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Abstract
Tumor destruction due to Photodynamic Therapy (PDT) is mainly governed by the amount of molecular oxygen present
in the tumor. Oxygen is one of the rate-limiting factors in PDT. This rate-limiting factor always makes PDT a lengthy
process, as it necessitates interruption in treatment in order to restore the depleted oxygen levels to normal range. In
this paper, a microwave (MW) heating technique is proposed as a mechanism to elevate the local tissue temperature for
oxygen enhancement. Extensive mathematical modeling of a tumor is presented to show the level of microwave heating
required to optimize the PDT application within safety margins.
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Introduction
The effectiveness of PDT is governed by properties of
the chemical constituents of the photosensitizer, proper
illumination of the tumor with an ideal wavelength of light
with sufficient power, and the availability of oxygen within
the immediate microenvironment [1-4]. The first two factors
can be controlled externally by modifying the photosensitizing
agent and the light source. However, the third factor, oxygen
availability, can only to be modified by manipulating the
blood supply to the tumor.
Oxygen consumption during PDT is a rapid process and
may quickly lead to depleted levels if the utilization outpaces
tissue oxygenation via blood vessels [5]. The resulting tumor
hypoxia during illumination will diminish the efficacy of
the treatment. Since oxygen is one of the key ingredients
for PDT action on the tumor, the best dosimetry protocol
has to be designed with the highest source of oxygen from
within [6,7]. Oxygen for tumor tissue is supplied via blood
vessels in which it is transported in two different forms, as
oxyhemoglobin, bound to hemoglobin (Hb) molecules and
as dissolved oxygen in plasma, the latter presenting a much
lower in quantity compared to the content of oxygen bound
to Hb [8]. Thus, the main source of oxygen supply to a tissue
is from oxyhemoglobin [9-11]. Changes of blood perfusion
within the tumor during PDT may cause changes in supply of
oxyhemoglobin. Following this, tissue oxygenation may also
become depleted during or after illumination, if damage to
vascular structures reduces perfusion.

The changes in oxygen concentration during PDT have
been investigated using spheroids and in animal tumors as in
vitro and in vivo models, respectively [4,7,12-14]. Monitoring
the micro-vessel oxygen tension from these experiments has
shown that the oxygen depletion is rapid during the initial
irradiation period forming singlet oxygen; with time, an
equilibrium is reached [5,12]. Further, it has been observed
that, with time, oxygen concentration increases slowly, though
fails to reach normal levels, and this phenomenon is thought to
be due to the diffusion of oxygen from the adjoining capillary
beds that are not affected by radiation [5]. Studies done with
hypoxia markers have detected increased tissue hypoxia with
continuous observation in the hours after PDT, in association
with decreased vascular perfusion [15]. However, in contrast
to hypoxia that develops during illumination, this late phase
of hypoxia after PDT improves tumor response because the
vascular damage itself contributes to tumor regression.
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Since the availability of molecular oxygen during PDT
has profound effects on treatment outcome, it is of utmost
importance that the maximum concentrations be maintained
during the illumination period. The benefits of tumor oxygen
maintenance highlight the need for investigation of PDTcreated hypoxia and development of a method and materials
to optimize the oxygen content in order to ensure successful
therapy. Sensitive methods to evaluate and quantify the
tumor oxygen levels, and also methods that enhance oxygen
availability in the PDT milieu, would be extremely helpful
approaches in addressing this issue. However, the difference
between experimental tumor models and the real tumors
prevent the progress of translation of experimental results
into clinical application. This is due to the fact that tumors
may behave differently under their physiologic environment.
The following approach of using a mathematical model to
represent esophageal cancer is developed with the above
considerations and directed towards the goal of achieving an
enhancement of oxygen concentration during PDT.

Tumor Model
Mathematical models of tumor growth have been
shown to be helpful tools in designing treatment protocols,
especially during experimental therapeutic trials. Though
there are numerous mathematical models, none seems fitting
for the purpose of tumor modeling in the presence of PDT as
the treatment modality [16].
The anatomy of a tumor can be represented as in Figure
1 where tumor parenchyma and capillaries conquer the
healthy tissue. In most occasions the early stage of cancer is
exclusively recognized by a tissue biopsy. As a tumor grows,
its capillary network grows simultaneously with it, in order to
supply the comparatively larger requirement of nutrition and
oxygen to the neoplasm [17]. The density of capillaries present
in cancerous tissues, therefore, is comparatively higher than
that present in healthy tissue. Thus for the structural model,
the growing of a tumor should be represented as a highly
vascular tissue, with an increasing number of capillaries for a
constant amount of tumor parenchyma [18-21]. The average
capillary density of a healthy human tissue is approximately
600 per cubic millimeter; an amount considered as the
baseline for this model [8]. Capillaries play an important role
in the transport of blood and diffusion of oxygen into the

Figure 1: Growth of a tumor [24].
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tissues. Therefore, the number of capillaries per unit volume
of tissue is an important factor to be taken into consideration
when calculating the amount of blood flow to a tissue. The
number of capillaries per unit volume of a tumor is considered
as the “growth factor of the tumor” [22,23]. Capillaries in a
tissue are arranged in a complex network, as shown in Figure 1.
Esophageal adenocarcinoma is a malignancy of the lining
epithelium, which invades into the underlying connective
tissue and muscle layers deep in its wall, as the tumor
advances. In Barrett’s esophagus, which is the pre-malignant
stage of esophageal adenocarcinoma, the capillaries are
growing either parallel or perpendicular to the esophageal
wall. The histology of Barrett’s esophagus at cellular level
shows that the major vascular component in the tissue is
the capillary network, the rest being inclusive of the supply
vessels consisting of small arteries, arterioles, venuels and
veins [21,24,25]. Figure 1 shows an illustration of a growing
tumor in an epithelium in different stages, with numerous
growing capillaries. However, the representative elementary
volume of the medium is selected in such a way that it consists
of only capillaries, since the oxygenation of the tumor and the
oxygen diffusion occur at the level of the capillary network.
The main scope of this model is to show how tumor
oxygenation is calculated, and how the oxygen content can
be enhanced to obtain the most effective PDT treatment. For
a tumor, the parenchyma is solid compared to blood within
the capillaries. Thus a tumor can be represented as including
two constituents: a porous medium of tumor parenchyma
and blood. The Figure 2 is an illustration of a microscopic
representation of tumor vasculature.
As stated earlier, the amount of oxygen present in a
tumor depends on the number of capillaries per unit volume
of tumor. Apart from the capillary density, the orientation
of the capillaries in esophageal wall is considered in this
model, in order to show the possible technique of enhancing
the oxygen delivery to tumor tissue. It is assumed here
that the tumor capillaries are located in different planes
and directions. Three different capillary orientations in the
esophageal wall are assumed in this model. Figure 3 illustrates
two capillary orientations where capillaries are either parallel
or perpendicular to the esophageal wall. Figure 4 illustrates
the anisotropic capillary distribution, which is the natural
orientation of the capillary network in a tumor.
In this porous medium model, blood inside the capillary
network and the tumor parenchyma are considered
separately as the two major constituents. The model differs
from the exact microscopic nature of the representative
elementary volume, since the components like red blood
cells, white blood cells, and capillary membrane are not
considered separately. The porosity represented by the
existence of capillaries is enough to calculate the blood flow
into the tumor. As shown in Figure 2, blood capillaries are not
exactly circular in their cross section, rather oval in shape,
with a diameter just sufficient for the red cells to squeeze
through. Capillaries are assumed circular in our model, and
furthermore the amount of red cells that flow into a capillary
per unit time is calculated from the value of red blood cells
per unit volume of blood. In the case of this model being
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component that is diffused. The concentrations difference of
dissolved oxygen between the arterial and venous ends of a
capillary can be taken as a measurement of partial pressure
difference; it provides indirectly measurement of blood flow.
This fact can be used to develop a mathematical model to
calculate the amount of blood flow into a specific tissue
volume.

Figure 2: Illustration of vasculature of a tumor [53].

A simple geometrical theory is used to establish the
amount of blood contained in a unit volume of tissue. If there
are n number of capillaries per cubic millimeter of tissue,
with diameter d and length S app , in the esophageal wall, it is
possible to calculate the blood flow into the tissue with HaganPoiseuille equation. The oxygen partial pressure difference
between the arteriolar and venous ends of a capillary is being
used here, and it is assumed that the blood flow in capillaries
and arterioles is not pulsative.
Hagen-Poiseuille equation in vector form is applied to
the capillary of length S, with the following assumptions: the
capillary is a rigid cylindrical tube where S >>> r (r, standing
for radius), blood is an ideal fluid where viscosity of blood is
not a function of shear rate, flow is laminar and steady, and
the velocity is zero at the capillary wall. Then
We can write as follows:

Figure 3: Parallel and perpendicular capillary orientation.

ν=

A
8πµ

(−∇P ) .				

(1)

where v is the velocity of blood in the capillary, A is
the average cross sectional area of the capillary, ∇P is the
pressure gradient from point-1 to point-2 in the capillary,
and µ is the viscosity of blood. Equation (1) is applied along
the direction of the capillary axis. The direction of blood
flow changes when the fluid flows from point-1 to point-2.
Equation (1) is integrated from point-1 to point-2
ε2

ε2

−A
∫ε 1ν .nε dε = 8πµ ε∫1∇ p nε dε 			

(2)

nε is the blood velocity vector at point ε .
Now we can take ν .nε = u where u is the velocity of

where
Figure 4: Anisotropic capillary orientation.

used to study the blood flow when the blood viscosity is
comparatively less, the properties of the blood can be used
accordingly. Effects of having different capillary orientations
are further discussed in the results section. However, in
development of the model, not much emphasis is given to
capillary orientation, except considering different effective
thermal conductivities for different capillary orientations.

Derivation of a mathematical model for
temperature dependent oxygen content in a
selected tissue volume
The amount of oxygen that diffuses into tissue is directly
related to the volume of blood that flows within the capillaries
[26]. Oxygen diffusion takes place only through the capillary
endothelial membrane, and it is only the dissolved oxygen
Happawana G, et al. J Bioeng Technol 2021, 1(1):1-13

blood and is considered uniform along the entire capillary,
since the mass flow rate, capillary cross section, and blood
density is uniform along its length. Therefore, the left hand
side of the Eq. (2) is as follows:
ε2

∫νnε dε = S .u 				

(3)

ε1

The right hand side of the Eq. (2) is given as follows:
ε2

p2

ε2

−A
− A dp
−A
−A
∇ p nε dε =
dε =
dp =
∆p
∫
∫
∫
8πµ ε 1
8πµ ε 1 dε
8πµ p1
8πµ

(4)

From Eq. (3) & Eq. (4) the following is obtained.

u=

− A ∆p
( )				
8πµ s
S app

If we define tortuosity χ =
S
follows:

(5)

we can write Eq. (5) as
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u=

− A χ .∆p
(
) 				
8πµ S app

(6)

where S app stands for a selected length of the tumor, and 0
< x < 1.

Arterial – Hb oxygen saturation (SaO2) = 97%
The normal values change with changes in temperature
and pH values of the blood. Under physiological conditions,
the drop in oxygen partial pressure from arterial end to
venous end of a capillary is

Therefore volume of blood flow per unit time in a capillary is

(PaO2) – (PvO2) = 50 mmHg.

Vc = Au				

Similarly, the drop in oxygen saturation of Hb is

(7)

where Vc is the capillary blood volume.

(SvO2) - (SaO2) = 22%

Now combining Eq. (6) and Eq. (7), we can write as follows:

Vc =

− A χ∆p
(
)
8πµ S app

or

Vc =

− π .r 4 χ ∆p
(
) .			
8µ
S app

(8)

For n number of capillaries in the selected length of tumor,
volume of blood flow can be written as follows:

V =

nπ .r 4 χ  ∆P
8µ  S app






		

(9)

This gives the average percentage of oxygen that gets
dissociated under normal conditions as 22%. Kelman
proposed an empirical relation to the oxygen dissociation
from Hb [28,29]. This relation provides computational ability
to derive the oxygen saturation from virtual PO2, and is given
as follows:

SvO2 =

a1 x + a 2 x 2 + a3 x 3 + x 4
x ≥ 10
a 4 + a5 x + a 6 x 2 + a 7 x 3 + x 4

(10)

For x < 10

SvO2 = 0.003683 x + 0.000584 x 2 		

(11)

where x is the virtual PO2 and given by x = PO2 × 10 y , where

Oxygen is carried in blood in two different forms: as
dissolved oxygen in plasma and chemically bound to Hb as
oxyhemoglobin. The dissolved oxygen obeys Henry’s law,
which denotes that the concentration of dissolved oxygen is
proportional to its partial pressure [27]. For each mmHg of
PO2 there is a concentration of 0.003 ml/O2/dl, as dissolved
oxygen. The Hb concentration in blood changes from person
to person. Table 1 demonstrates some accepted norms for
different human groups [8]. Under physiological conditions
Hb in human blood is bound with oxygen in varying amounts,
changing according to the availability of oxygen. This value
that is given as a percentage is termed “Hb oxygen saturation.”

y = (0.024 × (310 − T ))

The constants are:
a1 = −8.5322289 × 10 3
a 2 = 2.121410 × 10 3
a3 = −6.7073989 × 101
a 4 = 9.3596087 × 10 5
a5 = −3.1346258 × 10 4
a 6 = 2.396167 × 10 3
a 7 = −6.7104406 × 101

For a constant pH, PCO2, and temperature, the actual
The amount of dissolved oxygen and the amount of oxygen partial pressure is equal to virtual PO2 [23,28]. Oxygen
Hb-bound oxygen flow per unit volume in a tumor can be saturation in the blood can be written as follows:
calculated using Eq. (9). The term for pressure difference
TotalO2 content − DissolvedO2 content
=
SvO2 [
] ×100
(12)
in Eq. (9) is replaced with the difference
of oxygen partial
O2CapacityofHemoglobin
pressures at arterial and venous ends of the capillary, which
is the more applicable in this situation, than the hydrostatic
The percentage of dissolved oxygen is very much less in
pressure difference. Oxygen partial pressure and oxygen blood compared to the chemically bound oxygen with Hb,
saturation values at arterial and the venous ends are and is recorded as 3 ml O /L of blood [8]. Using Eq. (12), we
2
considered common to all capillary beds in the body.
can write the amount of oxygen that is released to the tissue,
Partial pressure of oxygen at the venous end (PvO2) = 40 mmHg

Venous –Hb oxygen saturation (SvO2) = 75%

from the bound form as follows:

DVO2 = 1 − SvO2 				

(13)

Partial pressure of oxygen at the arterial end (PaO2) = 95 mmHg

Therefore the total percentage of oxygen that is released
to the tissue can be given as:

Table 1: Hemoglobin concentrations [Hb] in humans.

Total O2 = Oxygen dissociated from Hb + Dissolved oxygen
in plasma.

Group
Adult male
Adult Female
Pregnancy
Newborn
Child

[Hb] g/dl
13.5-17
12-15
11-12
14-24
11-16

Happawana G, et al. J Bioeng Technol 2021, 1(1):1-13

Let us define the following terms:
Hb content of blood (unit volume) = C1H1
Amount of oxygen bound per Hb molecule = C2
Amount of chemically bound oxygen in blood = C2 x C1Hb
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Percentage of bound oxygen that is released to tissue
= (1-SvO2) C2 x C1Hb

Assuming that the thermal expansion of blood capillaries
is linear with the temperature change and the coefficient of
thermal expansion is independent of temperature, we can
write as follows:

If dissolved oxygen content is denoted as C3,
The total oxygen content = C3 + C2 x C1Hb,
C + (1 − SvO2 )C 2 × C1 Hb
Amount of oxygen released = 3
C 3 + C 2 × C1 Hb

(14)

This is the amount of oxygen that is released, per unit
volume of blood that flows into the tumor under physiological
conditions.
The dissolved oxygen in blood is in equilibrium with free
oxygen in the tissue. As the latter is used by the tissue cells,
the constant supply of dissolved oxygen is being filled by
dissociation of Hb bound oxygen. The graphical illustration
of this dissociation of Hb bound oxygen is a sigmoid curve.
Temperature, pH and the concentration of 2, 3 DPG in the
extracellular milieu of the tissue considered in the model,
are the three principal factors that influence this dissociation
curve, resulting in either an increase or a decrease in oxygen
delivery [30]. The effect of pH on the dissociation curve
is called Bohr Effect [27,30]. The binding of oxygen to Hb
is allosterically regulated, where conformational changes
occurring in the molecule make it bind with an increasing
affinity at higher concentrations of oxygen. As a result, the
higher the oxygen partial pressure, the higher the oxygen
saturation of Hb. A right shift in the curve as brought by an
increase in temperature or 2, 3 DPG concentrations, or a
reduction in pH, would make the oxygen more dissociated
at a particular oxygen partial pressure [8]. For example, Hb
saturation recorded as 40% at 25 mmHg of oxygen partial
pressure under normal conditions, is dropped to 30% by
increasing 2,3-DPG and/or temperature, or by decreasing pH
value. The dissociation curve shifted to right, this difference in
saturation indicates release of oxygen [26].
The additional amount of oxygen necessary to make
PDT more efficacious can be generated within the tumor by
altering one of the above three main factors governing the Hboxygen dissociation. Due to constant physiological buffering
of blood it is not easy to bring about a significant change in
pH, and also the levels of 2,3- DPG are not within the range
of practicability for alterations. Temperature, in contrast,
is a rather easy tool here because localized heating can be
used to make a shift in the Hb dissociation curve towards the
right. Apart from a direct effect on the dissociation curve,
an increased local temperature would also cause dilation of
blood vessels, further contributing to an increased blood flow
in the capillary bed.
Equation (9) can be modified to study the volumetric
blood flow changes with temperature. Capillary radius and
blood viscosity are affected by a change in temperature. We
can use the power law of viscosity to demonstrate the effect
of temperature on blood viscosity as follows [31.32]:

T
µ = µ o 
 To

n


 				


(15)

where µ o = 1.716 ∗ 10 −5 kg / ms at T = 273 k and n = 2/3.
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r f = r + α∆Tr = r (1 + α∆Tr ) = r (1 + α (T − To )).

(16)

With Eq. (15) and Eq. (16) we can write Eq. (8) as follows:

VT =

nπ (r (1 + α (T − To ) 4 χ  ∆P
n
S
T 
 app
8µ o  
 To 






(17)

Microwave (MW) heating of tissue to increase
oxygen supply
Application of heat as a therapeutic modality has been
investigated and used for many years in the treatment
of different types of diseases. There are several different
methods of heating a tissue including a point heat source,
microwave, and ultrasound. However, of these three the use
of microwave and ultrasound are more effective given their
high penetration ability through human tissue. The biological
effects of electromagnetic waves and ultrasound are well
documented in literature [33,34]. Due to its high attenuation
in heterogeneous media, ultrasound plays only a minor
role in tumor heating. In contrast, the specific propagation
characteristics of microwaves in non-homogeneous media
make them ideal experimental tools in cancer treatment
[35]. On the other hand, MW heating has been used as a
therapeutic modality where it has been shown to bring
selective destruction of malignant highly vascularized tissue
[36]. The principal mechanism by which MW acts on tumor
tissue is tissue ablation, leading to necrosis of cancerous
cells [37,38]. In clinical therapeutic applications, however,
the tissue ablation and destruction by MW goes beyond
the margins of malignancy, and most often extends to the
surrounding healthy tissue as well. As a result, MW is mostly
employed as an adjunct to cancer chemotherapy, surgery, or
PDT, rather than being used alone [39]. It has been observed
in these therapeutic applications that blood flow within the local
vasculature is increased during a MW heating process [40].
In the process of developing an ideal dosimetry protocol
for PDT, an increase in local temperature that would bring
about an increase in oxygen dissociation can be obtained
from microwave heating of the esophageal wall. The ideal
design of a microwave heating system should facilitate a
sufficient temperature increase within adequate safety limits,
causing no harm to the esophageal wall. Deep penetrating
microwaves give a better heating in the radial direction
than conventional heating methods. The introduction of
microwave heating system would enhance the effectiveness
of PDT [3,35]. The correct calculation of the exact amount of
heat energy that is required for the local heating process is
explained below.
Penne’s bioheat equation has been used to model the
heating of biological material and this model would still
be useful to understand the effect of external heating
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Since the tumor as explained before is a porous medium
of solid and liquid constituents, Eq. (23) can be modified as
follows:

on biological material [41]. Penne’s bioheat equation is
numerically solved in many cases to model heat transfer in
tissues, including thermal regulation, tissue heating with a
point source, as well as also microwave heating [13,42,43].
Therefore an attempt to develop an analytical solution for
a tissue heating with microwave, resulting in an increased
blood flow and oxygen enhancement starts with the Penne’s
bioheat equation. Penne’s bioheat equation for temperature
distribution of a living tissue is expressed as follows:

where ρc eff is the effective heat capacity, k eff is the effective
heat conductivity, and QG eff is the effective heat generation
due to microwave heating.

∂T ∂  ∂T 
= k
 + wb ρb cb (Tin − T ) + Qm + QG . (18)
∂t ∂x  ∂x 

For a porous medium, the effective density and the
effective specific heat capacity can be defined as follows:

ρc

where ρ is the density of the medium, c is the specific heat
capacity, T is the temperature, wb is the perfusion, ρb is the
density of blood, cb is the specific heat capacity of blood, Qm
is the metabolic heat generation rate, Tin is the blood entry
temperature of the selected volume, t is the time, and QG is
the microwave heat generation rate.
Equation (18) can be extended for connective tissue as
follows:

ρt ct

∂T
∂  ∂T 
=
 kt
 + wb ρbcb (Tin − T ) + Qm + Qt
∂t
∂x  ∂x 

(19)

where ρt is the tissue density, ct is the specific heat capacity of
tissue, kt is thermal conductivity of tissue and Qt is microwave
heat generation rate in tissue.
The energy transport equation of blood flow for an
irregular temperature profile can be written as follows:
 ∂T
∂T
∂T  ∂  ∂T 
∂T
ρb cb  b + u b + v b + w b  =  kb
 + Qb (20)
∂y
∂z  ∂x  ∂x 
∂x
 ∂t

where Tb stands for the temperature of blood.
Considering a uniform temperature distribution inside the
capillaries, Eq. (20) can be written as follows:

ρ b cb

∂Tb
∂  ∂T 
=
 kb
 + Qb .
∂t
∂x  ∂x 

		

(21)

where Qb is the microwave heat generation in blood.
Considering the tumor as homogeneous, isotopic porous
medium volumetric averaging [44] of bioheat equation can
be achieved by adding Eq. (19) and (20) together, and be
rearranged as follows:
[ερ

b

c b + (1 − ε ) ρ t c t ]

∂T
∂ 
∂T 
=
 [εk b + (1 − ε )k t ]
 + wb ρ b c b (Tin − T ) + Qm + QG .(22)
∂t ∂x 
∂x 

Assuming that the thermal conductivity of tissue and
blood remains constant with temperature, we can write the
Eq. (22) as follows:

[ερ

b cb

+ (1 − ε ) ρ t ct ]

∂T
∂ 2T
= εk b + (1 − ε )k t
+ wb ρ b cb (Tin − T ) + Qm + QG .(23)
∂t
∂x 2

where QG = Q b + Q t .
All the terms appearing in the equation can be considered
as local terms, as far as the microwave heat generation is
considered.
Happawana G, et al. J Bioeng Technol 2021, 1(1):1-13

ρc

eff

∂T
∂ 2T
= keff 2 + wb ρb cb (Tin − T ) + Qm + QG
∂t
∂x

eff

. (24)

ρ eff = (1 − ε )ρ t + ερ b				

(25)

and

ceff = (1 − ε )ct + εcb 			

(26)

where ε is the porosity of the media, ρ t is the density of the
tissue and ct is the specific heat capacity of the tissue [45].
Porosity of the medium is defined as follows:

ε ( x) =

1
V

∫ a( x)dV =
V

Vf
V

			

(27)

where V is the total volume of the constituents, and Vf, the
volume of the fluid constituents.
Effective thermal conductivity of the medium depends
on the orientation of porosity. Thus, effective thermal
conductivities of a porous medium, assuming the structure
is homogeneous and isotropic as illustrated in Figure 3 and
Figure 4, can be given as follows:
Medium1 (capillaries are parallel to the heat source),

k eff = (1 − ε )k t + εk b 			

(28)

Medium 2 (capillaries are perpendicular to the heat
source),

kbkt
			
εk b + (1 − ε )k t

(29)

k eff = k bε k t1−ε .				

(30)

k eff =

Medium 3 (anisotropic capillary orientation) taking the
geometric mean (103;104),

Using these effective values, temperature distribution
of the esophageal wall can be modeled. The local heat
generation within the interested tissue is assumed as not
being buffered by the thermal control mechanisms of the
body. The initial condition for the unsteady state bioheat
equation is produced by solving the steady state equation,
without the heat generation part and with the following
boundary conditions:

x = 0 at the esophageal wall heat is convected to the
esophageal lumen,

− k eff

dT( 0 )
dx

= h0 (T( 0 ) − Teso )		

(31)

where h0 is the convection coefficient at the esophageal
lumen, and Teso is the temperature inside the esophageal
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lumen. Although under normal physiological conditions the
esophageal luminal temperature is the same as the core body
temperature, the insertion of a balloon catheter would alter
this value within a very small range.

being considered in this study. In this model the absorptivity
of MW is used without consideration of other microscopic
features.
The initial condition is given as follows:

The temperature of deeper tissue is equal to core body
temperature, which can be written as follows:

T( L ) =T c 					

(32)

where T(L) is the temperature at a distance L and Tc is the core
body temperature.
Therefore the steady state solution is given as follows:

Qm + wbcb ρbTin
+
wbcb ρb

T( x ) =

U ( x,0) =




 Tc − Qm + wb cb ρ b Tin + h0 Exp − wb ρ b cb L  Qm + wb cb ρ b (Tin − Teso )


wb ρ b cb
k eff

 wb cb ρ b h0 − k eff wb cb ρ b


wρ c L
2Sinh b b b

k eff



[

]










 wc ρ 
* exp  b b b x  +
 k eff



 w ρ c  Q + wb cb ρ b (Tin − Teso )
Q + wb cb ρ bTin
 Tc − m
+ h0 exp − b b b L  m
wb ρ b cb
k eff


 wb cb ρ b h0 − k eff wb cb ρ b

wρcL

2Sinh b b b

k eff


[

[

 wcρ 
* exp − b b b x  			
k eff



]











 w ρ c  Q + wb cb ρ b (Tin − Teso )
Q + wb cb ρ bTin
 Tc − m
− h0 exp − b b b L  m

wb ρ b cb
k eff


 wb cb ρ b h0 − k eff wb cb ρ b

wρcL

2Sinh b b b

k eff


 wb cb ρ b 
exp −
x  .			
k


eff

Equation (24) can be solved with Green’s function with
the initial condition (Eq.(33)) and boundary conditions of
Eq.(31) and Eq.(32) [46,47].

eff

∂U ( x, t )
∂ 2U ( x, t )
= k eff
+ Q( x, t ) 		
∂t
∂x 2

at x = L
w c ρ 
U ( L ,t ) = ( Tc − Tin ) exp  b b b t  .		
 ρc


(39)

The Green function solution for equation for Eq. (35) is
given as follows:
L

U ( x, t ) = ∫ f (ini )G ( x, t / x / ,0)dx / +

−

α eff
k eff

t0

∫ f ( b1 )G( x ,t / 0 ,t

0

k eff

/

α eff
k eff

t0

L

∫ dt ∫ Q( x , t
/

0

)dt / − α eff

/

/

)G ( x, t / x / , t / )dx / dt /

0

t0

∫ f ( b2 )G( x ,t / L ,t

0

/

)dt / (40)

where α eff =

(36)

(37), f(b1) is the right hand side of the Eq.(38), and f(b2) is
the right hand side of the Eq.(39). The corresponding green
function is given as follows:

In the above equation, P0 is the microwave power at
the esophageal lining epithelium, and β is the microwave
absorption coefficient that changes with the frequency of
microwave and also with composition of the medium.
The change of absorptivity with the constituents is not
Happawana G, et al. J Bioeng Technol 2021, 1(1):1-13


t  .(38)


(35)

where,

w c ρ 
Q( x ,t ) = (Qm + P0 exp[− βx]) exp b b b t  .
 ρc 

w c ρ
dU ( 0 ,t )
+ h0 ( 0 ,t ) = h0 ( Teso − Tin ) exp  b b b
dx
 ρc

0

The new equation with the initial and boundary conditions
is given as follows:

(37)

at x = 0,

k eff

where U is an arbitrary function.

]




 *




The boundary conditions are given as follows:

(33)

Equation (24) is difficult to solve with the perfusion term,
and therefore it is modified with the following substitution:
 wc ρ 
(34)
T ( x ,t ) = Tin + U ( x ,t ) exp − b b b t  		
ρc 


]




 *




 wcρ 
exp  b b b x  +
 k eff


[




 Tc − Qm + wb cb ρ b Tin − h0 exp − wb ρ b cb L  Qm + wb cb ρ b (Tin − Teso )


wb ρ b cb
k eff

 wb cb ρ b h0 − k eff wb cb ρ b


wρ c L
2 sinh b b b

k eff



ρc

Qm
+
wb cb ρ b

ρc

, f(ini) is the right hand side of the Eq.
eff



h
(t − t / ) cos(λx) − 0 sin(λx) cos(λx / )
k eff λ


h0  cos(2λL) − 1 sin( 2λL) L
+
 + 4λ
2k eff λ 
2λ
2

∑ exp[− λ α
∞

G ( x, t / x / , t / ) =

where λ ≈

n =1

2

eff

]

(41)

(2n − 1)π
for the first few values. For the first value
2L
Open Access | Page 7 |

Citation: Happawana G, Premasiri A, Rosen A (2021) Tumor Modeling and Microwave Heating for Increasing Oxygen in Tumors during
Photodynamic Therapy. J Bioeng Technol 1(1):1-13

of

λ which is 1.4 / L , green’s function is given as follows:



h
exp − λ2α eff (t − t / ) cos(λx) − 0 sin(λx) cos(λx / )
k
λ


eff

. (42)
G ( x, t / x / , t / ) =
h0  cos(2λL) − 1 sin( 2λL) L
+
+

2k eff λ 
2λ
4λ
2

[

]

Selection of microwave power for local
hyperthermia
Microwave power does not penetrate deep into the
tissues, given the high attenuation (Figure 8). Since tissue
absorption of MW power increases with increasing power,
it is safer to select a high power microwave. The depth of
microwave power penetration is a function of the frequency
utilized [44,45,48]. The modeling result of this study is at 2.45
GHz microwave.

Modeling results
Considering Tin = Teso = Tc transient temperature responses
of the esophageal tissue with continuous microwave heating
at zero porosity, Eq. (24) is evaluated for constant perfusion
and constant metabolic heat generation. For this calculation
−1 −1
wb = 1ml / s / ml , ρ b = 1.015 gcm −3 , cb = 4.18 Jg K , c = 4.2 Jg −1 K −1
−2
−3
−1
−1
, ρ = 0.97 gcm , k = 0.004952Wcm K , and ho = 0.1Wcm
(106-110). The transient temperature distribution of the
esophagus is analyzed with 100 mW microwave heating.
Microwave penetration depth in this case is 1.5 cm, with the

Figure 5: Blood flow in a capillary.

Figure 6: Blood flow velocity.

Figure 7: Blood flow direction in a capillary.
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Figure 8: Microwave penetration of tissue [35].

temperature of the tissue being normal body temperature. A
1.5/cm absorptivity of human tissue for 2.45 GHz microwave
source is used in this case.
The possible results using three different capillary
configurations are evaluated to select the appropriate
modeling before obtaining further results. Figure 9 gives the
temperature profile for a given tissue volume, considering
these three different capillary configurations. With the
results shown in Figure 9, it is evident that the capillary
orientation does not play an important role in removal of the
heat generated by microwave.
Microwave absorption rapidly changes as it penetrates
deeper into the tissue, changing the heat generated within the
tumor accordingly. At a certain depth, with a zero microwave
effect, the tissue temperature is equal to normal body
temperature, whereas above this point, the temperature is
higher than the normal body temperature. Figure 10 shows
the MW heating pattern of a 1 cm thick tumor volume. Each
line indicates a different microwave power level. It is evident
from these results (Figure 11) that the temperature generation
increases with increasing MW power. But this increase is
not linear in relation to MW power. What is also seen here
is the drop in temperature generation with increasing MW
penetration depth. The possible underlying mechanisms for
the latter observation include the characteristics of the MW
penetration profile, the nonlinear tissue thermal properties,
and changes in tissue perfusion.
Tissue heating depends on the availability of fluid content
within a selected volume. Due to higher molecular agitation,
microwave heating is always higher with greater fluid content.
In contrast, the solid content of tissue generates less heat.
Following this a solid tissue generates comparatively less heat
than tissue with a relatively large fluid content. The results
as shown in Figure 11 using a 300 mW MW power, illustrate
this phenomenon. The above power level when exposed for
50- seconds to a solid tissue brings its temperature up to 62
℃, whereas the same MW power when exposed for a similar
duration to a tumor with 50% more fluid content results in
a temperature elevation up to 66 ℃. These results indicate
Open Access | Page 8 |
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Figure 9: Comparison of the tissue temperature modeling with
different capillary configurations for 2.45 GHz microwave power
heating.

Tissue temperature resulting from MW heating depends
on the extend of application time. Figure 12 shows the results
of microwave heating of a solid tumor, where the microwave
application is carried out during the first 50-seconds (the total
time line being 150 seconds). The results show that the tissue
temperature generated within a specific time, at each MW
power level, is higher than the initial temperature. The MW
heating profile changes with blood perfusion and the heat loss
of the tissue volume. At a low MW power, the tissue heating
occurs slowly since the rate of MW power deposition is low
compared to the rate of perfusion. When the microwave
power increases, the blood flow cannot compensate for the
increasing temperature. It is important to note that in this
work, other physiological factors that can buffer the increase
of local tissue temperatures are not considered. Even though
the exact mechanisms of such bodily resistances are not
considered in detail, precautionary measures can be taken to
avoid such resistance from the body.
Tissue temperature does not fall as rapidly as it rises
with the onset of MW power. After MW power is turned off,
the heat dropping phase is mainly governed by the rate of
blood perfusion. Some scientists propose to study the blood
perfusion using this technique [35]. The same phenomena
can be used to measure the blood volume increase following

Figure 10: Tissue heating from the surface of the microwave
applicator for different MW powers, after fifty minutes of
exposure.

67

Temperatre,

o

C

62
57

solid tumor

52

10% fluid

47

30% fluid

Figure 12: Rise and fall of perfused tissue temperature with
on/off of microwave power. Note that the microwave power is
applied for the first 50 seconds.

20% fluid
40% fluid

42

50% fluid

37
0

0.2

0.4

0.6

0.8

1

MW penetration depth, cm

Figure 11: Temperature profile of the tumor after 50 second,
300 mW microwave heating for different porosity values.

that during microwave applications, tumors, given their
high vascular network with more fluid content, are more
susceptible to get overheated leading to cellular destruction.
This technique has been used in treating cancers, where
application of MW power is used selectively on malignant
tissue while sparing the healthy non-malignant component.
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Figure 13: Change in blood volume with on/off of microwave
power. Note that the microwave power is applied for the first
50 second. a
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MW heating. As is shown in Eq. (17), blood volume change is
a function of temperature. In the same way, the rate of tissue
temperature change is a function of blood flow. Therefore,
by calculating the rate of temperature change, it is possible
to estimate the blood flow velocity. In in-vitro testing, this
method can be incorporated to calculate the rate of blood flow
change due to microwave heating. The instrumentation for this
technique may consist of an additional thermocouple, with the
microwave antenna imprinted on the balloon catheter.
Figure 13 presents the same heating and cooling patterns
as the Figure 12, but gives the temperature profile at the
surface and at 5 mm depth at each MW power level tested.
It is evident from this plot that the heating and cooling
patterns change only with perfusion, with no effect of the

(a)

location of the reading. The microwave penetration profile
and the microwave-heating pattern with the depth of MW
penetration are clearly visible here.
Combining Eq. (17) and Eq. (18) gives the change of blood
volume due to microwave heating. The combination of these
two equations gives the specific and transient changes in
blood volume with temperature, as well as the oxygen level
calculations. The model developed and the rest of the results
shown in this paper are capable of showing the effect of MW
on perfusion and oxygen concentration.
The change in temperature profile in the direction of
microwave penetration, depending on microwave power
and exposure time, can be obtained with Eq. (40). Figure 14a
gives the results of transient and spatial changes in tissue

(b)

Figure 14: (a) Temperature rise for 100 mW microwave heating with 0.15/cm absorptivity, (b) Oxygen dissociation with 100 mW,
0.15/cm absorptivity microwave heating.

(a)

(b)

Figure 15: (a) Change in blood volume with 100 mW microwave heating (b) Change in number of molecular oxygen with 100 mW
microwave heating.
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temperature following a 100 mW, 0.15/cm absorptivity
MW power. Figure 14b shows the plotted results using Eq.
(40) as change in oxygen dissociation with the change of
temperature. Under normal conditions, oxygen dissociation
is around 25%, indicating that only 25% of the oxygen bound
to Hb is released to the tissue. This percentage value is
increased when the local temperature is raised as shown in
the results illustrated in Figure 13a. The profile of change in
oxygen dissociation is the same as the microwave heating of
the tissue. Combination of Eq. (9) and Eq. (40) provides the
effect of temperature on oxygen dissociation.

For a normal tissue, a 10 ℃ increase in tissue temperature
obtained by applying 100 mW, 2.45 GHz microwave power
over 50 seconds, increases the blood flow in almost 50% and
107 number of oxygen molecules. This number is affected
by the fluid content of the tissue, where an increased fluid
content tends to increase the tissue heating. Furthermore as
the blood volume increases with MW heating, the effect of
blood volume is modified.
The developed theory needs to be validated with
appropriate in vitro and in vivo testing. These results would
enable scientists to understand the effect of thermoregulatory issues on the model [54,55]. With this testing, the
assumptions that can be excluded from the modeling can
be specifically identified. For example, experimental results
would definitively determine which capillary configuration
is best suited for the MW heat enhanced oxygen content
modeling in the esophagus. The physiological factors that
buffer tissue heating are not considered in this paper, and it is
assumed that the application of MW heating with pulse mode
does not allow the body to react against the heating.

Equation (17) depicts the change in blood volume due
to vasodilatation with the temperature change. Figure 15a
illustrates the results of percentage change in blood volume
with 100 mW heating. 0.2% vasodilatation per degree is used
in Eq. (19) to plot Figure 15a. In addition, the actual length
and the apparent length of the capillary are considered the
same. A 50-second MW heating makes a 45% change in blood
volume in the tissue nearest to the microwave applicator.
The effect of microwave heating on the change in molecular
oxygen is given in Figure 15b. This increase in molecular
oxygen is due to increased blood volume and Hb-oxygen
dissociation.

Reference to this Paper should be made as
Follows

The heating pattern of a tumor changes with the growth
of the capillary network. At the same time, oxygen generation
is also changed since the amount of blood volume present in
a mature tumor is considerably higher.

Happawana, G., Premasiri, A. and Rosen, A. XXX ‘Tumor
modeling and microwave heating for increasing oxygen
in tumors during photodynamic therapy’, J. Biomedical
Engineering and Technology, Vol. X, No. X, pp. XX-XX.

Different types of MW applicators are in current practice
for different cancer treatments [14,46,49,50]. In the process
of designing the antenna, it should be noted that the
microwave should be transmitted outwards from the antenna
surface, rather than towards the light delivery system. The
s-parameters can be used to determine the capability of the
antenna operating in this fashion [51]. Engineering aspects
of the antenna, such as mechanical and electrical reliability,
need to be tested before it is brought into use [52]. However,
before the antenna is tested for clinical use, extensive in vitro
and in vivo testing are to be explored. The ideal MW dosimetry
for clinical practice still seems a distant goal, yet not beyond
reach. The main aspects of MW applications are to be tested
eventually in an experimental setting and compared with
existing data [53].

Biographical Notes

Discussion
The objective of this study is to show how PDT of esophageal
carcinoma can be improved by providing an optimum oxygen
concentration with local hyperthermia. This paper has
theoretically examined the effect of microwave heating of
the esophageal wall to enhance the oxygen content, using the
theory of bioheat transfer combined with the porous medium
tumor model. The porous medium model facilitates an ideal
environment in which to study the heating process and
oxygen generation of the growing tumor. With this analytical
model, it is easy to calculate the required microwave heating
for irradiation tumors. The model also offered the transient
effect of MW heating that enables scientists to understand
the tissue heating pattern at different perfusion rate as well
as for different tissue types.
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