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Abstract

The effect of the underlying blood vessel on the transient thermal response of the skin surface with
and without a melanoma lesion is studied. A 3D computational model of the layers of the skin
tissue with cancerous lesion was developed in COMSOL software package. Heat transfer in the
skin layers and the lesion is governed by the Pennes bio-heat equation, while the blood vessel is
modeled as fully developed pipe flow with constant heat transfer coefficient. The effect of various
pertinent parameters, such as diameter of the blood vessel, lateral location of the blood vessel
relative to the lesion, flow velocity of the blood, on the skin surface temperature distribution, have
been studied in the paper. The results show significant influence of the underlying blood vessel on
the temperature of the skin surface and lesion as well as on the surrounding healthy tissue. Thus, a
need for development of evaluation criteria for detection of malignant lesions in the presence of
blood vessels is is discussed.

1. INTRODUCTION

Melanoma is one of the deadliest forms of skin cancers and is 3" fastest increasing in
mortality rates among all cancers in males in the United States [1]. Early detection plays a
very important role in increasing the chances of survival of patients diagnosed with
melanoma. The survival rates drop from about 99% for patients diagnosed at an early stage
to an alarming 15% for patients with advanced stage melanoma [2]. Thus, new techniques to
detect melanoma at an early stage are currently being developed in numerous laboratories
and research centers all over the world. Among these, quantitative, non-invasive, in vivo
diagnostic tools are of particular interest. The Heat Transfer Lab at the Johns Hopkins
University [3] developed a non-invasive optical measurement technique using dynamic
(active) IR imaging, combined with theoretical, computational and experimental studies, for
the detection of near-surface lesions, with emphasis on early stage melanoma. Dynamic IR
imaging involves application of an external heating or cooling load to enhance thermal
contrast. When a surface is heated or cooled, perturbations in the thermal properties of the
structures located beneath the surface result in identifiable temperature differences on the
surface. These provide critical information for identification of the characteristics of these
perturbations when compared to information obtained by passive IR imaging. It has been
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demonstrated experimentally [4] that the difference in thermal responses between healthy
tissue and malignant lesion can be used to detect melanoma and the result has been validated
with the help of biopsy. However, the existence of blood vessels beneath the skin, which
may play a dominant role in the thermal response of the skin, has not been assessed in the
previous study. Thus, one of the objectives in the present study is to evaluate the effects of
discrete blood vessels on the thermal signature of the melanoma lesion.

Blood vessels have a significant impact on the bioheat transfer in the skin tissue. Localized
cooling produced by large blood vessels (diameter larger than 0.2 mm) during hyperthermia
treatment motivated the incorporation of large vessel effects into bioheat transfer
formulations [5-7]. The thermal significance of large blood vessels was recognized by
Creeze and Lagendijk [8] and Kolios et al [9]. Chato [10] investigated the effect of single
blood vessel near the skin surface on the temperature distribution of the skin and the heat
transfer to the environment. Their results show that this effect increased with the decrease of
ratio of the depth to radius and the Biot number. Rawnsley et al [11] evaluated the effects of
introduction of discrete blood vessels in the Pennes’ bioheat transfer model [12] and the
scalar Kggs model. They found that Pennes’ model had a statistically better ability to predict
the temperature distribution than the Keg model.

In the current study the effects of discrete blood vessels on the thermal signature of the
melanoma lesion are studied by computational modeling, using the Pennes’ bioheat
equation. The need for development of evaluation criteria for detection of malignant lesions
is also assessed.

2. MODEL DESCRIPTION

2.1 Mathematical model and parameters

A 3D multilayer skin tissue model is built consisting of five layers, namely epidermis,
papillary dermis, reticular dermis, fat layer and muscle (Fig. 1(a)). The lesion is modeled as
a semi-ellipsoid with width w and depth d (Fig. 1 (b)). Heat transfer in the skin tissue and
lesion is modeled using the Pennes bioheat equation, which is a form of the transient heat
conduction equation given by:

oT,
PnCn a—tn:knv2Tn+,0bcbwb<Tb_Tn)+Qn (1)

where p, ¢, T, k, ey, and Q denote the tissue density, specific heat of the tissue, local tissue
temperature, thermal conductivity, blood perfusion rate and metabolic heat generation rate in
the tissue respectively and py, Cp, Tp denote the density, specific heat and temperature of the
blood. n denotes the specific skin layer. The mathematical model consists of the set of
partial differential equations of the form of Eq. 1, one for each tissue layer and one for the
lesion. This set of equations is solved simultaneously for a set of boundary and interfacial
conditions.

The thermophysical properties, such as thermal conductivity (k), specific heat (c), density
(0), and metabolic heat generation (Q), and thicknesses (p) for each of the skin layers are
summarized in Table 1[13-16]. As concluded in a prior study [17], a malignant lesion is
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characterized by its increased metabolic activity and blood perfusion, and thus may cause an
increase in the local skin temperature [18]. Thus, in the current model, the lesion is
represented as a region of increased metabolic heat generation and blood perfusion. Based
on previous studies [17, 19-20], the blood perfusion is taken five times larger, and the
metabolic heat generation is taken ten times larger than in normal skin tissue. The properties
of blood are set as follows: density p, = 1060 kg m=3 [21], specific heat Cp, = 3770 J
kg~1K~1[13], and the blood temperature is Ty, = 37 °C [13].

The blood vessel is modeled as a tube with fully developed flow conditions and constant
heat transfer coefficient. Human blood plasma, the continuous phase of blood, consists of
91% water and the remaining 9% is made up by proteins, inorganic salts and other organic
substances [22]. Recent studies also demonstrated that blood plasma is a Newtonian fluid of
viscosity 1.2 mPa-s at 37°C [23] and its viscosity is a function of temperature [24]. Thus, in
the current study we approximate the blood in the blood vessel with water. The temperature
of blood in blood vessel is taken to be 37 °C [13]. The blood vessel considered in the current
study is the basilic vein located in the upper arm. The diameter D of basilic vein was found
in literature to be varying in the range of 1.9 — 5.1mm [25]. We have taken the mean
diameter to be 3.3mm in this study. The depth of the basilic vein d from the skin surface was
taken to be 8 mm [26]. The mean blood velocity v was taken as 7.2 cm/s [27].

The computational analysis consists of three phases, initial steady state analysis, cooling of
the skin surface, and transient thermal recovery. The steady state analysis consists of
computing the steady state temperatures in the computational domain for the skin surface
exposed to ambient conditions (Eq. 5). These computed temperatures are used as initial
conditions for the cooling phase, which is carried out for 120s (tcooling) by imposing a
constant temperature (T¢ooling =10 °C) boundary condition on the skin surface. After 120s
the cooling is removed, and the skin tissue along with the lesion is allowed to recover and to
return to their steady state under ambient conditions.

2.2 Boundary conditions

The width of the model is large enough, such that the thermal effects of the lesion at the
lateral boundaries can be neglected. Thus, at the lateral boundaries we have,

or_,
8’[] - (2)

where n is direction normal to the surface. The temperature and heat flux continuity at the

boundaries of the skin layers are given by:

e T, _k T 1
n 87] —hn+1 377 3)

T, :Tn+ 1 (4
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The lower boundary of the model is assumed to be at constant temperature equal to T¢ (37
°C) which is the core body temperature. This is justified with the argument that the muscle
layer is very near to the body core and is far enough from lesion to have an effect on its
temperature. During the steady state and thermal recovery process, the boundary condition
for the top boundary, the skin surface, is convection to ambient air. It is written as:

kaT—h(T Too)
877 = s o) (5)

where h = 10 W/m2 K and T, = 21 °C. During the cooling process, a constant cooling
temperature of Tegoling is applied on the top surface for the duration of tgq|ing SeCONds.
Thus, the boundary condition is given as,

T, :Tcooling 0<t<tcooling (6)

In the subsequent thermal recovery phase, the corresponding equations for each of the skin
layers and lesion are solved numerically by applying the relevant boundary conditions to
obtain the temperature distribution using the finite element solver in COMSOL
Multiphysics4.2a [28]. The mesh generated is shown in Fig. 2. The mesh is finer on the skin
surface and in the vicinity of the lesion, to accurately compute the surface temperature
distribution.

As stated previously, the difference in thermal responses between healthy tissue and
malignant lesion is used for detection of melanoma. Hence, in this study, the temperature
difference AT(t) between the lesion center and the healthy tissue during thermal recovery is
computed at different points as shown in Fig. 3. Ties (1), the temperature at lesion center, is
computed at point ‘d’. T (t), the temperature of a point on the healthy tissue away from the
blood vessel, is computed at point ‘c’ located 6 mm from the lesion. T, (t), the temperature
of a point on the healthy tissue above the blood vessel, is computed at point ‘b’. For the case
when the lesion is situated on top of the blood vessel, point ‘a’ is used for computing T (t).
Here, | is the lateral distance of the blood vessel from the center of the lesion. If | = 0 mm,
then the lesion is located on top of the blood vessel.

3. RESULTS AND DISCUSSION

The prime point of interest in the present study is the effect of blood vessel on the thermal
signature of lesion. Figure 4 compares the temperature difference between the lesion and the
healthy tissue during thermal recovery for two cases: (1) when blood vessel is present and
(2) when it is absent. The results were obtained for D =3.3 mm,v=7cm/s, | =0 mm and d
= 8 mm. For the case in which the blood vessel is absent, temperature difference AT(t) was
computed between the center of the lesion and a point on the healthy tissue located 6 mm
away from the lesion. For the other case, the lesion center and two healthy tissue points, one
located on the blood vessel and one 6 mm away from the blood vessel, are considered.

It can clearly be seen from the figure that the blood vessel has a marked effect on the
temperature difference between lesion and healthy tissue during thermal recovery. For
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example, the maximum temperature difference between lesion and healthy tissue away from
blood vessel (AT1(t)) was 0.55°C for blood vessel case, whereas it was 0.22°C when blood
vessel was absent (AT(t)). This is because the perfused heat from the blood vessel increases
the temperature of the skin surface above it, thereby increasing the temperature of the lesion.
Hence, maximum temperature difference is obtained for lesion and unaffected healthy tissue
away from the blood vessel. It can also be noticed that there is not much difference between
the temperature difference profiles for the no blood vessel case (AT(t)) and for the case
where both lesion and healthy tissue point are on top blood vessel (AT1(t)). The reason for
this is the perfused heat from the blood vessel equally affects the healthy tissue and lesion
above it. Thus, the presence of blood vessel clearly affects the skin surface temperature
above the lesion and healthy tissue. Hence, the effect of various parameters on the thermal
signature of the lesion is studied.

3.1 EFFECT OF BLOOD VESSEL DIAMETER

Figure 5 shows the temperature difference profiles between the lesion and the healthy tissue,
for three blood vessel diameters, viz., D =2 mm, D = 3.3 mm and D = 5 mm. The results
were obtained for v =7 cm/s, | =0 mm and d = 8 mm. Figure 5(a) shows the temperature
difference between lesion and healthy tissue above the blood vessel during thermal recovery
with change in diameter D. With increase in D from 2mm to 5mm, the change in AT(t) was
minimal. This indicates that the blood vessel diameter has no evident influence on the
temperature distribution. As both the lesion and healthy tissue were on top of the blood
vessel, the effect of perfused heat on them was nearly the same regardless of the increase of
blood vessel diameter. It is also to be noted that the temperature difference curve firstly
increased sharply, and then decreased smoothly. The maximum temperature difference
between the two points was about 0.24°C, which was obtained at about 45s after the cooling
stress was removed. However, the temperature difference between the lesion point and the
healthy tissue 6 mm away from the blood vessel did not follow the same trend, as can be
seen in Fig. 5 (b). During thermal recovery, the temperature difference between these two
points increased for a longer time, and nearly kept constant for about 120s.Then it decreased
slowly. This means that the existence of the blood vessel pays a significant role in the
thermal recovery of the lesion and the normal tissue adjunct to the blood vessel. Moreover, it
is evident that with the increase in blood vessel diameter, the temperature difference
followed a monotonic increase. This may be attributed to that the heat exchange between the
tissue and the blood vessel increased significantly as the vessel diameter increased. For
example, the maximum difference can be up to 0.68°C for the case with diameter of 5Smm.
However, the maximum value for the case with diameter of 2mm is 0.41°C.

By comparing Fig. 5 (a) and Fig. 5 (b), it can be seen that the blood vessel has a significant
effect on the temperature difference distribution between healthy tissue and the lesion,
which is consistent with the results of Deng and Liu [19]. The existence of the blood vessel
can induce a nearly 0.3°C difference. Therefore, it is essential to consider the blood vessel
effect as it may yield false positive results in melanoma diagnosis.
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3.2 EFFECT OF BLOOD FLOW VELOCITY

Figure 6 shows the temperature difference profiles between the lesion and the healthy tissue,
for three blood flow velocities, viz., v =7.2 cm/s, v = 14 cm/s and v = 21 cm/s. The results
were obtained for D = 3.3 mm, | =0 mm and d = 8 mm. Figure 6(a) shows the temperature
difference between lesion and healthy tissue above the blood vessel during thermal recovery
with change in blood flow velocity v. It can clearly be observed that the change in blood
flow velocity has no significant effect whatsoever on the temperature difference between
lesion and healthy tissue on top of the blood vessel. Even for the case of temperature
difference between lesion and healthy tissue away from blood vessel, there is no effect, as
seen in Fig. 6(b). Thus, the temperature difference kept unchanged with the increase of the
blood flow velocity, which was true for both healthy tissue points regardless of their
different location. The reason for this is that with increased blood flow velocity, the heat
exchange between the blood and tissue increased and its effect on the temperature
distribution of the lesion and healthy tissue was nearly the same. Also, the maximum
temperature difference between lesion and healthy tissue on the blood vessel was about
0.24°C, whereas it was about 0.51°C for the case of healthy tissue 6mm away from the
blood vessel. This again clearly shows the effect of blood vessel on the thermal signature of
both the lesion and healthy tissue similar to the trend followed in Fig. 5. This again reiterates
the fact that the effect of blood vessel cannot be neglected in the thermal analysis of lesion.

3.3 EFFECT OF LATERAL LOCATION OF BLOOD VESSEL

Figure 7 shows the temperature difference profiles between the lesion and the healthy tissue,
for three different blood vessel locations relative to the lesion, namely, | =0 mm, | =5 mm
and | = 10 mm. The results were obtained for D = 3.3 mm, v =7 cm/s and d = 8 mm. Figure
7(a) shows the profiles for temperature difference between lesion and healthy tissue on top
of blood vessel for different locations of the blood vessel. It can be observed that as the
lateral distance between the lesion and blood vessel increases from | =0 mm to | = 10 mm,
the maximum temperature difference drops from 0.22°C to 0.08°C. This is in view of
decreased heat perfusion from the blood vessel to lesion due to increased distance between
the lesion and blood vessel. Also, for | = 10 mm, as the lesion and healthy tissue recover to
steady state, it can be seen that the healthy tissue is at a higher temperature than the lesion.
This shows that a superficial blood vessel can generate a higher thermal signature than a
malignant lesion. This can lead to diagnosing false negatives if the effect of blood vessel is
not considered.

The effect of change in lateral location of the blood vessel on the temperature difference
between the lesion and healthy tissue away from the blood vessel can be seen in Fig. 7 (b).
As can be observed from the graph, as | increases from 0 mm to 5 mm, the temperature
difference increased from a maximum of 0.52°C to 0.61°C. This explains that the blood
vessel is not having an effect on the healthy tissue but it is having an effect on lesion thereby
increasing the temperature difference. Now, as | increases from 5mm to 10mm, we can see
that the temperature difference suddenly falls down to a maximum of 0.37 °C, lesser than for
the case when | = 0 mm. This shows that the effect of blood vessel on the lesion has reduced,
thereby decreasing the temperature difference. Thus, when we compare the temperature
difference for the case where there is no blood vessel, we can see that as | increases beyond
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10mm, it tends to approach the no blood vessel case. Therefore, we can find a threshold
lateral distance after which the blood vessel will have no effect on the lesion. This would be
a very useful parameter as it would help us to determine when the effect of blood vessel
needs to be considered and when to be neglected.

4. CONCLUSIONS

The effect of blood vessel on the transient thermal response of melanoma lesion and healthy
tissue was studied. It can clearly be seen that the relative location of lesion, healthy tissue
and blood vessel has a significant effect on the temperature difference between malignant
lesion and healthy tissue. Thus, false positives may be reported if location of healthy point is
not carefully considered. The effect of blood flow velocity, diameter of blood vessel and
location of blood vessel with respect to lesion on the temperature difference, AT, was also
studied. It was shown that blood flow velocity has no effect on AT and the change in blood
vessel diameter has a significant effect AT between the lesion and healthy tissue away from
the blood vessel.

The location of blood vessel with respect to the lesion plays a major role on the temperature
difference AT between the lesion and healthy tissue. It has been shown that there exists a
threshold distance after which the blood vessel has no effect on the temperatures of the
lesion and healthy tissue. Future scope of work includes determining this threshold distance
and studying the effect of depth of blood vessel from the skin surface on the surface
temperature distribution.
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FIGURE 7.

300

VARIATION IN AT BETWEEN THE LESION POINT AND THE HEALTHY TISSUE
POINT, (a) ATOP THE BLOOD VESSEL, (b) AWAY FROM THE BLOOD VESSEL

WITH CHANGE IN LOCATION OF BLOOD VESSEL
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