostic and treatment methods are improved and new ones are discovered through innovation and research.

The use of thermal energy on certain therapeutic treatments has been taking place since many years ago (R. W. Y.
Habash et al. 2006). However, researches in this field only advanced from the 70’s, in laboratories with emphasis in
biology and radiation (Diederich 2005). Despite the promising future, technical limitations and issues in reaching proper
treatments to Kill cells by heating, decreased interest of further research in this field (Dewhirst et al. 2005). This was only
regained recently due to the current technological revolution, which has permitted the utilization of nanoparticles (Cheng
and Herman 2014; Pirtini Cetingll and Herman 2011; Varon, Orlande, and Elicabe 2015). Thermal analysis can be
conducted for two purposes: treatment (thermal therapy) and diagnostic (thermography).

Hyperthermia — a type of thermal therapy — is the temperature increasing of a specific part of or the whole body above
normal for a defined period and for therapeutic purposes. Generally, the temperature range is between 40°C and 45°C
(Riadh W Y Habash et al. 2006). This can be undertaken alone or along with other types of cancer treatments. New
researches have been undertaken in order to create nanoparticles with appropriate thermal and optical properties capable
of concentrating themselves around a tumor and raising its temperature faster than the temperature increase in the healthy
tissues nearby, which avoids damage during the treatment (El-Sayed, Huang, and El-Sayed 2005; O’Neal et al. 2004).

Bezerra et al. (2013) defines thermography in medicine as “a simple method which quantifies the body surface
temperature by measuring infrared radiation emitted by the human skin.” This is done using images captured by thermal
cameras. The results might be useful to diagnose anomalies in living beings. (Bezerra et al. 2013; Pirtini Cetingul and
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Herman 2011). This is an interesting technique because it is noninvasive, fast, cheap and simple (Bezerra et al. 2013).

The growing interest of the scientific community for this method is due to the modernization of the thermal cameras
and the recent revolution in computing and image processing. (Pirtini Cetingiil and Herman 2011). Thermography has
been utilized already in diagnosis (di Carlo 1995; Cristofolini et al. 1976; Hartmann, Kunze, and Friedel 1981; Santa Cruz
etal. 2009). As this is a promising procedure focused on superficial thermal analysis, the use of thermography to diagnose
a tumor inside the thyroid can be studied, because the thyroid is located near the skin surface.

According to "Estimativa/2016 - incidéncia de cancer no Brasil" (2015), thyroid cancer has the higher survival rate.
Its diagnosis, although has been constantly improved, is still done by biopsy — an invasive and uncomfortable process,
which can take up to one week to generate a result (da Conceicéo, Lamien, and Orlande 2014; Pirtini Cetingul and Herman
2011). Thus, it is important to research fast and noninvasive techniques for tumor diagnosis. Regarding the cervical region,
some dysfunctions such as hyperthyroidism induce a high local temperature variation of the skin over the neck. Therefore,
a tumor — when located near the surface — might have the same characteristics and have potential to be diagnosed by
thermal analysis (Jin et al. 2014).

Some positive results for other types of cancer have been obtained already (Pirtini Cetinguill and Herman 2011). They
show promising results of using infrared images to diagnose melanoma. It was concluded that there was a temperature
difference between the healthy and tumorous tissues. Jin et al. (2014) developed a tridimensional model based on MRI
images related to the pathophysiology of the thyroid. They tried to demonstrate precisely how the thyroid and skin
temperatures are affected by blood vessels, breath and thermal stimulus. They conclude that the use of thermography to
monitor functional alterations is possible.

Normally, tumors present different properties from healthy tissues. They present higher metabolic activities and blood
perfusion so that tumor temperature is higher than healthy tissues temperature (Song 1984). This happens because the
tumor has a chaotic growth, so cells and blood vessels grow uncontrollably (Pirtini Cetingll and Herman 2011). There
are two types of thermography: the static and the dynamic methods (Cetingiil and Herman 2010). In the static IR imaging,
the images are collected when the analyzed region is at the steady state. In the dynamic IR imaging, the images are
obtained after the application of a stimulus (heating or cooling) in the region of interest in order to induce and/or enhance
thermal contrasts (Pirtini Cetingll and Herman 2011). The static method is not the best option for this study, because it
requires a long period until the body reaches the steady sate. Besides, depending on the location and size of the tumor,
the thermal contrast between both tissues are generally smaller in the steady state rather than in the transient regime
(Cheng and Herman 2014). Thus, it is more interesting to do the IR imaging with the application of thermal stimulus, as
it gives more contrast (Pirtini Cetingiil and Herman 2011; Santa Cruz et al. 2009). Santa Cruz et al. (2009) attribute the
first application of IR imaging with thermal stimulus aiming thermal contrast to an Italian group (di Carlo 1995).

Bioheat transfer is a complex phenomenon due to the strong influence of the blood circulation and the heat generated
by metabolism. These influences have been studied for more than a century (Lakhssassi, Kengne, and Semmaoui 2010).
The first model to take into account the metabolism, blood flow, conduction and external sources of heat was proposed
by Pennes in 1948 (Pennes 1948). Pennes lumped the cooling effects of blood flow in the perfusion term (Pennes 1948).
Effects of blood perfusion are proportional to the temperature difference between arterial blood and the tissue. Even
though Pennes model is widely utilized, it presents some limitations. Xuan and Roetzel (1997), (1998) modified the
Pennes model with the theory of porous media. Some limitations of the Pennes model have to do with the assumptions
presented in the bioheat equation. Pennes model is derived from Fourier’s law (Eq. (1)).

q=-kvT 1)

Fourier’s law assumes that the heat propagation speed in the tissue is infinite (Ordofez-Miranda and Alvarado-Gil
2010; Poor, Moosavi, and Moradi 2014). Fourier’s law is known to fail in some cases, including processes with fast
transients, small spatial scales or at extremely low temperatures (Ordonez-Miranda and Alvarado-Gil 2010; Poor,
Moosavi, and Moradi 2014). Blood and tissues are not in thermal equilibrium. Thus, blood exchanges heat with the tissue,
generating a delay between the temperature gradient and the heat flux. Some models derived from Pennes equation are
proposed to overcome these issues such as the Dual Phase Lag model (DPL) and the model of the thermal wave.

The model of the thermal wave was developed, independently, by Cattaneo (1958) and Vernotte (1958). In this model,
the Fourier law was modified in order to take into account the finite speed of heat propagation, resulting in a hyperbolic
heat conduction equation with a wave behavior. Although Cattaneo-Vernotte’s model eliminates the infinite speed issue,
it does not eliminate the existence of an instantaneous response between the temperature gradient and the energy transport.
Besides, it assumes that the temperature gradient is always the cause and heat transfer the effect (Majchrzak 2010; Tzou
2014). In order to overcome these last problems, Tzou proposed the Dual Phase Lag (DPL) model (Tzou 2014; Tzou
1989). The bioheat transfer model that results from the DPL constitutive equation is given by (Majchrzak 2010; Majchrzak
and Turchan 2015; Tzou 2014; Tzou 1989):
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where p, ¢ and k represent the specific mass, the specific heat and the thermal conductivity of the tissue, respectively; the
subscript “b” is used for the blood properties. wy, is the blood perfusion coefficient and Qn is the generated heat from the
metabolic activity. Ty, represents the temperature of arterial blood and T represents the temperature of the tissue in a
determined point and time. zq is the relaxation time and = is thermalization time, which can be interpreted as the time that
it takes to generate a temperature gradient after the beginning of the heat conduction (Xu, Seffen, and Lu 2008). Thus,
the determination of cause and effect depends on the magnitudes of relaxation and thermalization times.

When 74 < 7, heat flux induces the temperature gradient and when the opposite happens, the temperature gradient
generates a heat flux through the material (Ordonez-Miranda and Alvarado-Gil 2010). This work aims to compare the
Pennes and Dual Phase Lag models for bioheat transfer in a computational analysis of the temperature distribution around
the thyroid region with and without a tumor, as presented next.

2. PHYSICAL MODEL AND MATHEMATICAL FORMULATION

For the physical problem of interest in this work, a thermal perturbation is applied over the cervical region, which is
maintained at a low temperature during a cooling period. The comparison of the two models is then performed during the
reheating period, when the skin exchanges heat with the surrounding environment by natural convection and linearized
radiation at room temperature. Therefore, the analysis was executed in three different periods: steady state before cooling,
cooling and reheating. The duration of the cooling period was of 30 seconds, when the skin was kept at constant
temperature of 0°C. The duration of the reheating period was taken as 300 seconds.

The geometry of the cervical region of interest was created in SolidWorks (Fig. 1 and Fig. 2). It consists of a simplified
model of a section of the human neck. In the geometry with the healthy thyroid, the glandule is placed over the trachea,
which serves as part of the internal boundary surface. Muscle is assumed as the tissue directly over the thyroid, which is
covered by layers of fat and skin, respectively. In the other geometry examined in this work, the thyroid is distorted by
the presence of a tumor, which is considered as an ellipsoid as illustrated by Fig. 1 (da Conceicdo 2014). The carotid
arteries and the jugular veins are not considered in the analysis.

Skin Muscle Tumor Fat Thyroid

Figure 1. Deformed geometry with distorted thyroid and a tumor.
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Fat
Skin

Thyroid

Figure 2. Normal geometry with healthy thyroid modelled in SolidWorks.

As described before, the numerical simulations involved three periods — steady state before cooling, cooling and
reheating. In the first period, natural convection and linearized radiation was assumed as the boundary condition of the
skin surface (I'2). The remaining surfaces (I'1) were assumed insulated. In the second period (cooling), constant
temperature was chosen as the boundary condition of the skin surface (I';). The remaining surfaces (I'1) were assumed
insulated. In the third period, the assumptions regarding boundary conditions were the same of the first period. The
surfaces I'1 and I'z, together with the arches utilized for obtaining the results are shown in Fig. 3.

0,02

Surfaces I'y Surface I' - BT

Figure 3. Surfaces I'; and T, labelled and highlighted in blue. Arches used in the simulations labelled. The surfaces and
arches are the same, independently of the geometry utilized.

2.1. PENNES MODEL

For the steady state before the cooling period, the mathematical formulation for the problem is given by:

0=V.[k(x Y, VT (XY, 2) ]+ pCa (% ¥, D[T, =T (X, ¥, 2) |+ Qu (%, ¥, 2) ®3)
XY, zel, :—n-kK(X,y,2)VT(x,Yy,2) =0 4
X, y,zel,:—n-k(X,y,2)VT(X,y,z) =h(T,, - T(X,V,2)) (5)

For the cooling period:

w=v-[k(x,y,z)VT(x,y,z,t)]+pbcbwb(x,y,z)[n—T(x.y.z,t)]+Qm(x,y,z,t) (6)
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Xy,zel,:T(x,y,z2,t)=273.15K, 0<t<30s (8)
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Initial Condition: Temperature distribution obtained from the previous period.

For the reheating period:

oT(X,y,2,t) v
—
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X,y,zel, :—n-k(x,y,2)VT(x,y,z,t) =0 (10)
x,y,zel,:-n-k(x,y,2)VT(x,Y,2,t) =h(T,, =T (XY, 21)) (11)

Initial condition: temperature distribution obtained at the end of the previous period.

where (Majchrzak and Turchan 2015):

T(x,y,2,1)-Ty

Qm = Qmet3 1o (12)
2.2. DPL MODEL

For the steady state before the cooling period, the mathematical formulation with the DPL model is identical to that
with Pennes’ model, since the DPL constitutive equation is identical to Fourier’s law at steady state. Therefore, Eq. (3)

to Eq. (5) are used for the steady state problem for the DPL model.

For the cooling period:
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Initial condition: temperature distribution obtained at the end of the previous period.
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3. RESULTS AND DISCUSSIONS

The thermophysical properties were mainly obtained from (Ghanbari and Hajj 2013; Hasgall et al. 2013; Lamien
2015). Based on literature data and other types of tumor, the metabolic heat source of the thyroid was set to 10 times the
metabolic heat source of a healthy thyroid (Bittencourt 2017). It is very difficult to obtain values for the thermalization
and relaxation times. The calculation of these terms are also beyond the scope of this work.

One alternative found was to select three values (0.5, 1 and 5 s) among a range of typical values for these two terms
for general living tissues (Bittencourt 2017; Zhang 2009; Zhou, Zhang, and Chen 2009). Therefore, a parametric analysis
was undertaken in this work in order to understand how relaxation and thermalization times affect the bioheat transfer. In
this study, it was considered Tex = 25°C and h = 10 W/(m?.K) (Cheng and Herman 2014). The software Comsol
Multiphysics 5.0 was utilized to solve the equations presented before (Eg. (3) to Eq. (18)). Results are presented for three
distinct arches pictured in Fig. 3.

As Comsol does not have the DPL model inits library, Eq. (13) to Eg. (18) had to be inserted manually in the software.
Thus, it was required to verify these equations. The results from Majchrzak and Turchan (2015) were used for verification
purposes (Bittencourt 2017). A mesh convergence analysis was performed, indicating that the so-called “normal mesh”
(generated automatically on Comsol). The computational time for 30 seconds of simulation utilizing the Pennes model in
the reheating period was 2 minutes and 10 seconds with the “normal mesh” (66,243 elements); 16 minutes and 36 seconds
with the “finer mesh” (309,602 elements) and 39 minutes and 16 seconds with the “extra fine mesh” (558913 elements).
For the interpretation of the different results presented below, we summarized in Table 1 the meaning of the acronyms
appearing in the legends used in the figures.

Table 1. Table containing the acronyms utilized in the graphs’ legends with their respective meanings.

Acronyms | Meaning

PST Pennes’ model without tumor

DST 0.5 DPL model without tumor with 74 = 7t = 0.5

DST 1 DPL model without tumor withzg=7=1

DST 5 DPL model without tumor with zg =7 =5

PCT Pennes’ model with tumor

DCT 0.5 DPL model with tumor with 7, = 7t = 0.5

DCT1 DPL model with tumor with 7g =% =1

DCT 5 DPL model with tumor with 7 = 7t =5

PSTe Pennes’ model for the deformed geometry without tumor

In order to investigate how the geometry affects the results, firstly, a simulation was undertaken utilizing both models
and both geometries — normal (Fig. 1) and deformed (Fig. 2) — in all the three periods. The results for the steady state are
presented in Fig. 4 and for the reheating period in Fig. 5 to Fig. 8. Figure 4 contains the curves of temperature distribution
along the central arch for both geometries at the steady state.
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Figure 4. Temperature distribution along the central arch for the normal geometry (without tumor) and the deformed
geometry (with and without tumor) in the steady state.
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The curves presented in Fig. 4 for the same geometry that were generated by different models are superimposed. In
addition, the temperature distribution along the central arches for different geometries are distinct from each other. The
temperature distribution for the deformed geometry reach higher temperature values. One simulation was performed
utilizing the deformed geometry without tumor and was included in Fig. 4. The curve of this simulation superimpose with
its corresponding curves (belonging to the deformed geometry). Therefore, it can be preliminarily concluded that a
distortion in the geometry affects the temperature distribution along the skin surface. In addition, at the steady state, the
results are the same no matter what model is being used.

In the reheating period, the results for the normal geometry were first analyzed as presented in Fig. 5. Figure 5 shows
that as zq and = increase, the difference between the two modes decrease as the simulation progress in time, because the
transient effects die out. It is interesting to note that the shapes of the curves obtained with DPL and Pennes’ models are
the same, although the temperature increases are not the same.
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Figure 5. Temperature distribution along the central arch of the normal geometry without a tumor at the reheating period, at 20 and
150 seconds of simulation.

Other simulations were then performed using only the deformed geometry with and without a tumor. The aim was to
examine if it is possible to detect a tumor by temperature measurements of the skin surface. Figure 6 shows the
temperature distribution at the reheating period along the central arch for the deformed geometry, with and without a
tumor. The temperature distribution of the deformed geometry (without tumor) skin surface has a similar behaviour of
the temperature distribution containing a tumor.
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Figure 6. Temperature distribution along the central arch of the deformed geometry at the reheating period, at 10 and 50
seconds of simulation.

Figure 7 presents the temperature distribution of the central arch for the deformed geometry (with and without tumor)
and the normal geometry (without tumor), during the reheating period at times 10 and 20 seconds. The temperature
differences between the cases with and without a tumor are quite small. Therefore, measurement techniques with quite



T. P. da Costa Bittencourt, B. Lamien, L.A. Bermeo Varon, H. R. B. Orlande
Comparison Between Pennes and DPL Models for the Bioheat Transfer around a Healthy and a Tumorous Thyroid

small uncertainties would be required to detect the tumor from the surface temperature. Infrared thermography with
nowadays cameras can provide measurements with quite small uncertainties, when the surface emissivity is accurately
known. On the other hand, the emissivity of the skin can change from individual to individual and even for the same
individual under different physiological and skin conditions, which might result in difficulties for the tumor detection by
thermography measurements.
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Figure 7. Temperature distribution of the central arch of the deformed geometry (with and without tumor) and the

normal geometry (without tumor) at the reheating period, at 10 and 20 seconds of simulation.

Figure 8 shows curves of temperature distribution along the central arch of the deformed geometry in the reheating
period at 10 and 30 seconds. It can be observed in Fig. 8 that the temperature profiles of the cases with and without tumors
are superimposed. This means that the tumor does not affect the temperature distribution over the skin, regardless of the
heat conduction problem used in the analysis. One possible reason for the lack of influence of the tumor on the temperature

distribution of the skin surface is the fat layer. Due to its low thermal conductivity, fat works like a thermal insulator.
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Figure 8. Temperature distribution along the central arch of the deformed geometry (with and without tumor) at the

reheating period, at 10 and 30 seconds of simulation.
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4. CONCLUSIONS

A numerical analysis of bioheat transfer models was performed in this work, with focus on the analysis of the surface
temperature of the cervical region around the thyroid. Both Pennes‘ model and the Dual Phase Lag model were
implemented and compared for cases involving thyroids with and without a tumor. As the relaxation times in the dual
phase lag model increase the observed temperature increase during reheating is smaller. On the other hand, the difference
between the two models decrease as the simulation progresses in time, because the transient effects die out, and the effects
of the relaxation times become smaller. Hence, the effects of the relaxation times are to lag the temperature response
during the reheating period. For the several analyzed cases, no significant temperature difference was observed when the
thyroid included a tumor or not. Therefore, measurement techniques with quite small uncertainties would be required to
detect the tumor from the surface temperature. Infrared thermography with nowadays cameras can provide measurements
with quite small uncertainties, when the surface emissivity is accurately known. On the other hand, the emissivity of the
skin can change from individual to individual and even for the same individual under different physiological and skin
conditions, which might result in difficulties for the tumor detection by thermography measurements.
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