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The application of radio frequency ablation (RFA) has been widely explored in treating
various types of cardiac arrhythmias. Computational modeling provides a safe and viable
alternative to ex vivo and in vivo experimental studies for quantifying the effects of different
variables efficiently and reliably, apart from providing a priori estimates of the ablation
volume attained during cardiac ablation procedures. In this contribution, we report a fully
coupled electrothermomechanical model for a more accurate prediction of the treatment
outcomes during the radio frequency cardiac ablation. A numerical model comprising of
cardiac tissue and the cardiac chamber has been developed in which an electrode has been
inserted perpendicular to the cardiac tissue to simulate actual clinical procedures.
Temperature-dependent heat capacity, electrical and thermal conductivities, and blood
perfusion rate have been considered to model more realistic scenarios. The effects of blood
flow and contact force of the electrode tip on the treatment outcomes of a fully coupled model
of RFA have been systematically investigated. The numerical study demonstrates that the
predicted ablation volume of RFA is significantly dependent on the blood flow rate in the
cardiac chamber and also on the tissue deformation induced due to electrode insertion depth
of 1.5 mm or higher.
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Computational Modeling of
Cardiac Ablation Incorporating
Electrothermomechanical
Interactions
The application of radio frequency ablation (RFA) has been widely explored in treating
various types of cardiac arrhythmias. Computational modeling provides a safe and viable
alternative to ex vivo and in vivo experimental studies for quantifying the effects of differ-
ent variables efficiently and reliably, apart from providing a priori estimates of the abla-
tion volume attained during cardiac ablation procedures. In this contribution, we report
a fully coupled electrothermomechanical model for a more accurate prediction of the
treatment outcomes during the radio frequency cardiac ablation. A numerical model
comprising of cardiac tissue and the cardiac chamber has been developed in which an
electrode has been inserted perpendicular to the cardiac tissue to simulate actual clinical
procedures. Temperature-dependent heat capacity, electrical and thermal conductivities,
and blood perfusion rate have been considered to model more realistic scenarios. The
effects of blood flow and contact force of the electrode tip on the treatment outcomes of a
fully coupled model of RFA have been systematically investigated. The numerical study
demonstrates that the predicted ablation volume of RFA is significantly dependent on the
blood flow rate in the cardiac chamber and also on the tissue deformation induced due to
electrode insertion depth of 1.5 mm or higher. [DOI: 10.1115/1.4048536]

Introduction

Radio frequency ablation (RFA) is one of the most promising
minimally invasive treatment modalities that has been widely and
effectively used for treating different types of soft tissue tumors in
clinical practices [1–4]. RFA has also been explored in the treat-
ment of certain types of cardiac arrhythmias, including atrial
fibrillation. In the past two decades, radio frequency (RF) assisted
cardiac ablation has become one of the most useful and widely
used first-line treatment options in the field of cardiac electrophys-
iology due to its high efficacy and safety profile [5]. During RFA
of the cardiac tissue, a catheter is navigated into the heart to
locally heat and destroy small tissue region, so as to electrically
isolate the arrhythmogenic tissues that generate or propagate
arrhythmia [5,6]. RF current is delivered into the myocardium tis-
sue utilizing the catheter that induces thermal lesion formation
through resistive heating of myocardial tissue and leads to irre-
versible damage at a temperature of 50 �C, or higher. The overall
goal of the RFA is to provide optimal heat transfer within the tar-
get tissue that can result in the attainment of the enhanced ablation
zone and minimize the effect of factors that hinders the efficient
heat delivery to the tissue.

Numerical modeling and simulations play a vital role in the
design and development of new systems and protocols for RFA,
along with the improvement and optimization of the existing pro-
tocols. Numerical simulations could serve as a powerful predic-
tive tool for providing a reasonable estimate of the treatment
outcomes to the clinical practitioners, rapidly and at a low cost.
They also assist in our better understanding of the effects of dif-
ferent extrinsic and intrinsic factors on the efficacy of RFA
[7–13]. Several computational studies have been reported in the
literature on the modeling of cardiac ablation utilizing coupled

thermo-electric framework [14–17]. Further, most of these model-
ing studies on cardiac ablation have clearly neglected the influ-
ence of tissue deformation under the application of force exerted
due to the insertion of the catheter. More recently, the mechanical
model has been incorporated in Refs. [18] and [19] for modeling
the tissue deformation under the application of force exerted due
to the insertion of the electrode. However, very limited work has
been reported in the literature that takes into account the thermo-
elastic deformations induced due to the nonuniform temperature
distribution within the cardiac tissue during RFA. Importantly, the
attainment of higher temperatures within the biological tissues
during RFA could significantly contribute to variations in their
shape or size due to the induced thermal strain. Thus, in a quest
for minimizing the deviations between the numerically predicted
and experimentally obtained lesion volumes and more accurately
quantifying the treatment outcomes of the cardiac ablation, we
report a fully coupled electrothermomechanical model that
accounts for the tissue deformation induced due to electrode inser-
tion as well as due to thermal stresses [7]. We systematically
investigated the effect of contact force exerted on the cardiac tis-
sue from the electrode and the blood flow rates on the treatment
outcomes of cardiac ablation.

Problem Formulation and Mathematical Modeling

Figure 1 presents the two-dimensional axisymmetric computa-
tional domain considered in this study for simulating the cardiac
ablation procedure, which comprises a fragment of cardiac tissue,
electrode, and blood chamber [16]. An open-irrigated electrode
(7 Fr diameter and 4 mm length) has been considered that is
placed perpendicular to the cardiac tissue and is surrounded by the
circulating blood (cardiac chamber) [16,17]. A contact force is
applied at the electrode tip of the catheter (i.e., insulated part of
the electrode) that results in the mechanical deformation of the tis-
sue surface along with the electrode insertion. Motivated by Refs.
[17–19], four different values of insertion depth of the electrode
have been considered in this study, viz., 0.5, 1, 1.5, and 2 mm.
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Notably, considered values of the insertion depth of the electrode
lie within the range of contact force between 10 and 40 g that has
proved to be safer and effective in clinical trials reported in the lit-
erature [19]. The electrothermomechanical properties of different
materials considered in the present computational study have been
summarized in Table 1 [7,16–19].

The thermal problem of cardiac ablation is solved utilizing the
generalized Fourier conduction based Pennes bioheat transfer
equation modified by the enthalpy method that incorporates the
liquid–vapor phase change to model tissue vaporization within the
biological tissue [3,7,17], and is given by

@ qhð Þ
@t
¼ kr2T � qb cbxb T � Tbð Þ þ Qm þ Qp (1)

where q is the density (kg/m3), h is the enthalpy (J/m3), qb is the
density of blood (kg/m3), cb is the specific heat capacity of the
blood (J/(kg�K)), k is the thermal conductivity (W/(m�K)), xb is
the blood perfusion rate (1/s), Tb is the blood temperature
(¼ 37 �C), and T is the unknown temperature (K) to be computed
within the cardiac tissue. The term qb cbxbðT � TbÞ accounts for
the microvascular heat sink effect, Qp is the radio frequency heat
source (W/m3), and Qm is the metabolic heat generation (W/m3)
that has been neglected due to its insignificant contribution in
comparison to the other terms [14–19]. Further, the enthalpy of
the biological tissue is related to the temperature by

@ qhð Þ
@t
¼ @T

@t
:

qlcl 0 � T � 99 �C

HfgC 99 �C < T � 100 �C

qgcg T > 100 �C

8>><
>>:

9>>=
>>; (2)

where qi and ci are the density and specific heat of tissue before
phase-change (subscript i¼ l refers to liquid tissue phase at tem-
peratures below 100 �C and subscript i¼ g refers to postphase-

change above 100 �C), Hfg is the latent heat (¼ 2.162� 109 J/m3),
i.e., the product of water latent heat of vaporization and water
density at 100 �C, and C is the tissue water content inside the
tissue (¼75%).

Moreover, at the frequency range used during cardiac ablation
(�500 kHz), the wavelength of the electromagnetic field is several
orders of magnitude larger than the size of the active electrode,
and thus, the biological tissue can be considered totally resistive
and a simplified version of Maxwell’s equations (known as a
quasi-static approximation) can be used to solve the electromag-
netic problem without compromising accuracy [3,4]. The volu-
metric heat generation (Qp) by electromagnetic field within the
biological tissue is given by

Qp ¼ rjEj2 (3)

where r is the temperature-dependent electrical conductivity
(S/m) and the electric field intensity (E) for the quasi-static
approximation of Maxwell’s equations is computed from the gra-
dient of voltage (V), as

E ¼ �rV (4)

which in the absence of internal electric sources satisfies the gen-
eralized Laplace equation

r � rrV ¼ 0 (5)

Further, the electrical conductivity, thermal conductivity, and
blood perfusion rate of the cardiac tissue have been modeled as a
temperature-dependent function [3,17] and are given by
Eqs. (6)–(8), respectively, as

rðTÞ¼

r0exp0:015ðT�TbÞ forT�99 �C

2:5345r0 for99 �C<T�100 �C

2:5345r0½1�Dr0ðT�100 �CÞ� for100 �C<T�105 �C

0:025345r0 forT>105 �C

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

(6)

kðTÞ ¼
k0 þ Dk T � Tbð Þ for T � 100 �C

k0 þ Dk 100 �C� Tbð Þ for T > 100 �C

( )
(7)

xb Tð Þ ¼ xb;0 for T < 50 �C
0 for T 	 50 �C

� �
(8)

where r0, k0, and xb,0 are the electrical conductivity, thermal con-
ductivity, and blood perfusion rate, respectively, of the myocar-
dium tissue at baseline temperature of Tb (¼37 �C) as presented in
Table 1, Dr0 (¼19.8%) is the decline of myocardial electrical
conductivity per �C increase in the temperature beyond 100 �C
due to tissue charring and water vaporization, Dk0 (¼0.12%) is
the increase of myocardial thermal conductivity per �C increase in
the temperature, and T is the temperature computed from the
modified Pennes bioheat transfer equation Eq. (1).

Motivated by Refs. [16] and [17], the ablation (or damage) vol-
ume induced during the cardiac ablation _Vð Þ has been quantified
using the 50 �C isotherm contour (i.e., the volume of cardiac tissue
having a temperature	 50 �C post-RFA procedure), which corre-
sponds to a reasonable estimate of the irreversible myocardial
injury during hyperthermic ablation, and is given by [20,21]

_V ¼
ððð

X
dV mm3ð Þ where X 	 50 �Cð Þ (9)

The general form of the thermo-elastic wave equation for the non-
rigid mechanics is given by [3,7]

Fig. 1 Schematic of a two-dimensional axisymmetric model of
the cardiac ablation considered in this study (not to scale)
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Table 1 Electrothermomechanical properties of different materials considered in this study

Myocardium/cardiac tissue

Parameter Liquid phase Gas phase Blood/cardiac chamber Electrode (active part) Catheter (insulated part)

q (kg/m3) 1060 370.44 1000 21,500 70

c (J/(kg�K)) 3111 2155.92 4180 132 1045

k (W/(m�K)) k0¼ 0.54 0.54 71 0.026

xb (s�1) xb,0¼ 0.017 — — —

r (S/m) r0¼ 0.6 0.99 4.6� 106 10�5

a (K�1) 1� 10�4 — — —

Fig. 2 Displacement field distributions and deformation at the electrode-tissue interface for
electrode insertion depth of: (a) 0.5 mm, (b) 1 mm, (c) 1.5 mm, and (d) 2 mm
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q
@2u

@t2
¼ �rij;j þ �F (10)

where q is the density of the material, �r is the stress tensor
(i,j¼ 1,2,3 are the tensor indices representing geometry’s coordi-
nate axes), u is the mechanical displacement vector, t is the time,
and �F is the external body force. In this study, the RF electrode
has been modeled as linearly elastic, isotropic, and homogeneous
material having Young’s modulus of elasticity as 168 GPa and
Poisson’s ratio as 0.38 [19]. The stress–strain relationship for the
linearly elastic material is given by [3,7]

�rij ¼ 2leij þ kekkdij (11)

where e ¼ ruT þruð Þ=2
� �

is the strain tensor (subscript i,j¼ 1,
2, 3 are the tensor indices representing geometry’s coordinate
axes and subindices kk indicate the trace of the strain tensor),
l ¼ �E= 2 1þ �ð Þð Þ

� �
and k ¼ � �E= 1þ �ð Þ 1� 2�ð Þ

� �� �
are the

Lame’s constants, �E is the Young’s modulus of elasticity, and � is
the Poisson’s ratio and d is the Kronecker delta function given by
[3,7]

dij ¼
1 for i ¼ j
0 for i 6¼ j

�
(12)

The myocardium tissue has been modeled as a nearly incompres-
sible, isotropic, and homogenous hyperelastic material. The
Cauchy-stress tensor for the hyperelastic material can be
expressed as [22,23]

�r ¼ J�1 @W Fð Þ
@F

FT (13)

where F is the deformation gradient and J is the volume ratio
(¼det(F)) and W is a function of the Green strain components. In
this study, the Mooney–Rivlin model has been used for describing
the strain energy function of the hyperelastic myocardium tissue
[19]

W ¼ C1 I1 � 3ð Þ þ C2 I2 � 3ð Þ þ D1 exp D2 I1 � 3ð Þð Þ � 1½ � (14)

where I1 and I2 are the first and second strain invariants, respec-
tively, C1 (¼351 Pa), C2 (¼0), D1 (¼63.3 Pa), and D2 (¼5.3) are
the material parameters adopted from Ref. [19]. Further, the ther-
mal expansion of the hyperelastic myocardial tissue is modeled as
[23]

Jth ¼ 1þ ethð Þ3

eth ¼
ðT

Tb

adT
(15)

where Jth is the thermal volume ratio, eth is the linear thermal
expansion strain, and a is the thermal expansion coefficient.

A constant voltage cardiac ablation has been modeled by apply-
ing the Dirichlet voltage boundary condition at the active elec-
trode surface whereby a fixed constant voltage of 25 V has been
applied for 60 s [14]. The dispersive (ground) electrode has been
modeled by applying a 0 V at the bottom surface of the computa-
tional domain, so as to mimic the RF current flow between the
active and ground electrodes in a monopolar configuration. All the
other outer surfaces of the model have been subjected to the Neu-
mann electrical boundary condition of null electric flux. The ini-
tial voltage of the entire computational domain has been
considered to be 0 V. The effect of the saline flow from the holes
of an open-irrigated electrode has been modeled by specifying a
constant temperature of 45 �C at the cylindrical zone of the elec-
trode tip, leaving the semispherical part inserted within the tissue
free, as in previous numerical studies [16,17]. Notably, this

approximation for modeling an open-irrigated electrode has ear-
lier proved to be suitable for predicting the ablation depth and
maximum temperature reached within the tissue during cardiac
ablation for all time steps [16].

Further, the effect of blood flow inside the cardiac chamber has
been modeled by specifying the thermal convective coefficients at
the electrode–blood (hE) and the tissue–blood (hT) interfaces to
reduce computational complexity. Although this modeling
approach of blood flow within the cardiac chamber does not pro-
vide a realistic blood temperature distribution during cardiac abla-
tion, it does predict the ablation depth reasonably well [16,17]. In
this study, we considered two values of blood velocity, viz.,
8.5� 10�3 m/s and 3� 10�3 m/s representing the high and
low blood flow rates within the cardiac chamber, respectively.
For these values of the blood flow rates, the respective values of
convective heat transfer coefficients are: hE¼ 3346 and
2059 W/m2�K; and hT¼ 610 and 265 W/m2�K corresponding to
the high and low blood flow rates, respectively [14,17]. A constant
temperature (¼ 37 �C) thermal boundary condition has been speci-
fied at all the outer boundaries of the computational domain that is
also the initial model temperature, except at the electrode tip
which was considered to be 22 �C, so as to take into account the
saline inflow from the open-irrigated electrode [17].

Fig. 3 (a) Tissue deformation and (b) contact pressure distri-
bution at the electrode-tissue interface for the electrode inser-
tion depth of: (a) 0.5 mm, (b) 1 mm, (c) 1.5 mm, and (d) 2 mm
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Regarding the mechanical boundary conditions, a prescribed
displacement in the vertically downward direction (i.e., z-axis)
has been applied to the RF electrode (viz., 0.5, 1, 1.5, and 2 mm)
to simulate the effect of contact force on the cardiac ablation
[17–19]. The prescribed displacement at the electrode surface in
the radial direction has been considered to be zero and the fixed
constraint on the displacement has been applied at the bottom sur-
face of the computational domain [19]. The initial stress and strain
have been set to zero for the entire model. Moreover, the electri-
cal, thermal, and mechanical continuity boundary conditions have
been imposed at each interface of the computational domain.

A finite element method (FEM) based COMSOL MULTIPHYSICS 5.5
software [24] has been used to solve the coupled electrothermome-
chanical problem using quadratic (second-order) shape functions.
A sigmoid function has been used to handle the abrupt changes in
myocardium tissue properties at phase change temperature of
100 �C. It is noteworthy to mention that the computational model
of cardiac ablation has been solved in two steps. The first step com-
putes the tissue deformation induced due to the contact force
exerted by the RF electrode on the cardiac tissue for different inser-
tion depth of the electrode (¼ 0.5, 1, 1.5, and 2 mm) considering
only the mechanical model, whereby the cardiac tissue is modeled
as a hyperelastic material and RF electrode is modeled as a linearly
elastic material. In the next step based on the computed deforma-
tion of the tissues for different insertion depth of the electrode, a
fully coupled electrothermomechanical model has been solved to
compute the electric field distributions, temperature distributions,
ablation volumes and thermally induced stresses within the cardiac
tissue during the RFA procedure. Further, the computational
domain has been discretized using the spatial heterogeneous

triangular mesh elements with around 12,000 elements having a
minimum element size of 1.57 lm and a maximum element size of
0.785 mm. While modeling the first step, where the deformation
induced within the cardiac tissue due to the electrode insertion has
to be computed, the destination boundary (i.e., cardiac tissue) has a
finer mesh size compared to the source boundary (i.e., RF elec-
trode). For the second step, where a fully coupled electrothermo-
mechanical model has been solved, an extra mesh refinement has
been applied at the electrode-tissue interface where the highest
thermal, mechanical and electrical gradients were expected. The
final mesh size has been obtained after conducting the mesh con-
vergence tests by progressively refining the mesh until the absolute
error for maximum temperature and von Mises stress is less than
0.5% compared to the previous mesh size and accordingly the pre-
vious mesh size was considered as the final optimal mesh size for
conducting FEM simulations. All simulations have been conducted
on a 64-bit 10 core Intel Xeon E5-2680 v22.80 GHz processor
(Santa Clara, CA) with a solution time of less than 30 min.

Results and Discussion

The effect of the insertion depth of the RF electrode on the
deformation of cardiac tissue during the RFA procedure has been
presented in Fig. 2. As mentioned earlier, we have considered
four values of the insertion depth, viz., 0.5, 1, 1.5, and 2 mm, in
our analysis, so as to mimic the most reliable and frequently uti-
lized range of the penetration depth in clinical trials. As evident
from Fig. 2, the deformation of the cardiac tissue at the electrode-
tissue interface increases with an increase in the insertion depth of
the electrode. The corresponding displacement field distributions

Fig. 4 Von Mises stress distributions within the cardiac tissue for the electrode insertion depth of:
(a) 0.5 mm, (b) 1 mm, (c) 1.5 mm, and (d) 2 mm
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have also been presented in Fig. 2 for different insertion depth of
the electrode considered in the present analysis. Further, the com-
parative analysis of the induced deformation of the cardiac tissue
due to RF electrode insertion for different depths has been pre-
sented in Fig. 3(a). As evident from Fig. 3(a), the deformation of
the cardiac tissue at the electrode-tissue interface is quite predom-
inant for all cases. Moreover, the contact pressure exerted by the
electrode on the cardiac tissue has been presented in Fig. 3(b). It
can be seen from Fig. 3(b) that the contact pressure increases with
the increase in the insertion depth of the electrode and the maxi-
mum effect is mainly confined to the radius of the electrode, i.e.,

up to 1.16 mm or so. Figure 4 presents the von Mises stress distri-
bution corresponding to different values of the insertion depth of
the RF electrode. The maximum value of von Mises stress
induced within the cardiac tissue for the electrode insertion depth
of 0.5, 1, 1.5, and 2 mm have been found to be 1.61 kPa, 4.50 kPa,
8.03 kPa, and 38.8 kPa, respectively. Further, as evident from
Fig. 4, the increase in contact force at the electrode results in a
significant increase in the induced von Mises stress, which is evi-
dent from its wider and deeper reach within the cardiac tissue.

The temperature distributions obtained from the fully coupled
electrothermomechanical model of cardiac ablation have been

Fig. 5 Temperature distributions obtained in the cardiac tissue after 60 s of RFA under the
electrode insertion depth of: (a) and (b) 0.5 mm, (c) and (d) 1 mm, (e) and (f) 1.5 mm, and (g)
and (h) 2 mm. (a), (c), (e), and (g) are for high blood flow while (b), (d), (f), and (h) are under low
blood flow conditions (solid white lines denotes the lesion boundaries corresponding to 50 �C
isotherm).

041004-6 / Vol. 3, NOVEMBER 2020 Transactions of the ASME



presented in Fig. 5 for different values of insertion depth of the
electrode, viz., Figs. 5(a) and 5(b) for 0.5 mm, Figs. 5(c) and 5(d)
for 1 mm, Figs. 5(e) and 5(f) for 1.5 mm, and Figs. 5(g) and 5(h) for
2 mm. The left side of Fig. 5 (i.e., Figs. 5(a), 5(c), 5(e), and 5(g)
denotes the temperature distribution obtained under the condition
of high blood flow rate within the cardiac chamber surrounding the
open-irrigated electrode, while the right side (i.e., Figs. 5(b), 5(d),
5(f), and 5(h)) denotes the temperature distribution obtained with
low blood flow rate condition. It can be seen from Fig. 5 that the
blood flow rate within the cardiac chamber significantly affects the
temperature distribution obtained within the cardiac tissue during
the RFA procedure, and this is true for all values of the RF elec-
trode insertion depths. The maximum values of the temperature
within the tissue after 60 s of cardiac ablation for high blood flow
conditions have been found to be 84.7 �C, 89.8 �C, 94.3 �C, and
94.4 �C for the electrode insertion depth of 0.5, 1, 1.5, and 2 mm,
respectively. While for the low blood flow rate conditions within
the cardiac chamber, the maximum values of temperature have
been found to be 90.8 �C, 98.1 �C, 101.23 �C, and 101.33 �C for the
electrode insertion depth of 0.5, 1, 1.5, and 2 mm, respectively.

The temporal variation of the ablation volume for different val-
ues of the insertion depth of the electrode during the cardiac abla-
tion has been presented in Fig. 6. As evident from Fig. 6, the
predicted ablation volume for low blood flow conditions is always
higher as compared to the high blood flow condition during the
whole ablation time. Moreover, the deviation between the ablation
volumes obtained with the high and low blood flow conditions is
quite negligible initially up to the first 10 s and increases there-
after. The maximum deviation between the ablation volume
obtained with the high and low blood flow conditions has been
found for the insertion depth of 0.5 mm. In comparison to the low
blood flow, the predicted ablation volumes after 60 s of cardiac
ablation with high blood flow decrease by 26.38%, 25.67%,
20.23%, and 18.21% for the electrode insertion depth of 0.5, 1,
1.5, and 2 mm, respectively. Further, the predicted ablation vol-
umes at the end of 60 s of cardiac ablation procedure increase by
44.76%, 96.72%, and 117.61% for the electrode insertion depth of
1, 1.5, and 2 mm, respectively, in comparison to the ablation vol-
ume predicted with the electrode insertion depth of 0.5 mm for
high blood flow condition. For the low blood flow condition, the

Fig. 6 Temporal variation of the ablation volume attained after 60 s of cardiac ablation under the electrode insertion depth of:
(a) 0.5 mm, (b) 1 mm, (c) 1.5 mm, and (d) 2 mm
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respective increase in the ablation volumes have been found to be
43.37%, 81.55%, and 95.87% for the electrode insertion depth of
1, 1.5, and 2 mm, respectively, when compared to the ablation vol-
ume predicted with 0.5 mm electrode insertion depth. This abrupt
rise in the predicted ablation volume with the increase of insertion
depth of the electrode can be attributed to the fact that the

electrode-tissue contact volume increases as the insertion depth or
the contact force increases, resulting in improved RF energy
delivery to the tissue and thereby enhancing the ablation volume
and thus overall effectiveness of the cardiac ablation. Conversely,
for the low contact force, the majority of the RF energy will be
taken away by the blood flow within the cardiac chamber owing

Fig. 7 Temperature distributions obtained after 60 s of cardiac ablation as a function of distance from the electrode tip (meas-
ured perpendicular to the electrode surface) under different electrode insertion depth for: (a) high blood flow and (b) low blood
flow conditions

Fig. 8 Temperature distributions (in �C) obtained after 60 s of cardiac ablation under high blood flow conditions for the elec-
trode insertion depth of: (a) 0.5 mm, (b) 1 mm, (c) 1.5 mm, and (d) 2 mm. Left column is for the case where the tissue deforma-
tion has been neglected while right column is for the case where the tissue deformation has been considered (the axes are
represented in mm, and solid white lines denote the lesion boundaries corresponding to 50 �C isotherm).
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to insufficient electrode-tissue contact, and thus reducing the
adequate delivery of the energy to the target tissue that further
results in a decline in the obtained ablation volume. The tempera-
ture distributions across a line perpendicular to the electrode tip

under different electrode insertion depths have been presented in
Fig. 7 for high and low blood flow conditions. As evident from
Fig. 7, the temperature at the proximity of the electrode is lower
due to the cooling effect induced due to the saline irrigation that

Fig. 9 Temperature distributions (in � C) obtained after 60 s of cardiac ablation under low blood flow conditions for the elec-
trode insertion depth of: (a) 0.5 mm, (b) 1 mm, (c) 1.5 mm, and (d) 2 mm. Left column is for the case where the tissue deforma-
tion has been neglected while right column is for the case where the tissue deformation has been considered (the axes are
represented in mm, and solid white lines denote the lesion boundaries corresponding to 50 �C isotherm).

Fig. 10 Comparison of the ablation volume attained after 60 s of cardiac ablation for different values of insertion depth of the
electrode with and without consideration of tissue deformation at the electrode-tissue interface for: (a) high blood flow and (b)
low blood flow conditions
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shifts the peak temperature a few mm away from the tip of the
electrode. Further, the temperature distribution obtained for lower
blood flow condition is on the higher side when compared to
higher blood flow condition, and the length of tissue exposed to
the temperature of 50 �C or higher increases with the increase in
the insertion depth of the electrode.

The comparative analysis of the temperature distribution pre-
dicted with and without consideration of tissue deformation dur-
ing cardiac ablation has been presented in Figs. 8 and 9, for high
and low blood flow rates, respectively. Importantly, the left side
of each subfigures of Figs. 8 and 9 denotes the temperature distri-
bution predicted without considering tissue deformation (i.e.,
assuming sharp insertion of the electrode) while the right side
denotes the temperature distribution predicted with consideration
of tissue deformation induced at the tissue-electrode contact sur-
face of hyperelastic myocardium. As evident from Figs. 8 and 9,
the temperature distribution attained after 60 s of cardiac ablation
is higher in the case for which the tissue deformation was
neglected. This prevailing difference can be attributed to the fact
that under the same insertion depth of the electrode within the car-
diac tissue, neglecting tissue deformation results in a higher per-
centage of contact between the electrode and the tissue, and thus

subsequently higher energy delivery as compared to the case
where tissue deformation was considered. The differences in the
ablation volume obtained for different values of electrode inser-
tion taking into account and neglecting tissue deformation have
been presented in Fig. 10. As evident from Fig. 10, the differences
in the obtained ablation volumes after 60 s of cardiac ablation are
quite negligible up to electrode insertion depth of 1.5 mm, and
then increases significantly. In particular, for the electrode inser-
tion depth of 2 mm, the increase in ablation volume obtained with
neglecting tissue deformation has been found to be 19.95% and
24.23% in comparison to the ablation volume predicted with con-
sidering the tissue deformation at the electrode-tissue interface for
the higher and lower blood flow rates, respectively. Thus, the pre-
dicted results of the present numerical study suggest that tissue
deformation could play a vital role in accurately quantifying the
treatment outcomes of the cardiac ablation.

The von Mises stresses arising from the thermal exposure of the
cardiac tissue to elevated temperature during the RFA procedure
have been presented in Fig. 11. It is noteworthy to mention that in
continuum mechanics, the von Mises stress is the criterion for cal-
culating whether the induced stress will cause the failure of the
material or not. As earlier, the left side of Fig. 11 is with high

Fig. 11 Von Mises stress distributions within the tissue after 60 s of cardiac ablation under the elec-
trode insertion depth of: (a) and (b) 0.5 mm, (c) and (d) 1 mm, (e) and (f) 1.5 mm, and (g) and (h) 2 mm.
(a), (c), (e), and (g) are for high blood flow while (b), (d), (f), and (h) are under low blood flow conditions
inside the cardiac chamber.
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blood flow condition while the right side is with low blood flow
condition. Further, Figs. 11(a) and 11(b) is for 0.5 mm insertion
depth, Figs. 11(c) and 11(d) is for 1 mm insertion depth,
Figs. 11(e) and 11(f) is for 1.5 mm insertion depth, and Figs. 11(g)
and 11(h) is for 2 mm insertion depth. As evident from Fig. 11,
the maximum value of the von Mises stress induced within the
cardiac tissue has been found to be concentrated close to the vicin-
ity of the electrode tip where the high temperature is found. The
maximum value of the von Mises stress induced due to thermal
heating of cardiac tissue during RFA lies in the range of 0–101 Pa.
Further, the induced von Mises stress at the end of 60 s of RFA
procedure for low blood flow is slightly higher in comparison to
that of high blood flow condition. This can be attributed to the
higher value of maximum temperature obtained in the case of
low blood flow compared to the high blood flow condition. Thus,
the proposed model of cardiac ablation utilizing a coupled
electrothermomechanical framework would be useful in providing
a better and more accurate a priori estimates of treatment out-
comes to further enhance the effectiveness of the procedure. Over-
all, the results reported in this study in terms of both temperature
distribution and ablation volume are consistent with the previ-
ously reported numerical studies that also accounted for the
mechanical deformation induced at the electrode-tissue interface
during cardiac ablation [18,19]. Importantly, the cardiac tissue has
been modeled as an elastic material in Ref. [18] and hyperelastic
material in Ref. [19]. Extending this notion of the mechanical
deformation induced due to electrode insertion, we reported a
fully coupled electrothermomechanical model to also account for
the thermal stresses induced within the cardiac tissue during car-
diac ablation. We found that the ablation volume during cardiac
ablation increases with an increase of the insertion depth which is
concurrent with the results reported in Refs. [18] and [19]. Future
studies will be based on developing the fully coupled three-
dimensional model whereby the blood flow inside the cardiac
chamber and the saline flow through the holes of an open-irrigated
electrode will be modeled utilizing the Navier–Stokes equations
and the blood will be modeled as a non-Newtonian fluid. We also
plan to incorporate the full thorax model as recently reported in
Refs. [25] and [26].

Conclusions

We have reported a fully coupled electrothermomechanical
model of cardiac ablation for a more accurate prediction of the
treatment outcomes. Our findings suggest that the ablation volume
attained during cardiac ablation is significantly dependent on the
contact force at the electrode-tissue interface as well as the blood
flow rate. We have also reported the thermal stress distributions
induced due to the elevated temperature attained within the car-
diac tissue during RFA.
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Nomenclature

c ¼ specific heat capacity (J/(kg�K))
C ¼ tissue water content
E ¼ electric field intensity (V/m)

�E ¼ Young’s modulus of elasticity (Pa)
F ¼ deformation gradient
�F ¼ exterior body force (N)
h ¼ enthalpy (J/m3)

Hfg ¼ latent heat (J/m3)
J ¼ volume ratio

Jth ¼ thermal volume ratio
k ¼ thermal conductivity (W/m�K)

Qm ¼ metabolic heat generation (W/m3)
r, z ¼ position/coordinates (m)

t ¼ time (s)
T ¼ temperature (K)

Tb ¼ core blood (or baseline) temperature (¼ 37 �C)
u ¼ mechanical displacement vector (m)
V ¼ electric potential (V)
_V ¼ ablation volume (mm3)

W ¼ strain energy (J/m3)

Greek Symbols

a ¼ thermal expansion coefficient (K�1)
d ¼ Kronecker delta function
e ¼ mechanical strain

eth ¼ thermal expansion strain
� ¼ Poisson’s ratio
q ¼ density (kg/m3)
r ¼ electrical conductivity (S/m)
�r ¼ mechanical stress (Pa)

xb ¼ blood perfusion rate (s�1)

Subscripts

b ¼ blood
g ¼ gas phase
l ¼ liquid phase
0 ¼ Initial value at baseline temperature
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