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Abstract

Purpose: Radiofrequency (RF ablation) is the treatment of choice for certain types of cardiac arrhythmias. Recent studies have
suggested that using gold instead of platinum as the electrode material for cardiac catheter ablation leads to larger thermal
lesions due to its higher thermal conductivity. In this study we created computer models to compare the effects of different
electrode materials on lesion dimensions using different catheters, insertion depths, and flow rates.

Materials and methods: Finite element method (FEM) models of two cardiac ablation electrodes (7Fr, length 4 mm and 8Fr,
length 10 mm) made of platinum, gold, and copper were created with tissue insertion depths of 0.75, 1.25, and 2.5 mm.
Convective cooling was applied to the electrode and tissue based on measurements from previous studies at different flow
rates. RF ablations were simulated with both temperature control and constant power control algorithms to determine
temperature profiles after 60s.

Results: With the constant power algorithm there was no difference in lesion dimensions between the electrode materials
over the range of parameters. With the temperature control algorithm, lesion width and depth were only marginally larger
(~0.1-0.7 mm) with the gold and copper electrodes compared to the platinum electrode for all parameter combinations.
Conclusion: Our computer modelling results show only minor increases in thermal lesion dimensions with electrode materials
of higher thermal conductivity. These observed differences likely do not provide a significant advantage during clinical
procedures.

Keywords: Ablation, cardiac ablation, electrode thermal conductivity, radiofrequency ablation, theoretical modeling

Introduction These studies compared standard electrodes made of
platinum-iridium (Pt-Ir) to electrodes made of gold
(Au), which has a higher thermal conductivity (k).

Higher thermal conductivity of the electrode is

Radiofrequency (RF) ablation has become the
treatment of choice for certain types of cardiac
arrhythmias. For cardiac RF ablation (also known ) ) ) )
as cardiac catheter ablation), different technologies theoretically desirable since it allows more heat
have been developed in an attempt to increase the conduction along the electrode from the electrode-

thermal lesion dimensions to ensure adequate abla- tissue interface to the electrode-blood interface

tion of the target region, including internally cooled
catheters, open-perfusion catheters, and large-tip
catheters [1-6]. Several studies have investigated
the effect of the use of different catheter tip (i.e.
electrode) materials on thermal lesion size due to
varying thermal properties of these materials, includ-
ing both ex-vivo [7, 8] and clinical studies [9, 10].

(where the heat is removed convectively). This
increased cooling of the electrode-tissue interface
allows greater power to be applied for a given target
tip temperature during the ablation. Although ex vivo
results showed that the use of gold electrodes led to
larger thermal lesions. [7, 8], clinical studies did not
demonstrate any significant difference between the
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two electrode materials in terms of applied power, tip
temperature or clinical outcome [9, 10].

The goal of the current study was to investigate the
effect of different catheter tip materials on thermal
lesion size using computer models. Variations in
parameters such as electrode length, insertion depth
of the electrode into the tissue, and flow rate of the
circulating blood (i.e. the amount of convective
cooling) may all affect the comparative performance
between electrodes of different materials and were
evaluated. Additionally, since thermal lesion dimen-
sions may depend on the energy control algorithm
that is used (both temperature control and constant
power algorithms are commonly used in clinical
application), we performed simulations with both
energy control algorithms for comparison.

Although our results are particular to the case of
cardiac RF ablation, they may also have significance
for other RF ablation applications such as heating of
the cornea, where prior studies showed that the
thermal conductivity of the electrode significantly
affects the temperature profile [11].

Numerical model
Description of the theoretical model

During cardiac RF ablation, electrical current flows
between the active electrode at the catheter tip and a
large dispersive electrode located on the patient’s
back. Although the active electrode may be located at
varying angles to the endocardium surface, our study
considered the case where the electrode is perpendi-
cular to and partially inserted into the endocardial
tissue (Figure 1). The geometry of this configuration
allowed the use of an axisymmetric two-dimensional
model.

We included an embedded thermistor at the tip of
the electrode for temperature control simulation
similar to a previous study [12]. Table I shows the
value of the physical properties used in the model,
which were taken from the literature [13-17]. We
considered a change in the electrical conductivity of
the cardiac tissue of +1.5%/°C [13], and included
temperature dependent effects on the thermal con-
ductivity and specific heat of cardiac tissue as
published previously [14].

Electrode thermal conductivity in RF ablation

The initial temperature in the entire model was
37°C. Likewise, the temperature at the outer model
boundaries was set to 37°C. We used convective film
coefficients with a sink temperature of 37°C to model
the convective heat transfer at both the blood—
endocardium and blood—electrode interfaces. The
film coefficients were varied according to typical
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Figure 1. Diagram of axisymmetric model geometry
(not to scale). RF electrical current flows between the
active electrode and a large dispersive electrode.
The active electrode had a hemispherical tip and was
inserted in the cardiac tissue up to a depth P. The value
of the model parameters R and Z were determined
using sensitivity analysis to avoid boundary effects
(R=100 mm, Z =140 mm). Lesion dimensions
(depth D and width W) were assessed using the 50°C
isotherm line.

blood flow velocities in the heart (see below). Since
the temperature of the blood was assumed to be
a constant 37°C, we ignored the effects of heat
conduction into the blood and did not include its
thermal properties in the model.

The temperature distributions were calculated
using the finite element method (FEM). ABAQUS/
STANDARD 6.5 FEM solver software (Hibbitt,
Karlsson & Sorensen, Inc., Pawtucket, RI) was used
for all computer simulations. We obtained the
temperature distribution in the tissue by solving the
heat transfer equation (Equation 1), where we
ignored both blood perfusion heat loss (Q,) and
metabolic heat generation (Q,,) due to their relatively
small magnitudes [12]:

oT
where p is the density, ¢ is the specific heat, % is the
thermal conductivity and ¢ is the heat source term
resulting from RF power deposition. The electrical
field problem was solved using Laplace’s equation:

V.oVV =0 2)

where V 1is the voltage and o is the electrical
conductivity. The electric potential at the distal
model boundary (i.e. the dispersive electrode)
was OV.
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Table I. Model material properties at 37°C.

Material Region c (J/kgK) k (W/mK) o (S/m) p (kg/m>)
Blood Blood NA NA 0.667 NA
Myocardium Tissue 3111 0.531 0.541 1.06-10°
Pt-Ir Electrode 132 71 4.10° 21.5-10°
Au Electrode 129 317 45.0° 19.3.10°
Cu Electrode 384 401 60.10° 9.0-10°
Polyurethane Catheter body 1045 0.026 107° 70

Glass fiber Thermistor 835 71 107 32
Insulation Thermistor 835 0.038 107° 32

Construction of the model

We used PATRAN 2005 r2 (The MacNeal-
Schwendler Co., Los Angeles, CA) to create the
model geometry, perform meshing, and assign
temperature and voltage boundary conditions. The
node spacing in the model was spatially heteroge-
neous: the finest mesh was at the electrode—tissue
interface because the largest voltage and temperature
gradients appear at this location. The mesh grid size
increased gradually with distance from the electrode—
tissue from ~0.1 mm in the tissue near the electrode
to ~10mm at the distal model boundary.

Parametric studies

We considered two different clinical catheter types
in this study: a 7Fr (2.33mm diameter) catheter
with an electrode length of 4mm, and an 8Fr
(2.67mm diameter) catheter with an electrode
length of 10mm. The effect of the circulating
blood flow at the electrode and endocardium
surfaces was modeled via convective film coeffi-
cients /... and Ky, assigned as boundary condi-
tion at these surfaces (Figure 1). By taking into
account previous experimental measurements at
different locations inside the cardiac chamber [18],
usne Was varied between 44 and 1417 W/m?K. To
determine the corresponding convective film coef-
ficent values for the blood—electrode interface
(M), we first used Equation 3 to calculate blood
velocity v (m/s):

hissue 122
() e

where /,;,,,. was the convective film coefficient at the
blood—endocardium interface for the specified flow
type (low, medium, or high (Table II)) and 4, is
a previously reported film coefficient value (1417 W/
m°K*) at the blood velocity v, (0.244m/s) [18].
We then used the calculated blood velocity v in
Equations 4 to 7 to determine the convective film
coefficient at the electrode—blood interface for both

Table II. Values of convective thermal coefficient /4, and
Nissue Used in this study. The values of 7, at ‘low’ and
‘high’ flow were taken from Tungjitkusolmun et al. [18].
The value of 4,,,. at the ‘medium’ flow condition was
taken as half of the value for ‘high’ flow. All values of % are
in W/m’K*.

Flow Ptec Potec Flow rate
type Psissue (7Fr-cath) (8Fr-cath) (cm/s)
Low 44 721 675 0.3
Medium 708 3636 3405 10.3
High 1417 5446 5101 24.4

catheter diameters [18]:

Nu -k
helec = T (4)
where Nu represents the Nusselt number, calculated
in Equation 5:

Nu = 0.683 - Re¥40¢ . pr0333 (5)

In Equation 5, Re and Pr represent the Reynolds
and Prandtl numbers, and are calculated using
Equations 6 and 7:

Re = (6)

c-u
Pr= A (7)

where k is the thermal conductivity of blood
(0.543W/(m-K)), d is the catheter diameter (2.33
(7Fr) or 2.66 (8Fr) mm), p is the density of blood
(1060 kg/m?), u is the viscosity of blood (2.1-107> kg/
(m-s)), and c is the specific heat of blood (3760]/
(kg K)).

The values of 4, and A, for the three simulated
flow conditions are shown in Table II.

Finally, we examined three different electrode
insertion depths (parameter P in Figure 1): 0.75,
1.25 and 2.5 mm.
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Protocols of delivering radiofrequency energy

In this study, two algorithms for delivering RF
energy were considered: temperature control and
constant power. The first algorithm was implemen-
ted using an automatic feedback algorithm [19] with
a target tip temperature of 55°C for 60s. For the
second algorithm, the applied voltage was adjusted
during the trial to maintain a constant power for 60s.
The target value of constant power for each trial was
determined from the results of the temperature
control experiments, in that we used the lowest
average power for a given electrode size, insertion
depth, and flow rate (see Table III for further
explanation).

Assessment of thermal lesion dimensions

Since myocardial injury occurs once the temperature
reaches approximately 50°C [20] and there is no data
on the time—temperature relationship of myocardial
tissue damage, we used the 50°C isotherm to
demarcate the thermal lesion boundary for all
simulations. We compared the maximum width
and depth of the thermal lesions (W and D in
Figure 1 respectively), and the maximal temperature
reached in the tissue (Tp..0)-

Results

The temperature distribution for a typical simulation
is shown in Figure 2.

The results of all simulations with the 7Fr and 8Fr
catheter and the temperature control algorithm are
shown in Tables III and IV. The lesion dimensions
from simulations with the Cu electrode are omitted
from the results since they were similar (<0.1 mm
difference) to lesion dimensions with the Au elec-
trode for all cases.

90 °C

Figure 2. Detail view of temperature distribution after
60s for a typical 8Fr catheter simulation. In this example,
the electrode penetration depth was 1.25 mm and the flow
rate was medium (Table II).

Table III. Results from simulations with 7Fr catheter and temperature control algorithm

(55°C target temperature, 1 min duration).

Electrode Insertion Flow Average Max tissue Lesion Lesion
material depth type power (W) temp (°C) width depth
Pt 0.75 low 3.53 68.2 8.3 4.3
Pt 0.75 medium 6.32 83.9 8.3 5.4
Pt 0.75 high 6.93 86.9 8.3 5.6
Au 0.75 low 3.65 68.9 8.5 4.4
Au 0.75 medium 6.58 87.4 8.6 5.6
Au 0.75 high 7.46 90.7 8.6 5.8
Pt 1.25 low 2.68 62.7 7.7 4.2
Pt 1.25 medium 5.05 77.2 8.1 5.5
Pt 1.25 high 5.62 80.5 8.2 5.7
Au 1.25 low 2.77 63.5 7.9 4.3
Au 1.25 medium 5.52 80.4 8.6 5.7
Au 1.25 high 6.20 84.5 8.7 6.0
Pt 2.5 low 1.69 57.7 7.0 4.5
Pt 2.5 medium 3.33 67.4 7.9 5.9
Pt 2.5 high 3.89 70.9 8.4 6.3
Au 2.5 low 1.72 57.8 7.1 4.6
Au 2.5 medium 3.54 68.8 8.3 6.1
Au 2.5 high 4.21 73.2 8.7 6.5

Note: All distance measurements are in mm. The lowest value of average power for each insertion depth
and flow rate was used as the set power for the constant power algorithm simulation with those parameters

(e.g. 3.53 W for 0.75 insertion depth and low flow).
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The results of the temperature control simulations
with both catheter sizes are shown graphically in
Figures 3 to 6.

The results for the simulations with the constant
power algorithm are shown in Table V. There was no
appreciable difference in the thermal lesion dimen-
sions between the different electrode materials using
this algorithm for either catheter size (<0.1 mm for
all cases).

The average initial impedance for the trials with the
7Fr catheter was 81, 82, and 85 ohms for the 0.75,
1.25, and 2.5mm insertion depths, respectively.

A computational modeling study 103

The average initial impedance for the 8Fr catheter
trials was 45, 46, and 46 ohms for the 0.75, 1.25, and
2.5 mm insertion depths.

Discussion

Previous ex vivo and clinical studies have investi-
gated the effect of using Au instead of Pt-Ir as the
electrode material for cardiac RF ablation, although
the results of these studies were inconclusive; while
the ex vivo studies demonstrated larger thermal

Table IV. Results from simulations with 8Fr catheter and temperature control algorithm

(55°C target temperature, 1 min duration).

Electrode Insertion Average Max tissue Lesion Lesion
material depth Flow type power (W) temp (°C) width depth
Pt 0.75 low 10.95 80.4 11.5 5.8
Pt 0.75 medium 15.86 93.8 10.5 6.7
Pt 0.75 high 16.75 95.4 10.2 6.7
Au 0.75 low 11.72 83.4 11.9 6.0
Au 0.75 medium 17.32 99.2 11.1 6.9
Au 0.75 high 18.30 99.7 10.9 7.0
Pt 1.25 low 9.16 73.9 11.1 5.8
Pt 1.25 medium 13.87 88.3 10.6 6.9
Pt 1.25 high 14.68 90.4 10.5 7.0
Au 1.25 low 9.82 76.1 11.5 6.0
Au 1.25 medium 15.44 94.3 11.3 7.2
Au 1.25 high 16.35 96.6 11.2 7.3
Pt 2.5 low 7.01 66.8 10.8 6.4
Pt 2.5 medium 11.46 82.0 11.3 7.7
Pt 2.5 high 12.28 84.7 11.4 7.9
Au 2.5 low 751 68.4 11.2 6.5
Au 2.5 medium 13.10 87.9 12.1 8.1
Au 2.5 high 14.17 91.6 12.2 8.4
Note: All distance measurements are in mm.
10
8
E 6
g O Pt
@ B Au
9]
E 4717
o
2 4
O T T T T T
Depth, low Depth, Depth, Width, low Width, Width, high
flow med. flow  high flow flow med. flow flow

Figure 3. Comparison of lesion dimensions for the 7Fr catheter with 0.75 mm insertion depth.
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Figure 4. Comparison of lesion dimensions for the 7Fr catheter with 2.5 mm insertion depth.
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Figure 5. Comparison of lesion dimensions for the 8Fr catheter with 0.75 mm insertion depth.

lesions with Au electrodes [7, 8], clinical studies have
not shown any significant differences in applied
power, tip temperature, or clinical outcome between
ablations with the two electrode materials [9, 10].
In this study we wused computer models to
investigate whether Au and Cu electrodes create
larger thermal lesions than Pt-Ir electrodes using
different catheter sizes and insertion depths at
different flow conditions. With the temperature
control algorithm we found that higher power was
delivered with the Au and Cu electrodes in all
simulations, resulting in higher maximum tissue
temperatures but only slightly larger lesion

dimensions with both catheter sizes. We found no
difference in lesion dimensions between the two
electrode materials in the constant power algorithm
simulations. Thus, while we saw an increase in
applied power when using the constant temperature
algorithm (Tables IIT and IV) due to the additional
electrode cooling, this did not translate into
significantly larger lesion dimensions.

It is well known that lesion dimensions increase
with increasing flow when performing ablations with
a temperature control algorithm [21], and generally
we observed this effect in our simulations (Tables III
and IV, Figures 3 to 6). The exceptions to this rule
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Dimension (mm)

oPt
W Au
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Width, low

Width, Width, high
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Figure 6. Comparison of lesion dimensions for the 8Fr catheter with 2.5 mm insertion depth.

Table V. Results from simulations with constant power algorithm. All values in the table are
from simulations with the Pt electrode (results with Au and Cu electrode materials were

similar).

Catheter Insertion Flow Max tissue

size depth type Power (W) temp (°C) Lesion width Lesion depth
7Fr 0.75 low 3.24 68.4 8.1 4.1
7Fr 0.75 medium 6.14 83.8 8.2 5.3
7Fr 0.75 high 6.78 86.7 8.1 5.5
7Fr 1.25 low 2.47 63.3 7.6 4.1
7Fr 1.25 medium 4.93 77.3 8.1 5.4
7Fr 1.25 high 5.54 80.5 8.1 5.7
7Fr 2.5 low 1.51 58.1 6.9 4.5
7Fr 2.5 medium 3.18 67.6 7.9 5.8
7Fr 2.5 high 3.75 71.2 8.3 6.2
8Fr 0.75 low 10.03 79.6 11.0 5.5
8Fr 0.75 medium 15.35 92.5 10.2 6.5
8Fr 0.75 high 16.34 93.9 10.0 6.6
8Fr 1.25 low 8.35 73.3 10.6 5.5
8Fr 1.25 medium 13.30 87.3 10.4 6.7
8Fr 1.25 high 14.17 89.5 10.2 6.8
8Fr 2.5 low 6.30 66.6 10.2 6.1
8Fr 2.5 medium 10.83 81.3 11.0 7.5
8Fr 2.5 high 11.66 83.9 11.0 7.7

Note: All distance measurements are in mm.

were lesion widths in the simulations with the 8Fr
catheter and 0.75 and 1.25mm insertion depth,
likely because reduced insertion depth limited the
effects of electrode cooling. In addition, while there
was a minor increase in difference in lesion dimen-
sions between electrode materials with increasing
flow and increasing insertion depth, again this
difference was not significant.

As expected from prior studies [22-24], we also
found that the lesion dimensions with the 8Fr
catheter were larger than those with the 7Fr catheter
(Tables III and IV), due to the longer electrode

length (10 vs. 4mm, respectively) that facilitates
greater convective cooling of the electrode—tissue
interface allowing increased power application, as
well as due to the larger electrode diameter which
causes deeper penetration of RF current.

The Au electrode created only marginally larger
thermal lesions than the Pt-Ir electrode for all
combinations of flow, insertion depth, and catheter
size, while there was no significant difference
between lesion dimensions between the Au and Cu
electrode simulations. This is likely because the
difference in thermal conductivity between Au and
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Cu (~1.3x) is significantly smaller than the differ-
ence between Au and Pt-Ir (~ 4.5x) (Table I).

There are two prior published ex vivo studies that
compared Au- and Pt- electrodes. Both observed
increases in lesion depth when using Au- electrodes,
even though the differences were considerably larger
than in our computer simulations. In one study by
Lewalter et al., the lesion depth with Au electrodes
was ~2mm larger than platinum (4.94+1.0 vs.
3.0+ 0.8 mm), and in the other study by Simmons
et al., lesion depth was 1.4mm larger (5.8 +0.7 vs.
7.2+ 1.4mm). While the dimensions resulting from
our models were in similar range, the greatest
difference between lesion depth with a similar
electrode as used in those ex vivo studies (7 Fr,
4 mm length) was 0.3 mm. There are many potential
reasons for this discrepancy, among them incorrect
material properties, geometry of the myocardial
surface, and differences in power application algor-
ithm. However, the small increase in lesion dimen-
sions we found in the simulations could explain the
lack of significant difference in efficacy found in
clinical trials that have compared the two electrode
materials [9, 10]. Therefore, while differences in
electrode material properties may provide advantages
in particular clinical situations, our modeling results
suggest only potentially minor benefits.

Conclusions

Our computer modeling results show only minor
increases in thermal lesion dimensions with electrode
materials of higher thermal conductivity. These
observed differences likely do not provide a signifi-
cant advantage during clinical procedures.
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