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Abstract

Objective. Radiofrequency catheter ablation (RFCA) is an effective treatment for the
elimination of cardiac arrhythmias, however it is not exempt from complications that can
risk the patients’ life. The efficacy of the RFCA depends on several factors and uncertainties
during the treatment process. In this paper, we explore the effect of the cardiac tissue stiffness
in RFCA.

Methods. We use our previously developed RFCA computational model that accounts for
the tissue elasticity. The tissue stiffness is described by the Young’s modulus of elasticity.

Results. Our numerical simulations provide insights on the efficacy of the RFCA, by
measuring the lesion dimensions over a wide range of values of the modulus of elasticity that
appear during the cardiac cycle and for different cardiac conditions, using a fixed ablation
protocol, commonly used in clinical practice.

Conclusion. The stiffness of the cardiac wall affects the power dissipated in the tissue and,
as a consequence, has a marked effect on the dimensions of the generated lesion. The heart
wall elasticity changes due the cardiac cycle can affect the resulting lesion and can lead to
potentially dangerous complications. Pathological conditions can stiffen the cardiac wall, thus
reducing the size of the resulting lesion and potentially leading to insufficient treatment.

Significance. A relation of the lesion size dimensions for different tissue stiffness and contact
force is presented and correlated to different pathological conditions of the heart, showing the
direct relation of the tissue stiffness with the efficacy of the RFCA treatment.

Keywords: radiofrequency ablation, computational model, open-irrigated catheter, tissue elastic-
ity, Young’s modulus.
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1 Introduction

Radiofrequency ablation (RFA) using open-irrigated catheters is a common treatment for different
types of cardiac arrhythmias. RFA is typically a safe procedure, yet life-threatening complications
can occur, including coagulum formation when the blood proteins denature at 80 ◦C and steam
formation when the tissue reaches 100 ◦C, resulting in audible steam pops [17]. Several in-silico
sOur numerical simulations provide insights on the efficacy of the RFCA over a wide range of
values of the modulus of elasticity that appear during the cardiac cycle and for different cardiac
conditions, using a fixed ablation protocol.tudies have been developed to model the biophysics of
the RFA and to provide insights for the prevention of these adverse conditions [2, 4, 8, 10, 11, 26].
Most of these models overlook the deformation of the tissue in contact with the catheter. A recent
model was introduced that includes the mechanical properties of the tissue [20], and has been
validated against in-vitro experimental results. A comparison of the elastic deformation of the
tissue against the sharp insertion of the catheter at an undeformed tissue showed the importance
of the inclusion of the mechanical properties in RFA models [20,21].

One of the parameters that affect the power delivery and the tissue deformation is the Young’s
modulus of elasticity, which describes the stiffness of the tissue. The accurate identification of
the Young’s modulus of elasticity for soft tissues is a challenging task. Several techniques are
used to this end, including lamb wave dispersion ultrasound vibrometry [27], real-time shear wave
elastography [6] and supersonic shear imaging [5]. A large variation between the Young’s modulus
of different soft tissues appears in the literature [28]. In particular, the identification of the elasticity
of the cardiac muscle is extremely difficult due to its structure and the cardiac cycle (systole and
diastole). There are studies that consider in-vitro measurements [22,25], where there is no effect of
the heartbeat. Other studies that include ex-vivo and in-vivo situations show clearly a dependence
of the Young’s modulus on the phase of the cardiac cycle [5, 16,19,27].

The cardiac muscle has a complex structure and consists of fibers whose 120◦ transmural shift
in orientation leads to an anisotropic Young’s modulus [15]. Furthermore, the stiffness of the
myocardium can be affected by pathological conditions. Specifically, different heart diseases, such
as mitral stenosis, aortic insufficiency, and cardiac hypertrophy, tend to make the cardiac wall
stiffer [9].

In this paper, we explore the effect of the stiffness of the cardiac tissue in the RFA process.
We consider the model in [20] and a homogenous, isotropic cardiac tissue. Different aspects of the
RFA are investigated, including the tissue deformation due to the contact with the catheter, the
power dissipation in the tissue and the size of the resulting lesion.

2 Model summary

2.1 Geometry

A full three-dimensional computational geometry is considered that consists of the blood chamber,
the cardiac tissue, a board that models effects external to the system, the electrode and the
thermistor, as shown in Figure 1 left. A six-hole open-irrigated electrode is considered with a
hemispherical tip, following the design of state-of-the-art catheters typically used for RFA. Figure 1
right shows the computational composition of the electrode in our model.

The cardiac tissue undergoes a mechanical deformation due to the contact with the catheter,
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Figure 1: Left: The full computational geometry. Right: The computational tip of the catheter
(top left), the saline tubes (top right), the thermistor (bottom left) and the electrode (bottom
right).

which is described using an axisymmetric Boussinesq solution for a spherical profile for a given
contact force F [24]. In particular, the relation of the force, the contact radius a of the electrode
and the tissue and the maximum indentation depth ωmax is given by:

F =
G

1− ν

(
(a2 +R2) log

(
R+ a

R− a

)
− 2aR

)
,

where

ωmax =
a

2
log

(
R+ a

R− a

)
,

R being the radius of the electrode, G the shear modulus and ν the Poisson’s ratio. The shear
modulus is related to the Young’s modulus of elasticity E as:

G =
E

2(1 + ν)
.

The vertical deformation of the tissue is described as:

ω(r) =


ωmax − (R−

√
R2 − r2), r ≤ a,

a2

π

∫ 1

0

2ωmax − at log
(
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)
r2 − a2t2

dt, r > a,

and is directly imposed on the tissue geometry.
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2.2 Mathematical model

The incompressible Navier-Stokes equations describe the blood flow and interaction of the blood
and the irrigated saline from the electrode holes. Specifically:

∂u

∂t
+ u · ∇u− div σ(u, p) = 0 in Ωblood × (0, T ),

divu = 0 in Ωblood × (0, T ),

where u is the flow velocity, σ(·, ·) is the stress tensor, p is the pressure scaled by the density and
Ωblood is the blood subdomain. A constant blood inflow is considered at the plane X = 0 of the
blood subdomain with the corresponding outflow conditions at X = 0.08 (see Figure 1). A radial
inflow towards the blood is considered from the blood-saline pipes interface. No slip conditions are
imposed on all surfaces, including the internal blood-tissue interface.

The temperature changes are modelled using a modified version of Penne’s bioheat equation in
the whole computational domain:

ρc(T )

(
∂T

∂t
+ u · ∇T

)
− div(k(T )∇T ) = σ(T )| ∇Φ|2,

where T is the temperature, ρ is the density, c is the specific heat, k is the thermal conductivity,
σ(·) is the electrical conductivity and Φ is the electrical potential. Thermal insulation boundary
conditions are applied on the catheter walls and the saline pipes, while a constant temperature of
22 ◦C is considered on the blood-pipes interface. Body temperature of 37 ◦C is applied on all the
remaining boundaries.

The electrical potential is governed by a quasi-static equation augmented with a constraint for
constant power ablation in the whole computational domain Ω:

div(σ(T )∇Φ) = 0,∫
Ω

σ(T )|∇Φ|2 dx = P,

where P is the total power dissipated in our system. A potential V0 is considered on the catheter-
electrode interface, which is calculated via optimization techniques to satisfy the power constraint
equation [20]. Zero potential at the bottom of the computational domain models the dispersive
electrode, while insulation boundary conditions are applied to all remaining boundaries.

A more detailed analysis of the mathematical model can be found in [20].

2.3 Parameters

A number of parameters appear in the mathematical model that are drawn from the literature
[11, 12, 28] and summarized in SI units in Table 1. A porcine cardiac tissue is considered in this
work. The electrical conductivity of the board underneath the tissue σb is tuned to match the
initial resistance of the system and power delivered to the tissue Ptissue, which can be calculated
using the formula:

Ptissue =
Atissueσtissue

Abloodσblood +Atissueσtissue
P0 =: αP0, (1)
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where P0 is the total power set by the ablation protocol, (Ablood, σblood) and (Atissue, σtissue)
are the contact area of the electrode with the blood and the tissue respectively, along with the
corresponding electrical conductivities. More details can be found in [20].

Table 1: The summary of the parameters used in the model in SI units.
Blood Tissue Electrode Thermistor Board

ρ (kg m
−3

) 1050 1076 21500 32 1076
c (J kg

−1
K

−1
) 3617 c0 132 835 3017

k (W m
−1

K
−1

) 0.52 k0 71 0.038 0.518
σ (S m

−1
) 0.748 σ0 4.6×106 10−5 σb

µ (kg m
−1

s
−1

) 2.52×10−6 - - - -
ν (-) - 0.499 - - -

A linear relation with the temperature is considered for the thermal and electrical properties
of the porcine tissue, as derived from [3,7]

c(T ) = c0(1− 0.0042(T − 37)),

k(T ) = k0(1− 0.0005(T − 37)),

σ(T ) = σ0(1 + 0.015(T − 37)),

where c0 = 3017 J kg−1 K−1, k0 = 0.518 W m−1 K−1 and σ0 = 0.54 S m−1 are the values at body
temperature.

3 Results

In our numerical experiments, a constant power ablation protocol of 20 W is considered for a total
of 30 s. Such protocol is commonly performed in clinical RFA. The saline irrigation rate is set to
17 ml/min and the blood flow to 0.5 m s−1. The open source programs FEniCS-HPC [13, 14, 18],
Salome [23] and Paraview [1] are used for the numerical simulations, as detailed in [20].

We first explore theObjective. Radiofrequency catheter ablation (RFCA) is an effective treat-
ment for the elimination of cardiac arrhythmias, however it is not exempt from complications that
can risk the patients’ life. The efficacy of the RFCA depends on several factors and uncertainties
during the treatment process. In this paper, we explore the effect of the cardiac tissue stiffness in
RFCA.

Methods. We use our previously developed RFCA computational model that accounts for the
tissue elasticity. The tissue stiffness is described by the Young’s modulus of elasticity.

Results. Our numerical simulations provide insights on the efficacy of the RFCA, by measuring
the lesion dimensions over a wide range of values of the modulus of elasticity that appear during
the cardiac cycle and for different cardiac conditions, using a fixed ablation protocol.

Conclusion. The stiffness of the cardiac wall affects the power dissipated in the tissue and,
as a consequence, has a marked effect on the dimensions of the generated lesion. The heart wall
elasticity changes due the cardiac cycle can affect the resulting lesion and can lead to potential
dangerous complications. Pathological conditions can stiffen the cardiac wall, thus reducing the
size of the resulting lesion and potentially leading to insufficient treatment.
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Significance. A relation of the lesion size dimensions for different tissue stiffness and contact
force is presented and correlated to different pathological conditions of the heart, showing the direct
relation of the tissue stiffness with the efficacy of the RFA treatment. effect of the tissue elasticity
on the computational geometry of our RFA model. The Young’s modulus describes the stiffness
of the cardiac wall and affects the indentation depth of the catheter within the tissue. Specifically,
Figure 2 shows the deformation of the tissue interface for a constant force of 10 g and different
values of the Young’s modulus of elasticity that typically appear during the systole (top row of
Figure 2) and the diastole (bottom row of Figure 2) of the cardiac cycle [5, 16, 19, 27]. Note that
for small values of the Young’s modulus, a larger part of the electrode is in contact with the tissue.
Indeed, Figure 3 left shows the contact percentage of the outer surface area of the electrode with
the tissue. Due to discretization limitations, a contact of the electrode with the tissue is considered
when the tissue surface is very close to the electrode, which corresponds to an approximation error
that exists due to the finite element construction of our computational geometry. A minimum
element aspect ratio of 6 is considered in this work.

Figure 2: The indentation of the tissue by applying 10 g force using a Young’s modulus of 100 kPa,
75 kPa, 10 kPa and 5 kPa (top left to bottom right).

The increase in the electrode-tissue contact percentage results in a change in the amount of
power dissipated in the tissue [20,29]: the larger the electrode-tissue contact, the larger the power
delivered to the tissue. Indeed, Figure 3 right shows the power percentage dissipated in the
tissue for the parameters described in a previous section. There are minor changes in the power
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delivery for large values of the Young’s modulus (around 100 kPa), which appear typically in the
systole phase. However, the power percentage change becomes more significant for diastole Young’s
modulus values near 10 kPa.

Figure 3: The electrode-tissue contact percentage (left) and the power percentage delivered to the
tissue (right) for different values of Young’s modulus and force.

The effect of the Young’s modulus of elasticity becomes evident during the ablation process.
Table 2 shows the depth (D), the width (W), the depth at the maximum width (DW), the surface
area of the lesion on the blood-tissue interface (S) and the volume (V) of the ablation lesion, as
described in [20]. The quantity α is the power percentage dissipated in the tissue at the beginning
of the ablation, defined in (1). As an example, in the 100 kPa case the power dissipated in the
tissue initially is 1.398 W, while at 10 kPa the corresponding value is 5.578 W. Observe that the
lesion size is much smaller in the systole cases, while the lesion becomes much larger for Young’s
modulus’ values that correspond to the diastole phase. However, both cases with low elastic
modulus 10 kPa and 5 kPa lead to complications. In particular, a steam pop occurrence at 28.2 s
appears in the 10 kPa case, while in the 5 kPa case the formation of a coagulum is present, with
the blood temperature reaching 80 ◦C after 0.8 s. For stiffer tissues, the temperature remains well
below 100 ◦C in the tissue and 80 ◦C in the blood. Figure 4 shows a cross section of the lesions
that appear in Table 2.

A relation of the Young’s modulus with the depth and the width of the lesion for different
applied-force ablation protocols is explored in Figure 5, where the filled markers denote a successful
30 s ablation without complications and the empty markers a steam pop occurrence. As the cardiac
tissue becomes more elastic, the depth and the width of the lesion are becoming larger up to a
point where too much power is dissipated in the tissue and its temperature reaches 100 ◦C before
the completion of the 30 s. A consistent increase of the depth and the width of the lesion also
appears with the increase of the contact force. However, extreme overheating of the tissue occurs
in the case of a very elastic cardiac tissue with 10 kPa modulus of elasticity, for contact forces
larger than 5 g.

There are some limitations in the present study. All the deformations that appear in this
work are considered purely elastic. An isotropic homogenous tissue is considered, even though
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Table 2: The summary of the lesion size dimensions for different Young’s modulus profiles at the
final time of the simulation or at the pop occurrence.

Quantity
Systole Diastole

100 kPa 75 kPa 10 kPa 5 kPa

α (%) 6.99 8.46 27.89 61.94
ωmax (mm) 0.67 0.81 3.82 6.91
D (mm) 2.02 2.58 4.54 0.87
W (mm) 4.04 4.88 10.88 4.59
DW (mm) 0.43 0.80 -0.45 -3.53
S (mm2) 0 0 3.71 11.07
V (mm3) 20.1 38.3 448.7 37.7
Tmax tissue (◦C) 56.6 61.2 100.0 76.4
Tmax blood (◦C) 46.9 45.2 60.5 80.0
tpop (s) - - 28.2 0.8

the cardiac wall microheterogeneities might have an effect on the tissue deformation. Moreover,
the cardiac tissue consists of fibers of changing orientation along the transverse direction [15].
Our computational model is built from an in-vitro experimental setup and thus the cardiac tissue
is fixed. In in-vivo situations, the cardiac wall movement affects both the Young’s modulus of
elasticity and possibly the contact force. The inclusion of the movement of the cardiac wall in the
RFA model is part of our ongoing work.

4 Conclusion

A range of different values for the cardiac wall stiffness are considered that are reported during the
systole and diastole phases of the cardiac cycle, which impact the tissue deformation, the amount
of the electrode in direct contact with the tissue and the power dissipated in the tissue. For
large values of the Young’s modulus, small changes occur in the indentation depth and the power
delivered to the tissue. Much larger changes appear for more elastic tissues, where the amount of
power dramatically increases.

The stiffness of the cardiac wall affects the power dissipated in the tissue and has a marked
effect on the dimensions of the generated lesion. Our simulations show that small lesions appear for
stiff tissues, as they receive a smaller amount of power. On the contrary, large lesions and potential
complications occur during the ablation with low Young’s modulus, where the temperature reaches
100 ◦C before the completion of 30 s. Especially in the case of 5 kPa, there is a high risk of
thrombus formation very early in the procedure, since the blood temperature reaches 80 ◦C after
the completion of only 0.8 s of ablation.

To study the efficacy of the RFA process, the width and the depth of the lesion were assessed
for different tissue stiffnesses, under a constant ablation protocol. Our results show that the lesion
dimensions become significantly smaller for stiffer tissues. This can have a serious impact when
performing RFA treatment on patients with any one of a number of heart conditions, such as
cardiac hypertrophy, aortic stenosis or mitral stenosis. As an example, the cardiac muscle of a
patient with aortic stenosis is about 10 times stiffer than that of a patient with mitral stenosis [9].
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Figure 4: A visualization of the lesions for the systole (top) and diastole (bottom) values for
the Young’s modulus. From top left to bottom right the Young’s modulus considered is 100 kPa,
75 kPa, 10 kPa and 5 kPa.

Figure 5: The depth and width of the lesion for different values of the Young’s modulus of elasticity
at the final time of the ablation or at the pop occurrence.
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Thus, for an effective treatment, different ablation protocols should be considered based on the
cardiac wall stiffness.
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