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Abstract: In this study, a fully coupled electro-thermo-mechanical model of radiofrequency (RF)-
assisted cardiac ablation has been developed, incorporating fluid–structure interaction, thermal
relaxation time effects and porous media approach. A non-Fourier based bio-heat transfer model
has been used for predicting the temperature distribution and ablation zone during the cardiac
ablation. The blood has been modeled as a Newtonian fluid and the velocity fields are obtained
utilizing the Navier–Stokes equations. The thermal stresses induced due to the heating of the
cardiac tissue have also been accounted. Parametric studies have been conducted to investigate
the effect of cardiac tissue porosity, thermal relaxation time effects, electrode insertion depths and
orientations on the treatment outcomes of the cardiac ablation. The results are presented in terms
of predicted temperature distributions and ablation volumes for different cases of interest utilizing
a finite element based COMSOL Multiphysics software. It has been found that electrode insertion
depth and orientation has a significant effect on the treatment outcomes of cardiac ablation. Further,
porosity of cardiac tissue also plays an important role in the prediction of temperature distribution
and ablation volume during RF-assisted cardiac ablation. Moreover, thermal relaxation times only
affect the treatment outcomes for shorter treatment times of less than 30 s.

Keywords: cardiac ablation; fluid–structure interaction; porous media; relaxation time effects; bio-
heat transfer; numerical simulations

1. Introduction

Minimally invasive thermal therapies are nowadays recognized as the fourth pillar
of interventional oncology. In the past two decades, the feasibility and efficacy of thermal
ablative procedures (viz., radiofrequency (RF), laser, microwave, cryo- and ultrasound ab-
lations) have been widely explored and reported for treating different types of cancer [1–3].
Apart from providing curative and palliative treatment to vast varieties of benign and
malignant tumors, these therapies have also been explored as a promising alternative
treatment modalities for treating cardiovascular diseases, neurodegenerative disorders and
chronic pain [4,5]. Over the past two decades, numerical modeling and simulations have
played a vital role in providing a better understanding of complex biophysical phenomena
and the effects of associated intrinsic and extrinsic factors on the efficacy of thermal ablative
procedures. They also provide a quick, safe, cheap and viable alternative for predicting a
priori information about the treatment outcomes of the thermal ablative procedures that
could play an important role in the treatment planning stage of thermal therapies.

Several numerical studies have been reported in the past on the modeling of the
RF-assisted cardiac ablation [6–10]. Most of these studies are based on the coupled electro-
thermal problem whereby the Fourier’s law based Pennes bioheat transfer equation is
coupled with the quasi-static electric potential equation to obtain the induced temperature
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distribution and the ablation volume. The cooling (heat-sink) effect caused by the blood
flow within the cardiac chamber is often described by the convective boundary condi-
tions. Due to its simplicity, Pennes equation is the widely used bioheat transfer model
for modeling the heat transport in cardiac tissue during RF-assisted ablation. However,
Pennes bioheat transfer model relies on several assumptions, viz., considers a uniform
perfusion rate, neglects blood flow direction and the artery-vein countercurrent arrange-
ment, and considers arterial blood temperature to be constant at 37 ◦C [11]. To address
this issue, porous media approach has been utilized which is based on fewer assumptions
as compared to Pennes equation and thus provides a better prediction of the temperature
distribution during thermal ablative procedures [4,11,12]. Numerical studies have also
been reported to incorporate the mechanical deviations induced due to insertion of the elec-
trode in the myocardium tissue during RF ablation [13–16]. Recently, comparative analysis
has also been conducted to quantify the differences in applied electrical power between
full thorax models and limited-domain models for RF-assisted cardiac ablation [17,18].
A brief recent survey of coupled thermo-electro-mechanical models of cardiac ablation
from a multiscale perspective can be found in [19]. Thus, significant efforts have been
made in the past to refine the numerical models of cardiac ablation and to mitigate the
deviations obtained in the numerical and experimental predications. Moving further in
this direction, we report a fully coupled electro-thermo-mechanical model to provide more
realistic and accurate predictions of the treatment outcomes during the RF-assisted cardiac
ablation. The developed model accounts for the non-Fourier thermal relaxation time effects,
fluid–structure interactions and porous media approach. Parametric studies have been
conducted to systematically investigate the effect of porosity, thermal relaxation times,
blood flow velocity, electrode insertion depth and electrode orientation on the treatment
outcomes of RF-assisted cardiac ablative procedures.

2. Materials and Methods

Figure 1 presents the schematic of three-dimensional computational domain consid-
ered in the present numerical study for simulating the RF-assisted cardiac ablation. In
particular, the considered model comprises of a fragment of cardiac tissue, blood chamber
and an open-irrigated electrode (7 Fr diameter and 4 mm length) [8,10]. Replicating actual
clinical scenarios, a force is applied at the top of the electrode, resulting in its insertion
within the cardiac tissue to a depth of up to 2 mm, which has proved to be safer and
effective in clinical studies reported in the literature [15]. The material properties for the
different domains considered in this study are presented in Table 1 [8,10,13–16,20–22].

Table 1. Material properties considered in the present study for different domains.

Parameter Myocardium/
Cardiac Tissue

Blood/
Cardiac Chamber

Electrode
(Active Part)

Catheter
(Insulated Part)

Density
ρ (kg/m3) 1060 1000 21,500 70

Specific heat
c (J/(kg·K)) 3111 4180 132 1045

Thermal conductivity
k (W/(m·K)) 0.53 0.541 71 0.026

Electrical conductivity
σ (S/m) 0.54 0.667 4.6 × 106 10−5

Thermal expansion coefficient
α (K−1) 1 × 10−4 – – –
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Figure 1. (a) Reduction of computational domain from full thorax model to limited domain model (reproduced from Iras-
torza et al. [17] under the terms of the Creative Commons CC BY license for an open access article). (b) Boundary condi-
tions associated with the limited-domain model considered in the present numerical study. (c) Schematic of three-dimen-
sional model derived from the selected control volume of limited-domain model. 
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bution during cardiac ablation that assumes tissue phase temperature to be equal to fluid 
phase temperature everywhere within the porous tissue [23]. The non-Fourier based bio-
heat transfer equation for porous medium incorporating two phase lags (τq and τt) can be 
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inertia) [21,25], τt is the phase lag in establishing temperature gradient across the medium 
(i.e., the delay arising from micro-structural interactions). While the models accounting 
for thermal relaxation in the context of hyperbolic thermo-elasticity have a longer history 
[26–28], a comprehensive analysis and applications of such models in the context of ther-
mal ablation of biological tissues are fairly new [21]. Due to two associated phase lags, 
Equation (1) is often referred to as a dual phase lag (DPL) model that will be reduced to 
single phase lag (SPL) for τq ≠ 0, τt = 0, and Fourier’s law based Pennes bioheat transfer 
equation for τq = τt = 0. ρ is the density, c is the specific heat capacity, k is the thermal 
conductivity, u  is the velocity vector. T is the temperature to be computed during RF-
assisted cardiac ablation. Qp is the resistive heat generated due to RF heating and under 

Figure 1. (a) Reduction of computational domain from full thorax model to limited domain model (reproduced from
Irastorza et al. [17] under the terms of the Creative Commons CC BY license for an open access article). (b) Boundary
conditions associated with the limited-domain model considered in the present numerical study. (c) Schematic of three-
dimensional model derived from the selected control volume of limited-domain model.

The transient temperature distribution and ablation volume attained within the porous
myocardium tissue during RF-assisted cardiac ablation have been computed utilizing the
coupled electro-thermo-mechanical model incorporating non-Fourier effects and fluid–
structure interactions. Further, in this numerical study the porous media based local
thermal equilibrium (LTE) formulation has been used to compute the temperature dis-
tribution during cardiac ablation that assumes tissue phase temperature to be equal to
fluid phase temperature everywhere within the porous tissue [23]. The non-Fourier based
bioheat transfer equation for porous medium incorporating two phase lags (τq and τt) can
be represented as [4,24].

(ρc)e f f
∂T
∂t

+ (ρc)b
→
u · ∇T = ke f f

[
∇2T + τt

∂

∂t

(
∇2T

)]
+ Qp, (1)

where τq is the thermal relaxation time that represents the time delay between heat flux
and the associated heat conduction through a medium (i.e., the delay arising from ther-
mal inertia) [21,25], τt is the phase lag in establishing temperature gradient across the
medium (i.e., the delay arising from micro-structural interactions). While the models
accounting for thermal relaxation in the context of hyperbolic thermo-elasticity have a
longer history [26–28], a comprehensive analysis and applications of such models in the
context of thermal ablation of biological tissues are fairly new [21]. Due to two associated
phase lags, Equation (1) is often referred to as a dual phase lag (DPL) model that will be
reduced to single phase lag (SPL) for τq 6= 0, τt = 0, and Fourier’s law based Pennes bioheat
transfer equation for τq = τt = 0. ρ is the density, c is the specific heat capacity, k is the

thermal conductivity,
→
u is the velocity vector. T is the temperature to be computed during



Fluids 2021, 6, 294 4 of 15

RF-assisted cardiac ablation. Qp is the resistive heat generated due to RF heating and
under quasi-static approximation of Maxwell’s equation, it is represented as the product
of current density (J) and electric filed intensity (E), i.e., Qp = J·E = σE2 (W/m3), where σ
is the electrical conductivity of the biological tissue. The effective heat capacity and the
thermal conductivity of porous cardiac tissue are given by:

(ρc)e f f = ερtct + (1− ε)ρbcb,
ke f f = εkt + (1− ε)kb,

(2)

where ε is the porosity of the tissue, i.e., the ratio of blood volume to the total volume.
Subscripts eff, t and b stand for effective, tissue and blood, respectively. Motivated by [8,14],
both electrical and thermal conductivities have been modeled as temperature dependent
properties. The blood flow within the porous domain has been modeled assuming the
laminar, incompressible, Newtonian flow as given by the modified Navier–Stokes equa-
tion [20,29], as follows:

∇→u = 0,

ρb

(
∂
→
u

∂t +
→
u · ∇→u

)
= −∇P + µ

ε∇2→u − µ
K
→
u,

(3)

where
→
u(= ux, uy, uz) is the velocity vector, ρb is the density of blood, P is the blood

pressure, µ is the dynamic viscosity of blood (= 2.1 × 10−3 Pa·s), ε is the porosity and
K is the permeability of porous cardiac tissue (= 7.7 × 10−11 m2). Other models for the
fluid part of the fluid–structure interaction (FSI) problem can be easily incorporated in
the proposed framework, including those based on non-Newtonian flows (e.g., [30–34]).
Although not yet fully integrated with the models for ablation therapies, the cardiac
fluid dynamics models have been an area of active research from theoretical, numerical,
and experimental perspectives [35–37]. Likewise, FSI problems have received significant
attention of the research community [38–46]. In our present context, it should be noted
that while the research in cardiovascular modeling also covers cardiac electro-mechanical
coupling, specifics of ablation problems require new models and new approaches for
their solution.

The thermo-elastic deformation caused by non-uniform heating during cardiac abla-
tion has been quantified using the modified stress–strain equation incorporating thermal
expansion effects [4,14], as:

σij = 2µεij + λεkkδij − (3λ + 2µ)εthδij, (4)

where σ is the stress tensor, µ = [E/2(1 + υ)] and λ = [υE/(1 + υ)(1 − 2υ)] are the Lame’s
constants, E is the Young’s modulus, υ is the Poisson’s ratio, ε = [(∇uT +∇u)/2] is the strain

tensor, u is the mechanical displacement vector, εth =

 T∫
Tre f

αdT

 is the thermal strain, α is

the thermal expansion coefficient, T is the temperature computed from bio-heat transfer
model, Tref = 37 ◦C is the reference temperature and δ is the Kronecker delta function
given by:

δij =

{
1 f or i = j
0 f or i 6= j

. (5)

The general form of the thermo-elastic wave equation for the non-rigid mechanics can
be expressed as [4,14]:

ρ
∂2u
∂t2 = σij,j + Fi, (6)

where ρ is the density of the material, σ is the stress tensor given by Equation (4) (i, j = 1,
2, 3 are the tensor indices representing geometry’s coordinate axes), u is the mechanical
displacement vector, t is the time and F is the external body force. The myocardium tissue
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has been modeled as a linearly elastic, isotropic and homogeneous material with E = 75 kPa
and υ = 0.49, while the Young’s modulus of elasticity and Poisson’s ratio of the RF electrode
has been considered to be 168 GPa and 0.38, respectively [13,21].

A 60 s cardiac ablation procedure has been modeled by applying a Dirichlet voltage
boundary condition (=25 V) at the active tip of the electrode [6]. At the bottom surface
of the computational domain 0 V electric potential has been applied to model the dis-
persive (ground) electrode. The initial voltage and the initial temperature of the entire
computational domain have been set to 0 V and 37 ◦C, respectively. At each interface
within the computational domain, electrical, thermal and mechanical continuity boundary
conditions have been imposed. The saline flow from the holes of an open-irrigated elec-
trode has been modeled by specifying a 45 ◦C constant temperature at the active electrode
surface not inserted within the cardiac tissue [8,10]. Notably, the induced ablation volume
during the RF-assisted cardiac ablation has been quantified utilizing the 50 ◦C isotherm
contour, which represents the volume of myocardium tissue having a temperature ≥50 ◦C
after the selected treatment time [6–8,10,13–16]. A finite-element method (FEM) based
COMSOL Multiphysics 5.2 software [47] has been used to solve the coupled electro-thermo-
mechanical problem for computing electric field and temperature distributions, ablation
volumes and thermally induced stresses within the cardiac tissue post cardiac ablative
procedures. The computational domain has been discretized using the heterogeneous
tetrahedral mesh elements with further refinements close to the active tip of the electrode
where higher electrical, thermal and mechanical gradients are expected. Mesh sensitivity
studies have been conducted to compute the optimal number of mesh elements by pro-
gressively refining the mesh until the absolute error for maximum temperature is less than
0.5% compared to the previous mesh size. The final mesh consists of 83324 elements. All
FEM simulations presented in the next section have been conducted on the 64-bit 10 core
Intel® Xeon® E5-2680 v2 @ 2.80 GHz processor.

3. Results and Discussion

In this section, we will present the results derived from the developed fully coupled
electro-thermo-mechanical models of the cardiac ablation incorporating: (a) fluid–structure
interaction, (b) non-Fourier based heat transfer, and (c) a porous media approach. In what
follows, we provide details of a systematic analysis of the effects of porosity, thermal
relaxation times (both single and dual phase lags), blood flow velocity, electrode insertion
depth and electrode orientation on the temperature distribution and ablation volume.

The fidelity and integrity of the developed model have been evaluated by comparing
the results obtained from the present model with those available in the literature, in
particular [6], incorporating similar geometrical configurations, thermo-physical properties,
initial and boundary conditions. The comparative analysis of the outcomes of the model
with that of [6] is presented in Table 2 for both low and high blood flow conditions
considered in the present numerical study. As evident from Table 2, the predicted results
of the developed model are in good agreement with those reported in [6] after 60 s of
RF-assisted cardiac ablation utilizing constant voltage of 25 V, and as such the model has
been validated and lends great confidence in the reported results discussed next.

Table 2. Validation of the predicted results of current model with that of [6].

Parameter

Low Blood Flow
u = 3 cm/s

High Blood Flow
u = 8.5 cm/s

Previous Study [6] Present FEM Study Previous Study [6] Present FEM Study

Depth of lesion 7.64 mm 7.62 mm 7.53 mm 7.53 mm
Maximum width of lesion 12.81 mm 12.80 mm 11.92 mm 11.90 mm

Maximum temperature in the tissue 111.3 ◦C 110.8 ◦C 102.4 ◦C 101.9 ◦C
Maximum temperature in the blood 89.6 ◦C 89.2 ◦C 79.9 ◦C 79.7 ◦C
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3.1. Coupled Electro-Thermo-Mechanical Model of Cardiac Ablation

Figure 2 presents the induced temperature, von Mises stress and volumetric strain
distributions predicted after 15, 30 and 60 s of the cardiac ablation procedure with a
porosity of 0.3, blood flow of uin = 3 cm/s, thermal lags of τq = 8 s, τt = 0.045 s, insertion
depth of 2 mm and perpendicular orientation of electrode. As evident from Figure 2a–c,
the temperature distribution within the cardiac tissue is of the ellipsoid shape which is
consistent with the other modeling studies available in the literature. Further, due to the
blood flow in the cardiac chamber (from left to right face), the temperature distribution
is not symmetric along the electrode insertion axis. Rather, the temperature distribution
in the downstream of the electrode is slightly higher as compared to the upstream side.
This can be attributed to the fact that at the upstream side the RF electrode obstructs the
path of the blood flow within the blood chamber and accordingly the blood velocity will
be slightly higher at upstream side as compared to downstream side of the electrode. This
could eventually lead to an enhanced heat-sink effect whereby the heat generated due to
the high-frequency RF currents is being carried away by the flowing blood.
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Moreover, the hot spot zone during the 60 s of cardiac ablation procedure is induced
just beneath the tip of the RF electrode within the cardiac tissue. Alongside the cardiac
tissue, a significant portion of the blood in the cardiac chamber (mainly close to the
electrode surface) is also exposed to elevated temperature greater than 50 ◦C. Thus, the
present study not only allows the accurate prediction of the cardiac tissue temperature, but
also provides the accurate estimate of the blood temperature during the cardiac ablation
procedure. Further, as mentioned earlier, the higher thermal stresses induced within the
cardiac tissue during the RF procedure could also result in the nociception of the thermal
pain. The von Mises stresses obtained from the coupled electro-thermo-mechanical model
have been presented in Figure 2d–f. Notably, in continuum mechanics von Mises stress
provides an indication of whether the induced stress will lead to material failure or not.
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Figure 2g–i presents the volumetric strain induced within the cardiac tissue. As evident,
the portion of the cardiac tissue that was exposed to the higher temperature experiences
higher volumetric strain.

3.2. Effect of Porosity

In this study, porous media theory has been used for modeling the heat transport
within the cardiac tissue during RF assisted cardiac ablation. Notably, LTE formulation
has been used, which assumes the temperature of the tissue phase locally equal to the
blood phase within the porous medium. Moreover, the porosity of the biological tissue
is likely to change during the minimally invasive thermal ablative procedure owing to
the natural body temperature regulation system that controls the body temperature by
regulating blood flow within the porous biological structure [23]. This regulation system
could increase or decrease the porosity of the biological medium, and hence effective
thermal conductivity of the porous medium, based on the temperature changes induced
within the tissue during thermal ablation. Thus, we have quantified the effect of changes
in porosity on the tissue and blood temperature distributions, and the attained ablation
volume during the cardiac ablation procedure. Motivated by [11,20,48], three values of
porosity have been selected for the biological tissue, viz., ε = 0.05, 0.3, 0.6. Importantly,
in the present study the ablation volume refers to the volume of cardiac tissue having a
temperature greater than or equal to 50 ◦C [14,49–52]. Figure 3a presents the temporal
variation of temperature at a point 1 mm away from the tip of the electrode along the
line of electrode insertion for different values of porosity of cardiac tissue. As evident
from this figure, the changes in porosity do not affect the predicted temperature profile
approximately till first 30 s of the RF assisted cardiac ablation. Beyond that there prevails
a significant variation in the temperature profile for considered values of porosity. The
increase in porosity from 0.05 to 0.6 decreases the magnitude of temperature by 5.37 ◦C after
60 s of cardiac ablation. The effect of variation in cardiac tissue porosity on the maximum
tissue and blood temperatures have been presented in Figure 3b,c, respectively. Again, the
variation of the maximum tissue temperature for different values of porosity is negligible
up to first 30 s of cardiac ablation and it eventually increases thereafter. The change in
porosity from 0.05 to 0.6 results in a decline of 6.86% in the predicted value of the maximum
temperature attained within the tissue after 60 s of cardiac ablation. The varying cardiac
porosity has very negligible influence on the maximum blood temperature, as evident from
Figure 3c. Moreover, as seen from Figure 3a–c the temperature distributions in both tissue
and blood increase with an increase in heating time during the cardiac ablative procedure.
Initially, the increase in temperature is asymptotic, which later stabilizes with the passage
of time. Further, both tissue and blood temperature distributions follow similar trends,
however the rise in blood temperature is significantly less than the tissue temperature
due to the different RF powers absorbed within the tissue and blood during the cardiac
ablation. Figure 3d presents the temporal variation of ablation volume attained during
the 60 s cardiac ablation procedure. As evident, the ablation volume predicted with ε

= 0.6 is significantly higher as compared to ε = 0.05. This can be attributed to the fact
that the higher porosity of the cardiac tissue will result in higher volumetric transfer area
between the blood and the tissue, resulting in higher ablation volume during the cardiac
ablation. Thus, the variation in the porosity significantly affects the predicted outcomes
of the cardiac ablation and must be accounted for obtaining accurate, precise and realistic
predictions of tissue and blood temperatures as well as the attained ablation zone.
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3.3. Effect of Thermal Relaxation Times

The heat transfer within the biological tissue has been modeled utilizing a dual-phase
lag bio-heat transfer model considering two phase lags, τq and τt. Importantly, τq refers to
the phase lag due to heat flux, i.e., time delay between the heat flux and the temperature
variation. By virtue of this lag, the thermal energy propagation within the cardiac tissue
during RF ablation is arrested. A higher value of τq results in higher energy accumulation
within the biological tissue and consequently significantly higher vibration characteristics
in response to the elevated temperatures; while τt refers to the phase lag due to the
temperature gradient, i.e., heat flux vector precedes the temperature gradient. This lag
eventually results in lower energy accumulation and lower peak temperatures within
the biological tissue, and accordingly the increase in τt results in diminishing vibration
characteristic in thermal response [53,54]. Motivated by [21,53,54], three values of thermal
lag have been selected for the biological tissue, viz., τq = τt = 0 (Fourier model), 1, 5. The
effect of thermal relaxation times (τq and τt) on the temperature distribution and ablation
volume for cardiac ablation procedure has been presented in Figure 4 for ε = 0.3 and
uin = 3 cm/s. Figure 4a presents the temporal variation of temperature at a point 1 mm
away from the RF electrode tip along the insertion axis for different values of thermal
relaxation times.
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As inferred from Figure 4a, there prevails significant deviations among the predicted
values of the temperature for first 30 s of the cardiac ablation for different values of τq and
τt. Eventually, beyond 30 s of ablation, the deviation between the predicted temperature
for different values of thermal relaxation time diminishes with the passage of time. Similar
variations have been seen in the ablation volume profile presented in Figure 4d. Moreover,
the non-Fourier characteristics have a negligible effect on the maximum tissue and blood
temperatures during the 60 s long cardiac ablation, as depicted in Figure 4b,c, respectively.
Thus, for shorter duration of cardiac ablation, less than 30 s or so, the thermal relaxation
times could significantly affect the predicted ablation volume, while for treatment times
greater than 30 s, ablation volume is not sensitive to the value of thermal relaxation times.

3.4. Effect of Blood Flow in the FSI Problem and Electrode Insertion Depth

The effects of blood flow rate on the temperature distribution and ablation volume
during cardiac ablation procedure have been presented in Figure 5a,b, respectively. Two
blood flow conditions have been considered, viz., low blood flow rate (uin = 3 cm/s)
and high blood flow rate (uin = 8.5 cm/s). As evident from Figure 5a,b, the temperature
distribution and ablation volume profiles for low blood flow rate conditions are always
on a higher side when compared to the high blood flow rate conditions, except for first 10
to 15 s of cardiac ablation, whereby the deviations among low and high blood flow rate
conditions are quite negligible.
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The reduction in ablation volume size for high blood flow rate condition as compared
to low blood flow rate can be attributed to the higher heat-sink affect induced by the high
blood flow rate, thus carrying away the considerable portion of heat that was supposed to
be deposited within the cardiac tissue during thermal ablative procedure and thus reducing
the ablation zone. At the end of 60 s of cardiac ablation, the ablation volume attained with
high blood flow rate condition is found to be 23.07% lower as compared to that obtained
with low blood flow rate condition. Furthermore, the influence of electrode insertion depth
on the ablation volume attained during the RF assisted cardiac ablation procedure has been
presented in Figure 5c,d for both low and high blood flow rates conditions, respectively. As
evident from these figures, for both cases the ablation volume abruptly increases with the
increase in the insertion depth. This can be attributed to the fact that the larger the insertion
depth of the RF electrode is, the more will be the contact surface of the electrode with
the target tissue and lower the heat-sink effect caused by the flowing blood in the cardiac
chamber, eventually resulting in enhanced delivery of the RF energy to the cardiac tissue
and thus leading to significantly higher ablation volumes. It has been found that for the low
blood flow rates, ablation volume increases by 33.79%, 68.22% and 110.53% for insertion
depth of 1, 1.5 and 2 mm, respectively, as compared to the ablation volume quantified with
0.5 mm insertion depth of the electrode. Similarly, for the high blood flow rates condition,
increase in ablation volume is 61.40%, 106.96% and 175.49% for electrode insertion depth
of 1, 1.5, and 2 mm, respectively, as compared to 0.5 mm electrode insertion depth.
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3.5. Effect of of Electrode Orientation

Apart from the RF electrode insertion depth, we have also numerically investigated
the effects of RF electrode orientation on the treatment outcomes of cardiac ablative proce-
dures. Motivated by [55], three RF electrode to tissue orientations have been considered,
viz., perpendicular (90◦), oblique (45◦) and parallel (0◦), as depicted in Figure 6a. The
temperature distributions obtained for these three orientations have been presented in
Figure 6b–d considering ε = 0.3 and uin = 3 cm/s. As evident from this figure, the maximal
depth of the lesion obtained after 60 s of cardiac ablation is nearly same for all orientations,
while the maximal width of the lesion increases by decreasing the RF electrode orientation
w.r.t tissue from 90◦ to 0◦. This can be attributed to the fact that as the electrode orientation
is decreased the contact surface area between the electrode tip and the cardiac tissue in-
creases leading to enhanced delivery and accumulation of the RF energy within the tissue,
thereby increasing the ablation zone attained after 60 s of the RF assisted cardiac ablation.
The propagation of ablation volume after 15 s, 30 s and 60 s of cardiac ablation procedure
has been presented in Figure 7 for different orientations of the electrode considered in
the present study. Furthermore, the effects of electrode orientation on the maximum tem-
perature distribution attained within the tissue and blood during 60 s of cardiac ablation
have been presented in Figure 8a,b, respectively. As evident from these figures, the effect
of electrode orientation is far more pronounced on the maximal blood temperature as
compared to the tissue temperature. The maximal temperature profile is higher for the
oblique orientation and lower for the parallel orientation of the RF electrode. Moreover,
the temporal variations of the ablation volume for different orientations of the electrode
have been presented in Figure 8c,d for low and high blood flow rates, respectively. The
ablation volumes attained after 60 s of the RF assisted cardiac ablation for oblique and
parallel orientations have been found to be 16.59% and 54.72% higher for low blood flow
condition, respectively, and 17.92% and 63.73% for high blood flow condition, respectively,
when compared to the perpendicular orientation.
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Figure 6. (a) Schematic of three different orientations of the RF electrode with respect to cardiac
tissue. Temperature distribution obtained after 60 s of cardiac ablation with: (b) perpendicular (90◦),
(c) oblique (45◦), and (d) parallel (0◦) orientations of the electrode.
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Figure 8. Temporal variation of: (a) maximum tissue temperature, and (b) maximum blood temperature for different
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4. Conclusions

In this contribution, a fully coupled electro-thermo-mechanical model has been devel-
oped incorporating fluid–structure interactions, non-Fourier effects and a porous media
framework, for providing more accurate, precise and realistic estimates of the temperature
distribution and ablation volumes attained during the cardiac ablation procedures. Para-
metric studies have been conducted to quantify the effect of different factors, viz., porosity,
thermal relaxation times, blood flow rates, electrode insertion depths and electrode orienta-
tions. The presented results would assist the clinicians in the treatment planning stage of
the therapies by providing key quantitative information about the effect of critical factors
on the efficacy of the cardiac ablation. Further development of the presented results is
anticipated along with exploration of the additional coupled effects between the physical
fields involved, tissue-cellular scale interactions, and integration of clinical data via efficient
data-driven algorithms, including those derived within a machine learning framework. It
is expected that the developed model and its further extensions would contribute to the
goal of advancing patient-specific models of cardiac ablation that can be readily integrated
to hospital work-flow.
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