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Abstract—We used the finite element method to study the effect
of radio-frequency (RF) catheter ablation on tissue heating and le-
sion formation at different intracardiac sites exposed to different
regional blood velocities. We examined the effect of application of
RF current in temperature- and power-controlled mode above and
beneath the mitral valve annulus where the regional blood veloc-
ities are high and low respectively. We found that for tempera-
ture-controlled ablation, more power was delivered to maintain the
preset tip temperature at sites of high local blood velocity than at
sites of low local blood velocity. This induced more tissue heating
and larger lesion volumes than ablations at low velocity regions. In
contrast, for power-controlled ablation, tissue heating was less at
sites of high compared with low local blood velocity for the same
RF power setting. This resulted in smaller lesion volumes at sites
of low local velocity.

Our numerical analyzes showed that during temperature-con-
trolled ablation at 60 C, the lesion volumes at sites above and un-
derneath the mitral valve were comparable when the duration of
RF current application was 10 s. When the duration of RF applica-
tion was extended to 60 s and 120 s, lesion volumes were 33.3% and
49.4% larger above the mitral valve than underneath the mitral
valve. Also, with temperature-controlled ablation, tip temperature
settings of 70 C or greater were associated with a risk of tissue
overheating during long ablations at high local blood velocity sites.
In power-controlled ablation (20 W), the lesion volume formed un-
derneath the mitral valve was 165.7% larger than the lesion volume
above the mitral valve after 10 s of ablation. We summarized the
guidelines for energy application at low and high flow regions.

Index Terms—Cardiac ablation, catheter ablation, finite ele-
ment, power-controlled, radio-frequency ablation, temperature-
controlled.

I. INTRODUCTION

RADIO-FREQUENCY (RF) catheter ablation technique is
the accepted mode of treatment of abnormally rapid heart

rates associated with the Wolff–Parkinson–White syndrome
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(WPW)andotherconditions.Theefficacyof theRFablationpro-
cedure for the treatment of WPW is very high, and the incidence
of complications low [1]. In a healthy human heart, the ventricles
are electrically insulated from the atria, except at the atrioven-
tricular (AV) node through which the excitation signal conducts
from the atria to the ventricles. When, in addition to the AV node,
accessory conduction pathways are present between the atria and
the ventricles, the excitation signal may loop between the atria
and ventricles via these pathways and the AV node causing rapid
heart rates. Application of RF energy to ablate the accessory
pathways can restore the heart to a normal condition.

During RF ablation, RF current is deposited from the
electrode tip into the tissue. The extent of tissue heating and
the volume of myocardial lesion formation depend on multiple
variables. Some of the important factors are the electrical and
thermal properties of the ablation catheter, cardiac tissue, and
blood; the amount and duration of RF energy application; the
size of the ablation electrode; the contact of the electrode with
the tissue; and the amount of convection heat loss due to the
flowing blood in the cardiac chamber [2]. Generally there are
two control mechanisms for RF ablation—temperature-con-
trolled, and power-controlled. For both modes, we set the power
output and the ablation duration. For temperature-controlled
mode we additionally set an electrode tip temperature, the RF
generator will then monitor the temperature via a thermistor
or a thermocouple mounted at the electrode tip. The control
algorithm in the RF generator will try to maintain the tip
temperature for the duration of ablation by varying the amount
of current delivered to the electrode tip. For power-controlled
mode, the generator will deliver the preset maximum power to
the ablation electrode.

Fig. 1 shows that the blood velocity is higher at the left atrial
surface of the mitral annulus over the leaflet than underneath
the valve leaflet and is highest in the aortic outflow tract. RF
ablation with same power setting at these three positions results
in different tissue heating or lesion volume. Also, RF ablation
with the same tip temperature setting at these three positions
results in different tissue heating effect.In vitro studies have
demonstrated that the steady state temperature recorded at the
ablation electrode-tissue interface correlates with lesion size [3].
It has also been demonstrated that setting the tip temperature
may better predict the formation of an effective RF lesion in
the clinical setting [4]; however, noin vivocorrelation between
electrode tip temperature and lesion size has been demonstrated
during ablation at different intracardiac sites.
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Fig. 1. Blood velocity is higher at the atrial surface of the annulus over the
leaflet (position 1, stripes) than underneath the valve leaflet (location 2, circle)
and is highest in the outflow tract (cross hatch). RF ablation with same power
setting at these three positions results in different tissue heating or lesion
volume. Also, RF ablation with the same tip temperature setting at these three
positions results in different tissue heating effect.

We utilized the finite element (FE) method to better define
target-dependentdifferences in theeffectivenessof tissueheating
duringRFablationsby taking intoaccount local tissueproperties,
the local convective film coefficient (cooling effect of local blood
velocity) and catheter specification on tissue temperature profile.
WehaveutilizedFE analyses for studiesof newelectrodedesigns
[5], [6]. The purpose of this paper is to discuss some of the
variables—contact, ablation site, convective cooling, ablation
duration, and mode of ablation (temperature- or power-con-
trolled)—that affect lesion formation. This will provide tip
temperature or power setting guidelines that would enable the
operator tocontrol the lesionvolumeatagiven targetablationsite
when ablation is performed with conventional catheters.

II. FINITE ELEMENT MODEL

A. The Bioheat Equation

The mechanism by which RF current induces tissue injury
is the conversion of electric energy into heat. The circuit con-
sists of the RF generator, the connecting wire to the electrode,
the myocardium (and other tissues in the torso), a surface dis-
persive electrode, and the connecting wires to the generator that
will close the electric circuit. Joule heating arises when energy
dissipated by an electric current flowing through a conductor is
converted into thermal energy. The bioheat equation (1) governs
heating during cardiac ablation

(1)

where
temperature distribution (C);
density (g/mm);
specific heat [J/(gK)];
thermal conductivity [W/(mmK)];
current density (A/mm);
electric field intensity (V/mm);
heat loss due to blood perfusion in the myocardial wall.

is neglected since it is small [3].
We used the material properties from the literature [7], [8].

We used a change of 2%/C of myocardial conductivity, and

the temperature-dependent thermal conductivity and the spe-
cific heat of the myocardium [9], [10]. We modeled the electrode
as described by Edwards and Stern, 1997 [11]. Myocardial in-
jury occurs once the temperature reaches approximately 50C
[12]. An optimal RF ablation procedure should be able to heat
the desired tissue above 50C without heating the tissue above
100 C when popping occurs.

For all of the simulations performed in this paper, the ablation
electrode was of standard size used in clinical practice (4 mm
long, and 2.6-mm diameter). A temperature sensing thermistor
was embedded at the electrode tip and the catheter tip was pushed
into the myocardium for variable distances. The blood pool ex-
tended 40 mm beyond the myocardium. We set the temperature
of the blood on the boundary of the model to 37C due to the
blood flow in the cardiac chamber. Using the Dirichlet boundary
conditions, we assumed that the voltages on the outer surfaces of
the model were 0 V. To simulate constant power-controlled abla-
tion or temperature-controlled ablation, we adjusted the voltage
applied to the electrode after each time step on a trial and error
basis. We simulated ablation for 120 s, with time steps ranging
from 0.1 to 1 s for the first 5 s of ablation and 1 s thereafter.

B. Convection Film Coefficients and Local Blood Velocity
Measurement

We can calculate the heat fluxes at the blood-catheter, and the
blood-tissue interfaces by

(2)

where
convective film coefficient due to the blood flow
[W/(m K)];
blood temperature (constant at 37C);
unit vector normal to the myocardial or the electrode
surface.

The cooling effect of flowing blood depends on the locations
in the cardiac chamber. The values of theat the blood-my-
ocardium and at the blood-electrode interfaces are different. We
used for the blood-myocardium interfaces from Bhavarajuet
al. [13] who measured the heat transfer coefficient in a physical
model of a swine heart under a pulsatile flow condition (0.9 to 6.8
L/min). The ablation electrode is inside the flowing blood in the
cardiac chamber. at the blood-electrode interface varies, de-
pending on the position of the electrode in the cardiac chamber.
Since the shape of the electrode is cylindrical, we can make an-
alytical estimates for the values of . The tip of the electrode
is spherical but it is embedded into the tissue. It is assumed that
the electrode can be modeled as a cylinder in a cross flow. The
heat-transfer coefficient at the blood-electrode interface

(3)

where the Nusselt number (Nu) is given by

(4)

the Prandtl number (Pr) is 25, and the Reynolds number (Re) is

(5)
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TABLE I
IN THE FE MODELS, THE BLOOD VELOCITIES (N = 5) AND THE CONVECTIVE FILM COEFFICIENTSARE HIGHER IN POSITION 1 (ABOVE THE MITRAL VALVE)

THAN IN POSITION 2 (UNDERNEATH THEMITRAL VALVE). BLOOD VELOCITY AT POSITION 2 WAS ESTIMATED AS 10%OF THEBLOOD VELOCITY AT POSITION 1

where
diameter of the electrode (2.6 mm);
blood velocity;
viscosity of blood [(0.0021 kg/(ms)] [14].

We determined the blood velocities in the cardiac chamber
by Doppler [15]. We used an ultrasound transducer to measure
the blood velocities above the mitral valve leaflets in five human
subjects . Although the blood velocities varied during
a cardiac cycle, we used the average velocities to calculate the
heat transfer coefficients in order to simplify our FE models. The
blood velocities in the recess underneath the mitral valve leaflets
couldnotbemeasuredduetonoise interferencesfromthemoving
heart and the smaller areas. Thus, we estimated that the blood
velocities in the deeper recesses underneath the mitral valve
leaflets, where the ablation electrode tip would be lodged, were
approximately 10% of those above the mitral valve leaflets. The
flow patterns in the cardiac chamber are highly turbulent, hence
theestimatesobtainedcouldbe lower than theactualheat transfer
coefficients. Table I summarizes the convective film coefficients
above the mitral valve and underneath the mitral valve leaflets for
the blood-myocardium and blood-electrode interfaces.

C. Software

We used PATRAN version 7.0 (The MacNeal–Schwendler
Co., Los Angeles) as a preprocessor for FE Models in this study.
PATRAN allows users to create the geometric model, assign
material properties to the appropriate regions, as well as the
boundary conditions and loads. We can also mesh the models
with PATRAN and then instruct it to generate an input file for
the ABAQUS/Standard solver. We used ABAQUS version 5.8
(Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI) to solve
the thermal-electric FE analyzes. We ran all numerical prob-
lems on our HP-C180 workstation (with 1152 MB of RAM and
about 34 GB of total disk space. A built-in module in ABAQUS,
ABAQUS/POST allowed us to perform postprocessing of our
numerical results.

III. A BLATIONS OF ACCESSORYPATHWAYS

Electrophysiologists can ablate the accessory pathways using
different approaches. Generally, when ablating an accessory
pathway from the ventricular aspect of the mitral valve annulus
there is lower blood flow at the ablation site. Also, the recessed
anatomy of region permits good contact between the ablation
electrode and the cardiac muscle. When the ablating catheter
is further advanced, via a retrograde aortic approach, to reach
the atrial aspect of the mitral valve annulus, contact is more
difficult to establish because an anatomical recess, which would
permit for catheter tip “foothold,” does not exist. Also, there
is higher blood flow at such an ablation site. Fig. 2(a) and (b)

(a)

(b)

Fig. 2. (a) Position 1. For ablation above the mitral valve annulus, the tip of the
electrode is embedded 1.3 mm into the myocardium. (b) Position 2. For ablation
underneath the mitral valve annulus, the ablation electrode is embedded 3 mm
into the myocardium.D is the lesion depth (measured from the myocardial
surface), andW is the lesion width.

TABLE II
ABOVE THE MITRAL VALVE, THE BLOOD FLOW IS HIGHER, AND THE CONTACT

AREA (1.3 mm) IS SMALLER THAN WHEN ABLATING UNDERNEATH THE

MITRAL VALVE (3 mm)

illustrates modeled contacts between the catheter and the my-
ocardium for the two cases mentioned above for the retrograde
aortic approach. The two crucial parameters—contact, and the
cooling effect from flowing blood—are different in the two
cases. Table II lists the characteristics of different ablation sites.

We simulated the numerical models for up to 120 s ablation,
or once the maximum temperature reached 100C (whichever
came first). We created two FE models to represent RF ablation
for the atrial and the ventricular approaches for left-sided acces-
sory pathways.
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(a)

(b)

Fig. 3. Temperature distribution in the temperature-controlled ablation
(T = 60 C), after 60 s. (a) Position 1. (b) Position 2.

A. Position 1 (Ablation Over the Mitral Valve Annulus)

The electrode tip is embedded 1.3 mm into the myocardial
wall [Fig. 2(a)]. The cooling effect from the flowing blood is
high at this location. We used for the blood-myocardium and
blood-electrode interfaces listed in Table I. We simulated abla-
tions for both the temperature-controlled (preset tip temperature
of 60 C and 70 C) and power-controlled (20 W) ablation. The
axisymmetric FE model in this case contained 17 214 nonuni-
formly meshed elements.

B. Position 2 (Ablation Underneath the Mitral Valve Leaflets)

The electrode tip is embedded 3 mm into the myocardium
[Fig. 2(b)]. The cooling effect from the flowing blood in this
area is lower than that at position 1. Thus, we assign lower
convective film coefficients at the myocardium-blood interface,
and the electrode-blood interface in this case (Table I). We per-
formed simulations for both the temperature-controlled (60C,
70 C, and 80 C) and power-controlled (20 W) ablation. The
axisymmetric FE model in this case contained 18 435 nonuni-
formly meshed elements.

IV. RESULTS

A. Temperature Distributions

Fig. 3(a) and (b) shows the temperature distributions after 60 s
of temperature-controlled ablation (60C) at position 1, and 2,

(a)

(b)

Fig. 4. Lesion dimensions versus time. (a) Temperature-controlled ablation.
(b) Constant power-controlled ablation (20 W). The dashed line represents
ablation at position 1 (above MV valve), and the solid line represents ablation
at position 2 (underneath MV valve).

respectively. We observe that the temperature distribution at po-
sition 1 is less uniform than that at position 2 (for position 1,
the hottest areas are located at the regions to the right of the tip,
while the hottest areas for position 2 surround the electrode).
This was due to effect of flowing blood in the cardiac chamber.
There was a large temperature gradient between the myocardial
surface and the region deep into the myocardium. In both cases,
the “hot spots” (locations with the highest temperature) were not
at the tip of the ablation electrode, but they were a fraction of a
millimeter away from the electrode tip. Thus, the thermistor lo-
cated at the tip of the ablation catheter tends to underestimate the
maximum myocardial temperature. After 60 s of ablation, the tip
temperature stayed at 60C but the maximum tissue tempera-
ture was over 90C at position 1. In contrast, in the low-flow
region (position 2), the temperature difference between the elec-
trode tip and the maximum tissue temperature was only 5.7C.

B. Lesion Volumes

The shape and size of a lesion was determined from the
50 C contour of the temperature distribution after RF applied
duration. Fig. 4(a) and (b) shows the results for the lesion vol-
umes versus time throughout 120 s of ablation. For a preset tip
temperature of 60C, the lesion volume at position 1 was con-
sistently higher than that at position 2 throughout 120 s of abla-
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(a)

(b)

Fig. 5. Lesion depth versus time. (a) Temperature-controlled ablation.
(b) Power-controlled ablation.

tion (139.1 mm versus 118.0 mmafter 10 s, and 753.0 mm
versus 504.1 mmafter 120 s). The total energy delivered after
10 s was 282 J at position 1, and 101 J at position 2. The
lesion volumes were higher when we increased the preset tip
temperature. Note that for ablation at position 1 with a preset
tip temperature of 70C, we stopped the simulation after 20 s
because the maximum tissue temperature reached 100C. In
other cases, the lesion volumes continued to grow over time
even after 60 s.

In power-controlled ablation, the lesion volume at position
2 was larger than that at position 1. We terminated the simu-
lation at position 2 after 45 s, when the maximum myocardial
temperature reached 100C. There was less heat loss due to the
cooling effect at position 2, thus, a power of 20 W was sufficient
to heat the myocardium at position 2 than at position 1. Since
there was higher cooling effect from the blood at position 1, the
lesion volume was smaller, and it continued to grow over time.
The maximum tissue temperature at position 1 did not exceed
100 C after 120 s.

C. Lesion Depths

Fig. 5(a) and (b) shows that the general trend of the lesion
depths over time follows that of the lesion volumes. For the same
set tip temperature, the lesion depth at position 2 was higher
than that at position 1 during the first 20 s of ablation, and the
lesion depth at position 1 was deeper afterwards. In tempera-

(a)

(b)

Fig. 6. Lesion diameter versus time. (a) Temperature-controlled ablation.
(b) Power-controlled ablation.

ture-controlled ablation, the maximum lesion depth at position
1 (60 C tip temperature) was 8.6 mm after 120 s, and the max-
imum depths at position 2 were 7.0 mm (60C) and 9.8 mm
(80 C) after 120 s. In power-controlled ablation, the maximum
depths at positions 1 and 2 were 8.7 mm (after 120 s) and 8.3 mm
(after 45 s), respectively. The lesion depths in these cases were
measured from the myocardial surface. Thus, a 5-mm depth for
ablations at position 2 means that the lesion extended 2 mm be-
yond the tip of the electrode (the electrode tip was embedded
3 mm into the myocardium).

D. Lesion Diameters

Fig. 6(a) and (b) shows the maximum lesion diameters over
time. When the set tip temperature was 60C, the lesion diam-
eter at position 1 was slightly larger than the lesion diameters at
position 2 (12.7 mm versus 11.3 mm after 120 s). In power-con-
trolled ablation, the maximum lesion diameter at position 1 was
13.4 mm (120 s) and the maximum lesion depth at position 2
was 14.9 mm (45 s).

E. Maximum Temperatures and Their Locations

For 60 C preset tip temperature, the maximum tempera-
ture reached in the myocardium was much higher at position
1 than that at position 2 (94.6C versus 66.3C) after 120 s.
Fig. 7(a) and (b) shows the maximum temperatures reached
in the myocardium over time. As mentioned in Section IV-B,
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(a)

(b)

Fig. 7. Maxium temperature versus time. (a) Temperature-controlled ablation.
(b) Power-controlled ablation.

the maximum temperature at position 2 reached 100C after
45 s in the power-controlled ablation. The location for the max-
imum myocardial temperature moved from 0.6 mm from the tip
after 10 s to 0.8 mm after 120 s for temperature-controlled and
power-controlled ablation at position 1, and it moved from 0.4
to 0.6 mm for temperature-controlled ablation at position 2. For
power-controlled ablation at position 2, the maximum myocar-
dial temperature was at 0.2 mm after 10 s, and at 0.3 mm after
50 s. The tip temperature at position 1 reached 54.4C at 10 s,
and 62.9 C at 120 s, 20 W ablation. The tip temperatures at
position 2 were 82.9C at 10 s, and 91.1C at 45 s (when the
maximal myocardial temperature exceeded 100C).

V. DISCUSSION

The results from our FE analyses suggest that when RF abla-
tions are performed in regions with higher blood flow, the tem-
perature recorded at the catheter tip underestimates the max-
imum temperature within the tissue. In such a scenario, if a
temperature of 80C is achieved at the catheter tip, the max-
imum tissue temperature may be well over 100C. Relying on
the tip-temperature alone might lead to overheating of cardiac
tissue and to popping.

Differences in lesion volumes in different ablation sites are
related to the differences in convective cooling of the electrode
tip in the heart and the electrode-tissue contact. After 10 s of ab-

lation in 60 C temperature-controlled ablation, the lesion vol-
umes at positions 1 and 2 were comparable. After 120 s, the
lesion dimensions are clearly larger at position 1. For 70C ab-
lation at position 1, it was not possible to complete a full cycle
of RF ablation (120 s) because the maximum myocardial tem-
perature reached 100C after 30 s. Different RF generators have
different controlling algorithms that account for the thermal in-
ertia of the system. Thus, in real settings, the longer duration
of ablation might be possible. In contrast to temperature-con-
trolled ablation, the power is preset in power-controlled abla-
tion, and the reached tip temperature will reflect the quality of
electrode-tissue contact and convective cooling caused by intra-
cavitary blood flow.

A. Summary of Results

In this study we used the FE method to examine clinically
relevant RF temperature, power and duration settings. Based on
our findings, we summarize the guidelines for ablations at dif-
ferent sites.

1) For temperature-controlled ablation in areas with high
convective cooling, e.g., ablation of slow pathways in AV
node reentrant tachycardia, ablation of accessory path-
ways using the atrial approach, we recommend a lower
preset tip temperature for the atrial approach in order
to avoid overheating of the myocardium. In areas with
low convective cooling, such as the apex or ventricular
aneurysms, the catheter tip temperature gives a closer es-
timate of the maximum myocardial temperature.

2) There is a positive correlation between lesion volumes
and the preset tip temperatures for ablations in low flow
regions.

3) For power-controlled ablation, we recommend higher
preset power for ablation in high flow regions (e.g., posi-
tion 1), and lower preset power for ablation in low flow
regions (e.g., position 2). There is a risk of overheating
the myocardium in the low flow region for long duration
ablation. Our finding correlates with a previous clinical
study [16].

4) The maximum tissue temperature continues to increase
over time. Our FE models indicated that the maximum
tissue temperature rose rapidly during the first 10 s of RF
ablation. It will continue to rise though at a slower rate
in extended treatment duration. This is most evident in
the case of power-controlled ablation at position 1 (high
flow). It was generally believed that the myocardium tem-
perature reached steady state after 10 s [4].

5) The lesion volumes grow quickly during the first 10 s
of ablation and they continue to grow over long duration
ablation. By setting a low preset tip temperature ( C),
and ablating the myocardium for a longer duration, we
can create larger lesion volumes.
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