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Abstract: Heart arrhythmia is caused by abnormal electrical conduction through the myocardium,
which in some cases, can be treated with heat. One of the challenges is to reduce temperature peaks—
by still guaranteeing an efficient treatment where desired—to avoid any healthy tissue damage or
any electrical issues within the device employed. A solution might be employing pulsed heat, in
which thermal dose is given to the tissue with a variation in time. In this work, pulsed heat is used to
modulate induced temperature fields during radiofrequency cardiac ablation. A three-dimensional
model of the myocardium, catheter and blood flow is developed. Porous media, heat conduction
and Navier-Stokes equations are, respectively, employed for each of the investigated domains. For
the electric field, solved via Laplace equation, it is assumed that the electrode is at a fixed voltage.
Pulsed heating effects are considered with a cosine time-variable pulsed function for the fixed voltage
by constraining the product between this variable and time. Different dimensionless frequencies
are considered and applied for different blood flow velocity and sustained voltages. Results are
presented for different pulsed conditions to establish if a reasonable ablation zone, known from the
obtained temperature profiles, can be obtained without any undesired temperature peaks.

Keywords: porous media; bioheat; RF catheter ablation; pulsating heat

1. Introduction

Cardiovascular diseases are known to be the major cause of death currently. One of
these is caused by arrhythmias, that is caused by an abnormal electric conduction through
the heart, causing an anomalous heartbeat. Consequently, some complications might arise,
for instance, heart failure or strokes. This disease can be treated by means of various tech-
niques. One of these techniques is based on the usage of heat induced by radiofrequencies
(RF) to destroy the abnormal conduction pathways through the myocardium. This tech-
nique is also widely used for the treatment of other diseases like cancer [1] and it is briefly
described in the following with references to cardiac ablation. Starting from an electrophys-
iological analysis of the heartbeat, a needle within a catheter is percutaneously introduced
via a femoral vein. This needle is located within particular parts of the cardiac ablation
where some abnormal conduction pathways arise; therefore, a RF current is induced via
the needle in order to perform myocardium tissue ablation to avoid abnormal conduction.

In recent years, many efforts have been done to improve the currently used models
and procedures for RF ablation. For example, a spherical electrode surrounded by the
tissue has been proposed by Haines and Watson [2]. By employing a similar model, blood
flow circulation has been included by Labonté et al. [3]. The effect of blood circulation
by considering blood as a part of the domain has been considered on other papers [4-6].
Since this process can influence the electric and temperature fields, another model that
also includes the ablation catheter with a thermistor on the tip has been proposed by Lai
et al. [7]. In particular, they analyzed different target temperatures, in order to obtain a
relationship between lesion dimensions and ablation time for various cases. The effect
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of the blood flow as a heat sink is also important; as remarked in Gonzalez-Suarez and
Berjano [8]. They compared different models, showing that avoiding blood flow modeling
with mass, momentum and energy equations might cause discrepancies with experimental
results. Pulsatile blood flow effects have been studied in [9], where it has been shown that
these effects are not relevant. Tissue deformation during RF cardiac ablation modeling has
been analyzed in [10] by considering such effect due to the heartbeat that might cause some
electrode displacement. Finally, a comprehensive model based on the porous media theory
has been proposed by lasiello et al. [11]. The myocardium was treated as a perfused porous
media, and they invoked the Local Thermal Non-Equilibrium (LTNE) assumption for the
two-phase myocardium.

One of the challenges related to RF cardiac ablation is to avoid temperature peaks.
This is because healthy cells might be destroyed, or there might be undesired effects like
coagulation on the electrode, steam popping, perforation and so on [12]. A solution could
be to modulate the RF source and then the applied heat, in order to avoid temperature
peaks while the same results in terms of ablation zone are achieved. Modulating heat
has been proposed in other hyperthermia applications. For spinal pain, Sluijter [13,14]
showed that modulated heat does not cause neural damage since lower temperatures are
obtained. Microwave ablation pulsating protocols have also been proposed in the literature.
Bedoya et al. [15] performed experiments on both ex vivo bovine and in vivo porcine
livers, concluding that a pulsed protocol can create larger ablation zones even when less
average power is delivered. For RF tumor ablation, various studies have been presented
through the years. Goldberg et al. [16] performed both in vivo and ex vivo experiments
with variable peak current duration and fixed duration time and vice versa, obtaining larger
tumor ablation zones. Fukushima et al. [17] treated hepatocellular carcinoma with either
temperature control or impedance control variable through time, showing that impedance
control procedure makes larger ablation zones and reduced ablation times. Different
waveforms for pulsating protocols have been numerically analyzed by Zhang et al. [18],
showing that the half-square wave provides the larger ablation area. Andreozzi et al. [19],
with references to a generic heat source for hyperthermia treatment, compared different
time-variable applied heat sources by assuming equal delivered energy. It has been shown
that moduling the heat would avoid temperature peaks by obtaining similar ablation
areas. A comparison between bioheat models to predict RF ablation under pulsating heat
condition has been done in [20] at constrained energy. For microwave tumor ablation,
Radosevic et al. [21] compared coagulation sizes obtained from pulsed and continuous
models. By assuming equal total energy, different on/off duty cycles by considering various
time combinations have been applied. Their numerical outcomes have been compared with
experimental in vivo and ex vivo results, too. In their work, it is demonstrated that, even if
predictions are in according with experiments, there is no improved coagulation zone or
sphericity with the pulsed protocols employed there.

Recently, some studies showed the importance of pulsating protocols for RF cardiac
ablation [10,22]. Different pulses durations, say 20 s and 30 s, for intervals from 5 to 70s,
have been analyzed in [22], showing that a second RF pulse would increase the lesion
depth, even if temperature peaks are higher. Similar conclusions have been found in [10]
by accounting for tissue deformation too. As per the authors” knowledge, for RF cardiac
ablation, no study has analyzed different time-variable protocols by assuming that these
vary with continuous functions like sine-wave functions. Therefore, in this study, the
use of modulating heat in terms of applied thermal dose variation with time to improve
the ablation zone for cardiac RF ablation is proposed. Such modulating heat effects on
RF cardiac ablation are analyzed. The model takes into account myocardium tissue, free
blood flow and the catheter used for ablation. Governing equations are written for all the
analyzed domains, with porous media equations applied within the myocardium region.
The effects of modulating heat are analyzed by employing a pulsed function under different
frequencies, and also effects of the blood flow velocity and applied voltage are presented.
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2. Methodology
2.1. Geometry and Governing Equations

The computational domain employed here is shown in Figure 1, together with di-
mensions taken from [8,11]. In particular, cardiac tissue thickness and blood flow domain
dimensions are chosen from the literature [8,23] after the authors performed a sensitivity
analysis in order to neglect edge effects. The catheter is embedded in the cardiac tissue with
a certain depth, that is 1.25 mm [24]. This value has been taken from Schutt et al. [24], where
the authors analyzed different insertion depth that range between 0.75 and 2.50 mm. In
particular, the catheter has been divided into the thermistor, the electrode and the catheter
itself, because catheters present a temperature distribution due to the different thermophys-
ical properties of the parts that would cause this distribution [25]. Even if thermistor is
referred to temperature-controlled situations, we have included this in our model since a
thermistor would be useful to switch from temperature-controlled to voltage-controlled
procedures, and also to monitor temperature during the process. Thermistor dimensions
are taken from Schutt et al. [24]. As shown in [25], the thermistor presents a more or less
uniform temperature that does not present any significant effects on temperature fields.
The catheter has been chosen to be equal to 7Fr (French Scale) as in [8]; this corresponds
to 2.333 mm since one French scale is equal to three times the diameter in millimeters.
Governing equations are the same as those given in lasiello et al. [11]. Due to the presence
of the electric field, the electromagnetic wave propagation equation should be solved.
However, for radiofrequencies, the DC approach can be used since waves propagate near a
small area in the proximity of the electrode [26-28]. By neglecting displacement currents
and resistive tissues, one can write the voltage equation as follows:

Catheter 7Fr
(d=2.333 mm)

Catheter

_ 4
(RF source) r mm
20
mm 60
mm -
T 125
mm
VA
y thermistor
(0.75 X 0.3 mm)
Figure 1. Computational domain for RF cardiac ablation.
V-(UVV) =0 (1)

As such, it is possible to derive the heat generation source term in W/m3,
Qrr=0lE |2 /2. For the catheter region, the transient-state heat conduction equation is solved:

pc% = kV2T, 2
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For the blood flow region, under the assumption of Newtonian laminar flow [29] with
no natural convection and radiation effects, mass, momentum and energy equations are:

dp

§+V~(pu) =0 3)
Jdu 2
1Y g—l—u-Vu =—-Vp+uV-u 4)
aT,
pC(atb +u-VTb> = V-(kVT}) (5)

For the myocardium, the porous media approach is used [11,30-32]. This approach
has been widely used for several biological issues [33-36]. Even if many models, starting
from Pennes’ bioheat equation in 1949, have been proposed through the years [33,36], the
LTNE porous media approach is here employed because compared to models like Pennes’
bioheat equation it has a better view of the local microstructure effect, even if it is more
complex to implement and requires more coefficients to close governing equations than
other models. This model has been widely used in other engineering applications [37-40]
and also applied to bioheat transfer problems. The myocardium is assumed to be made of
a fluid phase, that is the blood that passes through the muscle, and a solid phase, that is
made up by tissue cells and so on. Governing equations are written for a Representative
Elementary Volume (REV) [41] by reasonably assuming that there are no microscopic
inertial flow effects, no natural convection and no radiation, and by making references to
the Local Thermal Non-Equilibrium (LTNE) assumption between the two phases [42,43].

§+V~p<u> =0 6)

220+ 9 ) =~V () + V) - Eviw %
S(P%f(ag?b +uV(T)y | = V-(ekV(T)y) +heSo((T), — (T)) +80|§ -
(1= 8>(Pc)eff@ = V-[(1 - e)kV(T),] — heSo({T)y — (T);) + (1 — s)‘72E|2 ©)

where the symbol < > stands for the volumetric average form of a generic variable and the
term o | E12/2 represents the heat source due to Joule heating obtained from Equation (1).
In these equations, effective properties are considered as volumetric weighted average
through the domain. The effects of metabolism are here neglected [44]. In these applications,
it might happen that temperatures go above 100 °C, so, for the sake of completeness,
features referred to what happens during evaporation are reported here when the model is
introduced. However, from preliminary calculations, it has been shown that temperatures
are not higher than 100 °C for the cases here investigated, so any effects like inter-tissue
boiling that might arise around 100 °C [45-47], are here neglected.

2.2. Boundary Conditions and Thermophysical Properties

Boundary conditions employed are the same as those used by lasiello et al. [11].
Initially, it is assumed that the entire system is at T = Ty, with V =0 V. After ¢ > 0, for the
blood flow region, it is assumed that the flow enters as a plug flow with a velocity equal
to luljy,, then exits with an outlet pressure of 0 mmHg. It is emphasized that no relevant
effects from blood pulsatility has been found in [9], so the plug flow assumption is reliable.
At the boundaries of the blood flow region, slip condition is used to replace the symmetry
conditions. For the energy equation, a uniform inlet temperature T;, of 37 °C is assumed,
while continuity is applied at the free flow/porous media interface. In the porous media
region, extremities are assumed to be at T since they are sufficiently far from the thermal
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disturbance in the catheter. For the voltage field, a uniform voltage V;, is assumed at the
catheter part embedded into the myocardium [8], while a dispersive electrode condition of
0V is applied elsewhere. Finally, thermophysical properties are taken from the literature
and presented in Table 1. These are taken after Gonzalez-Sudrez and Berjano [8] and Iasiello
et al. [11]. In particular, electric conductivity, thermal conductivity and volumetric heat
capacity variation with temperature are taken into account as follows:

0.541¢0-015(T)¢—To) 0°C < (T), <100 °C
1.371 — 0.274((T), — Tep) 100°C < (T), < 105°C (10)
1.371-10~* (T), > 105°C

o((T);) =

k(T = | 0331 +00012((T), = To) 0°C < (T); <100°C
B 0.606 <T>t > 100 °C

where A = 2257 K] /kg, cpo0 = 0.75 and (pc); = 3.298 MJ/m® K and (pc), = 0.798 MJ /m° K.
Reference temperature Ty is equal to 37 °C, while T,; is the water evaporation temperature
of 100 °C. For the volumetric heat capacity, an equivalent method is used to consider
vaporization effects on the heat capacity for both phases (Equation (12)) by assuming that
AT =1 °C. Porous media properties are taken from lasiello et al. [11]. In particular, the
permeability values for the tissues are taken from references [30,33,48]. Interfacial heat
transfer coefficient and specific surface area are taken from Yuan [49] by assuming that
capillary diameters in the myocardium are 8 pm p

(11)

(pc);  0°C < (T),, <99°C

A o o
22999 °C < (T),, <100 °C (12)
(pc)q (T);p >100°C

(pc)eff(<T>t,b> =

Table 1. Thermophysical properties and porous media characteristics employed in this work.

Element (Material) (/) (W/II; K) My K) K(;:ZO)H (W/Z\CZ K) (1/frfm)
El(elftt_rl‘;fe 4.6-10° 71 2.838
(gfsr;“ljfgzg 1.0-10°3 0.038 0.027
(Pogﬁ‘:tf;ne) 1.0-10°5 0.026 0.073
Card(igfo‘g‘;)mber 0.667 0.541 4.180
Momtom | Easien 0/ Ewe ) poiny 3w m

2.3. Modulated Heat Transfer Modeling

Modulated heat transfer effects are considered by temporal variation of the voltage.
In particular, a pulsed function that follows a cosine law is employed. Taking V as the
applied voltage without angular frequency (that corresponds to V;, for the steady-applied
voltage case), then the applied voltage for the time-variable case becomes equal to

Vin =VWof(w,t) =V B + ;cos(wt)] (13)
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with the applied voltage V;, = V f(w,t). The amplitude of this function is V|, while f(w,t)
presents a unitary amplitude. The reason why this kind of cosine function is used is
because this function varies between 0 and 1, and it is equal to 1 for ¢ = 0 that corresponds
to the beginning of the transient procedure. In order to compare various pulsed scenarios,
a dimensionless angular frequency that varies between 0 and 1 is first defined, while a
reference angular frequency wp needs to be defined. This reference angular frequency refers
to a quasi-steady case because if we use a steady case, then the angular frequency w would
have to approach 0. The reference angular frequency definition is reported in the following.
We assume that for the steady case the ablation time f,, is equal to t;;; =30s. For the
quasi-steady case, we assume f(w,t,,; = 30) = 0.95 (see Equation (13)), thus a 5% deviation is
assumed in order to avoid wp—0. With these assumptions, if we solve the cosine function
in Equation (13) we obtain that wg = 0.015 rad/s that is the reference quasi-steady pulsed
function. This value roughly corresponds to 2.4-10~3 Hz. After this, it is possible to define
a dimensionless angular frequency w* = wg/w. This variable w* is equal to 1 for the
quasi-steady non-pulsed case, while it becomes smaller than 1 if the angular frequency is
higher, or equivalently if the period is smaller. In Figure 2a, the angular frequency function
with different dimensionless angular frequencies is shown. In particular, it is shown that
the function with w* = 1.000 (black line) makes f(w,t) equal to 0.95 for t,,; = 30 s, then
tapr(w* = 1.000) = 30 s, remarking again that w* = 1.000 is taken as the steady-state angular
frequency reference case. By reminding that wgy = 0.015 rad/s, for the examples presented
in Figure 2a, it is shown that w = 0.12 rad/s (light blue, w* = 0.033) and w = 0.45 rad/s
(blue, w* = 0.125), that roughly correspond to 1.9-10~2 Hz and 7.2-10~2 Hz, respectively.
On the other hand, the lower the dimensionless angular frequency w*, the smaller is the
period, thus the heating frequency of the tissue becomes higher.

= \ |
~\ 038
L= 0.6 ~
~ ‘\
=~ 04 <5
0.2
a)
n A 0 H |
30 40 50 60 0 10 20 30 40 50 60

t(s) W

Figure 2. (a) different angular frequency functions, where black, blue and light blue lines stand for
w*=1.000, 0.125, and 0.033, respectively, (b) input-to-uniform voltage ratio for w* = 0.250, where the
regions in black and red stand for uniform and pulsed, respectively, and (c) solution of Equation (15);
the dotted line in (a) refers to ¢, (w* = 1).

After introducing the pulsed functions, procedures to compare pulsed with non-pulsed
cases are reported in the following. The parameter used for the sake of comparison is
the input voltage V;, since it is the input variable for RF cardiac ablation, and it is easier
to manipulate than other variables, for instance, the overall energy. In particular, we
assume that in the whole process the product between applied voltage and ablation time
is always the same, even if the impedance is not constant due to temperature variations
(see Equation (10)). This approach is far less costly of constraining the overall energys; it
requires some iterative procedure to appreciate which would be the delivered energy to
be constrained for non-pulsating and pulsating cases. Furthermore, as often happens for
RF cardiac ablation [8,50-54], it is assumed here that a temperature threshold criterion
is used to establish the ablated region, so comparisons between solutions will be done
here depending on the temperatures here reached. More details about this criterion will
be explained in the Section 3. Despite this, total energy has been checked with energy
balances done on the ablated tissue, with values ranging from 28 to 57 k] referred to all the
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computations here done. At equal baseline input voltage V) and inlet velocity, it has been
shown that energy differences are no more than 30% when non-pulsating and pulsating
cases are compared. In Figure 2b, the ratio V;,/ V) is presented as a function of time for
both quasi-steady case and w* = 0.033. If we want that time-average applied voltage V) in
the whole process to be the same, then the areas in Figure 2b have to be equal:

tapi tapr
B 11

/ Vot (w* = 1)dt = / Vo {2 +5 cos(w*t)}dt (14)

0 0

Equation (14) has to be solved with respect to ¢, in order to guarantee that the areas
in Figure 2b are the same, thus the following equation can be written:

t i *t 1 i *t
abl | sin(w*tay) |:tabl sin(w abz)] (15)

(@ =1) = e 7 o
By solving this equation for ¢, one can derive the total time needed for the pulsating
process. The solution for this transcendental equation has been obtained in MATLAB and
is shown in Figure 2c. Obviously, for w* = 1.000, t,;; = 30 s, as represented by the dotted
line at the bottom of the figure. It is important to observe that for very small dimensionless
angular frequencies (say, smaller than about 0.20), ablation time f,, is roughly equal to
two times the ablation time obtained for w* = 1.000, with an error of less than 10%, since
the sinusoidal term of Equation (15) approaches to zero. This means that we can assume
for w* < 0.200 that the ablation time t, is two times the ablation time for w* = 1.000, say
tapi(w™ < 0.200) ~= 2t (w* = 1.000).

2.4. Numerical Modeling and Validation

Governing equations with appropriate boundary conditions and closing coefficients
introduced in the previous subsections are solved with the finite-element commercial
code COMSOL Multiphysics. Streamline and crosswind diffusion stabilization is used
to stabilize the flow field solution, while second-order Lagragian polynomial have been
used everywhere to discretize equations. In the simulations, a boundary-layer grid with
tetrahedral elements has been used. A number of about 100,000 tetrahedral elements is
used in the computations. This number of elements has been checked on temperature
profiles evolution vs. time in various points of both catheter and myocardium. Simulations
with higher number of elements (say, 150,000 and 200,000) showed that deviations from
the used grid are lower than 0.5 °C along temperature vs. time profile. Discretization of
time variable has been done with a 0.10 s time step, where convergence has been checked
with simulations with 0.05 s and 0.01 s time steps, showing negligible differences on
temperature profiles. Finally, equations are solved with an RMS convergence criterion of
10~2. Validation of the code has been already presented in lasiello et al. [11]. In that work, a
good agreement was shown with experimental data from Gonzalez-Suarez and Berjano [8].

3. Results and Discussion

Tissue temperature fields for w* = 1.000 and 0.033 at t =30 s and 60 s, for V( =225V
and lulj, = 0.05 m/s are presented in Figure 3. The volume-average symbol < > is
dropped for simplicity from now. Higher temperatures are achieved around the catheter,
where the heat starts to diffuse. Since the ablation temperature is about 50 °C [8,50-54],
all the points in the tissue above about 50 °C are considered to be ablated [8,50-54]. By
comparing different heating protocols (Figure 3a,b), it can be seen that the pulsed case
provides generally a lower temperature, but the ablation zone remains mostly unchanged
since the propagation zone is almost unaffected. This means that similar ablation zones
can be achieved by avoiding temperature peaks, as it will be shown later by monitoring
temperature evolution for the general point P(x, y, z). The effects of the applied voltage
on the temperature fields are presented in Figure 4, for lul;, = 0.05 m/s, w* = 0.0125 at
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z (m)

myocardium

0.035

t=60s for Vj =20V and V( = 25 V. It can be seen that temperatures are generally slightly
higher if a higher voltage is applied. In particular, temperatures of about 100 °C are reached
in the catheter proximity for Vj =25 V.

In order to demonstrate that similar ablation zones can be achieved without any peaks,
the variation of the temperature with time at a given point P(x, y, z) with x = 0.0000 m
y = —0.0400 m and z = 0.0175 m, is shown in Figure 5 for different dimensionless periods
w*, lulyy = 0.05 m/s and V = 22.5 V. Ablation time t,,; that describe simulations for
different w* has been already introduced in sub Section 2.3 via Equation (13). It is seen that
for w* = 1.000, which corresponds to the quasi-steady state case, ablation temperatures
are rapidly achieved in half of the time. However, by varying w?, it is shown that in some
cases, ablation temperature is still reached if pulsed function dimensionless frequency is
varied, thus the imposed heat is modulated. In other words, lower temperature peaks
are achieved if dimensionless angular frequency is lower, or equivalently frequency is
higher. This means that ablation is guaranteed in that point by avoiding any temperature
peaks. With references to various dimensionless angular frequencies, one can observe that
temperature profiles are almost in phase with applied voltage introduced in Figure 2a.
At the beginning of the transient, temperature always increases with time because of the
applied voltage, even if this decreases with time (see Figure 2a). After a certain point, even
if more heat is supplied, the temperature starts dropping because the blood flow in the
blood flow region presents a heat sink effect on the myocardium, thus temperature starts
to drop. After reaching a local minimum that is at a time slightly higher than the time at
which voltage locally becomes zero, the temperature starts to increase again because the
increased voltage takes over blood flow heat sink effect. This effect is periodic through time
and occurs for all the dimensionless angular frequency cases here shown.

Effects of different pulsed dimensionless angular frequencies and applied voltages
on temperature evolution at point P(0.0000, —0.0400, 0.0175) are presented in Figure 6,
with luly =0.05 m/s, for w* = 0.125 and 0.033. For each case, it is shown that higher
voltage causes higher temperatures, which might be just a little bit above the ablation
temperature mentioned before [8,50-54] with w* = 0.033 and Vjj = 20 V. By comparing
Figure 6a,b, i.e., different angular frequencies w*, it is shown that higher w* allows higher
temperatures, while lower w* results in a lower temperature. In particular, temperatures
for w* = 0.125 might reach about 85 °C for the point P which is analyzed here. It is very
important to module the heat by guaranteeing the same ablation time for the desired zone
but without the undesired temperature peaks.

7; (°C) , T,(°C)
100 0.0231 b) | 1100

myocardium

0.04 0.045 0.035 0.04 0.045
y (m) y (m)

Figure 3. Tissue temperature fields for lulj, = 0.05m/s, Vo =22.5V, (a) w* = 1.000 (¢ = 30 s) and
(b) w* =0.033 (t = 60s).
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myocardium

z(m)

0.035 0.04 0.045 0.035 0.04 0.045
»(m) y (m)

Figure 4. Tissue temperature fields at t = 60 s for lul;, = 0.05m/s, w* = 0.125, (a) Vj =20 V and

(b) Vg=25V.
110
w* =1.000
100 w* =0.125
90 t w* =0.033| {
O 80f
&
- 70 r :
60 r
"l \_A
40 ¢ 1

0 20 40 60
t (s)

Figure 5. Tissue temperature vs. time for different dimensionless period w* in P(0.0000, —0.0400,
0.0175).

In Figure 7, effects of the blood velocity on the temperature fields at the point P(0.0000,
—0.0400, 0.0175) is shown for Vj =20 V and a) w* = 1.000 and b) w* = 0.033. With reference
to velocity effects, the lower the velocity, the higher the temperatures. This is because for
the same applied voltage, i.e., delivered heat power, if the mass flow rate is smaller then
the temperature becomes higher due to the smaller ability of the blood to remove heat
from the myocardium. Temperatures achieved are much higher for w* = 1.000 (Figure 7a),
reaching about 80 °C at the end of the ablation procedure (f = 30 s). If the heat is modulated
(Figure 7b), then it is possible to obtain temperatures that are higher than the ablation
temperature [54] by avoiding temperature peaks. This means that a modulating heat
procedure might improve RF cardiac ablation procedures since ablation zones are similar if
one considers the temperature threshold as the damage criterion, as often happens for RF
cardiac ablation [8,50-54]. Indeed, these authors employed a 50 °C threshold, and usually
a range between 50-56 °C can be reasonably assumed to be the isotherms regions in which
ablation is performed for myocardium [8]. Therefore, temperature peaks that could cause
tissue damage, roll-off and so on, could be avoided with a pulsating protocol.

Finally, it is also remarked that the present outcomes might be really relevant in clinical
practice to avoid any undesired peaks by guaranteeing at the same time a satisfactory result
from the ablation. When there is no pulsating procedure—say, w* = 1.000—very high tem-
peratures are achieved, thus both roll-off and too much large ablation zones might occur.
Therefore, if the heat is modulated, one could then still obtain ablation since temperatures
are higher than 50 °C—which is a threshold temperature [55]—for reasonable times. The
proposed procedure could be also optimized by looking for the best voltage to be applied
to have the largest ablation zone without involving any healthy tissue. This optimization
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could involve also other factors to be accounted for in the model, say for instance hyperten-
sion, hyperthyroidism [56], lifestyle factors [57], alcohol consumption, smoking [58], and
channelopathies [59,60]. Additionally, within these particular conditions, the present model
could be adapted to account for particular circumstances; for instance, hypertension can
be accounted for by assuming different pressure drops through the investigated domain.
Another aspect that is relevant in clinical applications is about the connection of the present
procedure with the well-established zero X-ray ablation approach [61]. This approach
comes from the fact that during ablation one would have some non-negligible stochastic
and deterministic effects on health due to radiation exposure [62,63]. Therefore, if one
modulates applied heating, then voltage, the overall induced electromagnetic fields can be
damped.
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Figure 6. Tissue temperature vs. time for different applied voltages: (a) w* = 0.125 and (b) w* = 0.033
in P(0.0000, —0.0400, 0.0175).
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Figure 7. Tissue temperature vs. time for different blood velocities: (a) w* = 1.000 and (b) w* = 0.033
in P(0.0000, —0.0400, 0.0175).

4. Conclusions

Effects of modulating heat for RF cardiac ablation are analyzed in this work. The
electrical problem is solved by employing the Laplace equation for radiofrequencies. Mass,
momentum, and energy equations are described for both the blood region and myocardium,
while the heat equation is used for the whole antenna. A porous media LTNE model has
been used to characterize the flow and temperature fields in the myocardium. Thermo-
physical properties, together with porous media properties, have been taken from the
pertinent literature and temperature dependence of properties has also been taken into
account. Modulating heat effects are considered by employing a cosine function in which
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angular frequency is varied, at equal delivered energies. Governing equations were solved
with a finite-element commercial code. Results are presented in terms of the temperature
field for different applied voltages, blood flow velocities, and angular frequency ratios. It
has been shown that higher voltages and lower blood velocities guarantee higher tempera-
tures. With reference to the modulated heat cases, different angular frequencies have been
analyzed. It has been shown that the modulated heat could reduce temperature peaks by
still guaranteeing the desired ablation zone.
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Nomenclature
Cmo water content
C heat capacity (J kg~! K~1)
E electric field (V m—1)
he interfacial heat transfer coefficient (W m~2 K1)
k thermal conductivity (W m~1 K1)
K permeability (m~2)
4 pressure (Pa)
Q heat rate (W)
Q RF radiofrequency heat generation (W m~3)
S specific surface area (m™1)
t time (s)
T temperature (K)
u velocity vector (m s~
14 voltage (V)
XYz cartesian coordinates (m)
Greek letters
€ porosity
A water latent heat of vaporization (J kg_l)
U viscosity (Pa s)
IY density (kg m~3)
o electric conductivity (Sm™!)
w angular frequency (rad s~ 1)
Subscripts
0 reference
abl ablation
blood
c catheter
8 gas
eff effective
ev evaporation
in inlet
) liquid

t tissue



Bioengineering 2023, 10, 227 12 of 14

References

1. Goldberg, S.N. Radiofrequency tumor ablation: Principles and techniques. In Multi-Treatment Modalities of Liver Tumours; Habib,
N.A., Ed.; Springer: New York, NY, USA, 2002; pp. 87-118.

2. Haines, D.E.; Watson, D.D. Tissue heating during radiofrequency catheter ablation: A thermodynamic model and observations in
isolated perfused and superfused canine right ventricular free wall. Pace 1989, 12, 962-976. [PubMed]

3. Labonté, S.; Stanislaw, W.; Stuchly, S. Radio-frequency ablation of the myocardium: A numerical model. In Proceedings
of the Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Orlando, FL, USA,
31 October—-3 November 1991.

4. Shahidi, A.V.; Savard, P. A finite element model for radiofrequency ablation of the myocardium. IEEE Trans. Biomed. Eng. 1994,
41,963-968. [PubMed]

5. Woo, E.J.; Tungjitkusolmun, S.; Cao, H.; Tsai, ].Z.; Webster, ].G.; Vorperian, V.R.; Will, ].A. A new catheter design using needle
electrode for subendocardial RF ablation of ventricular muscles: Finite element analysis and in vitro experiments. IEEE Trans.
Biomed. Eng. 2000, 47, 23-31.

6.  Tungjitkusolmun, S.; Haemmerich, D.; Cao, H.; Tsai, J.Z.; Choy, Y.B.; Vorperian, V.R.; Webster, ].G. Modeling bipolar phase-shifted
multielectrode catheter ablation. IEEE Trans. Biomed. Eng. 2002, 49, 10-17.

7. Lai, Y.C,; Choy, Y.B.; Haemmerich, D.; Vorperian, V.R.; Webster, ].G. Lesion size estimator of cardiac radiofrequency ablation at
different common locations with different tip temperatures. IEEE Trans. Biomed. Eng. 2004, 51, 1859-1864. [CrossRef]

8.  Gonzalez-Sudrez, A.; Berjano, E. Comparative analysis of different methods of modeling the thermal effect of circulating blood
flow during RF cardiac ablation. IEEE Trans. Biomed. Eng. 2015, 63, 250-259.

9.  Parés, C.; Berjano, E.; Gonzalez-Suarez, A. Effect of intracardiac blood flow pulsatility during radiofrequency cardiac ablation:
Computer modeling study. Int. . Hyperth. 2021, 38, 316-325.

10. Pérez, ].J.; Nadal, E.; Berjano, E.; Gonzélez-Sudrez, A. Computer modeling of radiofrequency cardiac ablation including heartbeat-
induced electrode displacement. Comput. Biol. Med. 2022, 144, 105346.

11. Iasiello, M.; Andreozzi, A.; Bianco, N.; Vafai, K. The porous media theory applied to radiofrequency catheter ablation. Int. J.
Numer. Methods Heat Fluid Flow 2019, 30, 2669-2681.

12. Wang, K,; Tavakkoli, F.; Wang, S.; Vafai, K. Analysis and analytical characterization of bioheat transfer during radiofrequency
ablation. J. Biomech. 2015, 48, 930-940. [CrossRef]

13.  Sluijter, M.E. Non-thermal radiofrequency procedures in the treatment spinal pain. In Proceedings of the Pain in Europe: 2nd
Annual Congress of the European Federation of IASP Chapters, Barcelona, Spain, 24-27 September 1997.

14. Sluijter, M.E. The role of radiofrequency in failed back surgery patients. Curr. Rev. Pain 2000, 4, 49-53.

15. Bedoya, M.; del Rio, A.M.; Chiang, J.; Brace, C.L. Microwave ablation energy delivery: Influence of power pulsing on ablation
results in an ex vivo and in vivo liver model. Med. Phys. 2014, 41, 123301.

16. Goldberg, S.N.; Stein, M.C.; Gazelle, G.S.; Sheiman, R.G.; Kruskal, ].B.; Clouse, M.E. Percutaneous radiofrequency tissue ablation:
Optimization of pulsed-radiofrequency technique to increase coagulation necrosis. J. Vasc. Interv. Radiol. 1999, 10, 907-916.

17.  Fukushima, T.; Ikeda, K.; Kawamura, Y.; Sorin, Y.; Hosaka, T.; Kobayashi, M.; Saitoh, S.; Sezaki, H.; Akuta, N.; Suzuki, F; et al.
Randomized controlled trial comparing the efficacy of impedance control and temperature control of radiofrequency interstitial
thermal ablation for treating small hepatocellular carcinoma. Oncology 2015, 89, 47-52. [CrossRef]

18.  Zhang, B.; Moser, M.A.; Zhang, EM.; Luo, Y.; Zhang, W. Numerical analysis of the relationship between the area of target tissue
necrosis and the size of target tissue in liver tumours with pulsed radiofrequency ablation. Int. |. Hyperth. 2015, 31, 715-725.
[CrossRef]

19. Andreozzi, A.; Brunese, L.; Iasiello, M.; Tucci, C.; Vanoli, G.P. Numerical analysis of the pulsating heat source effects in a tumor
tissue. Comput. Methods Programs Biomed. 2021, 200, 105887. [CrossRef]

20. Tucci, C.; Trujillo, M.; Berjano, E.; Iasiello, M.; Andreozzi, A.; Vanoli, G.P. Pennes’ bioheat equation vs. porous media approach in
computer modeling of radiofrequency tumor ablation. Sci. Rep. 2021, 11, 1-13.

21. Radosevic, A,; Prieto, D.; Burdio, F; Berjano, E.; Prakash, P; Trujillo, M. Short pulsed microwave ablation: Computer modeling
and ex vivo experiments. Int. J. Hyperth. 2021, 38, 409-420. [CrossRef]

22. Sanchez-Muifioz, E.J.; Berjano, E.; Gonzalez-Suarez, A. Computer simulations of consecutive radiofrequency pulses applied at
the same point during cardiac catheter ablation: Implications for lesion size and risk of overheating. Comput. Methods Programs
Biomed. 2022, 220, 106817.

23. Jain, M.K.; Wolf, PD. A three-dimensional finite element model of radiofrequency ablation with blood flow and its experimental
validation. Ann. Biomed. Eng. 2000, 28, 1075-1084. [CrossRef]

24. Schutt, D.; Berjano, E.J.; Haemmerich, D. Effect of electrode thermal conductivity in cardiac radiofrequency catheter ablation: A
computational modeling study. Int. J. Hyperth. 2009, 25, 99-107. [CrossRef] [PubMed]

25. lasiello, M.; Andreozzi, A.; Bianco, N.; Vafai, K. The Porous Media Theory Applied to Radio Frequency Catheter Ablation. In
Proceedings of the ICCHMT XI International Conference on Computational Heat, Mass and Momentum Transfer, Cracow, Poland,
21-24 May 2018.

26. Payne, S.; Flanagan, R.; Pollari, M.; Alhonnoro, T.; Bost, C.; O'Neill, D.; Peng, T.; Stiegler, P. Image-based multi-scale modelling

and validation of radio-frequency ablation in liver tumours. Philos. Trans. R. Soc. A 2011, 369, 4233-4254.


http://www.ncbi.nlm.nih.gov/pubmed/2472624
http://www.ncbi.nlm.nih.gov/pubmed/7959803
http://doi.org/10.1109/TBME.2004.831529
http://doi.org/10.1016/j.jbiomech.2015.02.023
http://doi.org/10.1159/000375166
http://doi.org/10.3109/02656736.2015.1058429
http://doi.org/10.1016/j.cmpb.2020.105887
http://doi.org/10.1080/02656736.2021.1894358
http://doi.org/10.1114/1.1310219
http://doi.org/10.1080/02656730802563051
http://www.ncbi.nlm.nih.gov/pubmed/19337910

Bioengineering 2023, 10, 227 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lamien, B.; Varon, L.A.; Orlande, H.R; Elicabe, G.E. State estimation in bioheat transfer: A comparison of particle filter algorithms.
Int. J. Numer. Methods Heat Fluid Flow 2017, 27, 615-638.

Paruch, M. Identification of the cancer ablation parameters during RF hyperthermia using gradient, evolutionary and hybrid
algorithms. Int. J. Numer. Methods Heat Fluid Flow 2017, 27, 674-697. [CrossRef]

Iasiello, M.; Vafai, K.; Andreozzi, A.; Bianco, N. Analysis of non-Newtonian effects within an aorta-iliac bifurcation region. J.
Biomech. 2017, 64, 153-163.

Huyghe, ].M.; Arts, T.; Van Campen, D.H.; Reneman, R.S. Porous medium finite element model of the beating left ventricle. Am. ].
Physiol. Heart Circ. Physiol. 1992, 262, H1256-H1267. [CrossRef]

Michler, C.; Cookson, A.N.; Chabiniok, R.; Hyde, E.; Lee, J.; Sinclair, M.; Sochi, T.; Goyal, A.; Vigueras, G.; Nordsletten, D.A; et al.
A computationally efficient framework for the simulation of cardiac perfusion using a multi-compartment Darcy porous-media
flow model. Int. |. Numer. Methods Biomed. Eng. 2013, 29, 217-232. [CrossRef]

Alves, ].R.; de Queiroz, R.A.; dos Santos, R.W. Simulation of cardiac perfusion by contrast in the myocardium using a formulation
of flow in porous media. J. Comput. Appl. Math. 2016, 295, 13-24.

Khaled, A.R.; Vafai, K. The role of porous media in modeling flow and heat transfer in biological tissues. Int. |. Heat Mass Transf.
2003, 46, 4989-5003.

Khanafer, K.; Vafai, K. The role of porous media in biomedical engineering as related to magnetic resonance imaging and drug
delivery. Heat Mass Transf. 2006, 42, 939-953.

Nakayama, A.; Kuwahara, F. A general bioheat transfer model based on the theory of porous media. Int. |. Heat Mass Transf. 2008,
51,3190-3199.

Coccarelli, A ; Prakash, A.; Nithiarasu, P. A novel porous media-based approach to outflow boundary resistances of 1D arterial
blood flow models. Biomech. Model. Mechanobiol. 2019, 18, 939-951.

Amiri, A.; Vafai, K. Analysis of Dispersion Effects and Non-Thermal Equilibrium Non-Darcian, Variable Porosity Incompressible
Flow Through Porous Medium. Int. |. Heat Mass Transf. 1994, 37, 939-954.

Alazmi, B.; Vafai, K. Constant Wall Heat Flux Boundary Conditions in Porous Media Under Local Thermal Non-Equilibrium
Conditions. Int. |. Heat Mass Transf. 2002, 45, 3071-3087. [CrossRef]

Alazmi, B.; Vafai, K. Analysis of Variable Porosity, Thermal Dispersion and Local Thermal Non-Equilibrium on Free Surface
Flows Through Porous Media. ]. Heat Transf. 2004, 126, 389-399. [CrossRef]

Ouyang, X.; Vafai, K ; Jiang, P. Analysis of Thermally Developing Flow in Porous Media under Local Thermal Non-Equilibrium
Conditions. Int. |. Heat Mass Transf. 2013, 67, 768-775.

Whitaker, S. Advances in theory of fluid motion in porous media. Ind. Eng. Chem. Res. 1969, 61, 14-28.

Andreozzi, A.; Brunese, L.; Iasiello, M.; Tucci, C.; Vanoli, G.P. Bioheat transfer in a spherical biological tissue: A comparison
among various models. J. Phys. Conf. Ser. 2019, 1224, 012001. [CrossRef]

Andreozzi, A.; Brunese, L.; Iasiello, M.; Tucci, C.; Vanoli, G.P. Modeling heat transfer in tumors: A review of thermal therapies.
Ann. Biomed. Eng. 2019, 47, 676-693.

Labonte, S. Numerical model for radio-frequency ablation of the endocardium and its experimental validation. IEEE Trans.
Biomed. Eng. 1994, 41, 108-115.

Abraham, J.P; Stark, J.; Gorman, J.; Sparrow, E.; Minkowycz, W.J. Tissue burns due to contact between a skin surface and highly
conducting metallic media in the presence of inter-tissue boiling. Burns 2019, 45, 369-378. [CrossRef]

Abraham, J.P; Sparrow, EM. A thermal-ablation bioheat model including liquid-to-vapor phase change, pressure- and necrosis-
dependent perfusion, and moisture-dependent properties. Int. |. Heat Mass Transf. 2007, 50, 2537-2544. [CrossRef]
Ramadhyani, S.; Abraham, J.P.; Sparrow, EM. A mathematical model to predict tissue temperatures and necrosis during
microwave thermal ablation of the prostate. In Advances in Numerical Heat Transfer, 1st ed.; Minkowycz, W.]., Sparrow, EM.,
Abraham, J.P,, Eds.; CRC Press: Boca Raton, FL, USA, 2009; Volume 3, pp. 357-384.

Pop, M.; Ghugre, N.R.; Ramanan, V.; Morikawa, L.; Stanisz, G.; Dick, A.].; Wright, G.A. Quantification of fibrosis in infarcted
swine hearts by ex vivo late gadolinium-enhancement and diffusion-weighted MRI methods. Phys. Med. Biol. 2013, 58, 5009.
[PubMed]

Yuan, P. Numerical analysis of temperature and thermal dose response of biological tissues to thermal non-equilibrium during
hyperthermia therapy. Med. Eng. Phys. 2008, 30, 135-143. [CrossRef] [PubMed]

Jain, M.K.; Wolf, P.D. Temperature-controlled and constant-power radio-frequency ablation: What affects lesion growth? IEEE
Trans. Biomed. Eng. 1999, 46, 1405-1412. [CrossRef]

Jain, M.K,; Tomassoni, G.; Riley, R.E.; Wolf, P.D. Effect of skin electrode location on radiofrequency ablation lesions: An in vivo
and a three-dimensional finite element study. J. Cardiovasc. Electrophysiol. 1998, 9, 1325-1335.

Panescu, D.; Whayne, J.G.; Fleischman, S.D.; Mirotznik, M.S.; Swanson, D.K.; Webster, ].G. Three-dimensional finite element
analysis of current density and temperature distributions during radio-frequency ablation. IEEE Trans. Biomed. Eng. 1995, 42,
879-890. [PubMed]

Tungjitkusolmun, S.; Vorperian, V.R.; Bhavaraju, N.; Cao, H.; Tsai, J].Z.; Webster, ].G. Guidelines for predicting lesion size at
common endocardial locations during radio-frequency ablation. IEEE Trans. Biomed. Eng. 2001, 48, 194-201. [PubMed]


http://doi.org/10.1108/HFF-03-2016-0114
http://doi.org/10.1152/ajpheart.1992.262.4.H1256
http://doi.org/10.1002/cnm.2520
http://doi.org/10.1016/S0017-9310(02)00044-3
http://doi.org/10.1115/1.1723470
http://doi.org/10.1088/1742-6596/1224/1/012001
http://doi.org/10.1016/j.burns.2018.09.010
http://doi.org/10.1016/j.ijheatmasstransfer.2006.11.045
http://www.ncbi.nlm.nih.gov/pubmed/23833042
http://doi.org/10.1016/j.medengphy.2007.03.006
http://www.ncbi.nlm.nih.gov/pubmed/17493861
http://doi.org/10.1109/10.804568
http://www.ncbi.nlm.nih.gov/pubmed/7558062
http://www.ncbi.nlm.nih.gov/pubmed/11296875

Bioengineering 2023, 10, 227 14 of 14

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

Seo, C.H.; Stephens, D.; Cannata, J.; Dentinger, A.; Lin, F; Park, S.; Wildes, D.; Thomenius, K.; Chen, P.; Nguyen, T,; et al.
Monitoring radiofrequency catheter ablation using thermal strain imaging. In Proceedings of the IEEE International Ultrasonics
Symposium, San Diego, CA, USA, 11-14 October 2010.

Dinerman, J.L.; Berger, R.D.; Calkins, H. Temperature monitoring during radiofrequency ablation. J. Cardiovasc. Electrophysiol.
1996, 7, 163-173.

Frost, L.; Vestergaard, P.; Mosekilde, L. Hyperthyroidism and risk of atrial fibrillation or flutter: A population-based study. Arch.
Intern. Med. 2004, 164, 1675-1678. [CrossRef]

Mont, L.; Elosua, R.; Brugada, J. Endurance sport practice as a risk factor for atrial fibrillation and atrial flutter. Europace 2009, 11,
11-17. [CrossRef]

Chamberlain, A.M.; Agarwal, S.K.; Folsom, A.R.; Duval, S.; Soliman, E.Z.; Ambrose, M.; Eberly, L.E.; Alonso, A. Smoking
and incidence of atrial fibrillation: Results from the Atherosclerosis Risk in Communities (ARIC) study. Heart Rhythm 2011, 8,
1160-1166. [PubMed]

Vlachos, K.; Mascia, G.; Martin, C.A.; Bazoukis, G.; Frontera, A.; Cheniti, G.; Letsas, K.P,; Efremidis, M.; Georgopoulos, S.;
Gkalapis, C.; et al. Atrial fibrillation in Brugada syndrome: Current perspectives. |. Cardiovasc. Electrophysiol. 2020, 31, 975-984.
[CrossRef]

Platonov, P.G.; McNitt, S.; Polonsky, B.; Rosero, S.Z.; Zareba, W. Atrial fibrillation in long QT syndrome by genotype. Circ.
Arrhythmia Electrophysiol. 2019, 12, e007213.

Mascia, G.; Giaccardi, M. A new era in zero X-ray ablation. Arrhythmia Electrophysiol. Rev. 2020, 9, 121-127. [CrossRef]
Carpeggiani, C.; Kraft, G.; Caramella, D.; Semelka, R.; Picano, E. Radioprotection (un) awareness in cardiologists, and how to
improve it. Int. ]. Cardiovasc. Imaging 2012, 28, 1369-1374. [CrossRef] [PubMed]

Sarkozy, A.; De Potter, T.; Heidbuchel, H.; Ernst, S.; Kosiuk, J.; Vano, E.; Picano, E.; Arbelo, E.; Tedrow, U. Occupational radiation
exposure in the electrophysiology laboratory with a focus on personnel with reproductive potential and during pregnancy: A
European Heart Rhythm Association (EHRA) consensus document endorsed by the Heart Rhythm Society (HRS). Europace 2017,
19, 1909-1922. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1001/archinte.164.15.1675
http://doi.org/10.1093/europace/eun289
http://www.ncbi.nlm.nih.gov/pubmed/21419237
http://doi.org/10.1111/jce.14361
http://doi.org/10.15420/aer.2020.02
http://doi.org/10.1007/s10554-011-9937-8
http://www.ncbi.nlm.nih.gov/pubmed/21850411
http://www.ncbi.nlm.nih.gov/pubmed/29126278

	Introduction 
	Methodology 
	Geometry and Governing Equations 
	Boundary Conditions and Thermophysical Properties 
	Modulated Heat Transfer Modeling 
	Numerical Modeling and Validation 

	Results and Discussion 
	Conclusions 
	References

