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ABSTRACT ARTICLE HISTORY
Purpose: Most modeling studies on radiofrequency cardiac ablation (RFCA) are based on limited- Received 3 February 2020
domain models, which means the computational domain is restricted to a few centimeters of myocar- Revised 28 May 2020

dium and blood around the active electrode. When mimicking constant power RFCA procedures (e.g,  Accepted 28 May 2020
atrial fibrillation ablation) it is important to know how much power is absorbed around the active elec-
trode and how much in the rest of the tissues before reaching the dispersive electrode. Cardi .
X R R R X . ardiac ablation; computer
M.etho.ds: 3D thorax fuII. models.were built by progresswely incorporating fjlfferent organs apd tissues model; limited-domain
with simplified geometries (cardiac chamber, cardiac wall, subcutaneous tissue and skin, spine, lungs model: RF ablation;
and aorta). Other 2D limited-domain models were also built based on fragments of myocardium and thorax model
blood. The electrical problem was solved for each model to estimate the spatial power distribution
around the active electrode.
Results: From 79 to 82% of the power was absorbed in a 4 cm-radius sphere around the active elec-
trode in the full thorax model at active electrode insertion depths of between 0.5 and 2.5 mm, while
the impedance values ranged from 104 to 118 Q, which were consistent with those found (from 83 to
103 Q) in a 4cm radius cylindrical limited domain model.
Conclusion: The applied power in limited-domain RFCA models is approximately 80% of that applied
in full thorax models, which is equivalent to the power programed in a clinical setting.

KEYWORDS

Introduction Although limited-domain models may be appropriate to
study temperature distributions around the active electrode,
they implicitly assume that all the power delivered by the RF
generator (P = Vo X lg in Figure 1(B)) is absorbed by the
volume around the active electrode (i.e., across the imped-
ance Zyop in Figure 1(B)). This actually has a theoretical justi-
fication: when the active electrode is inserted in
homogeneous tissue and is assumed to be much smaller
than the dispersive electrode, the area of the tissue around

issues associated with RFCA [1-13]. As almost all the models the active electrode can be increased without significantly
simplify reality by including only a relatively small region ¢changing baseline impedance [14], which in practical terms
around the active electrode, the computational domain Means that the RF power absorbed around the active elec-
includes a zone of cardiac tissue and blood whose size trode remains unchanged. The problem is that this simplifi-
depends on preventing the boundary conditions from affect- cation assumes that RF current is flowing through
ing the results. This dimension can range between a distance homogenous tissues until it reaches the boundary, repre-
of from 12 to 75 mm around the active electrode (12mm [1], sented by the large dispersive electrode. This situation
16mm [2,3], 19mm [4], 25mm [5,6], 30mm [7], 40mm ignores two important facts: 1) the current actually passes
[8-11], 44 mm [12], 75 mm [13]). All of these can be consid- through tissues with different electrical conductivities (bone,
ered limited-domain models since they do not include the lung, skin, etc), and 2) the cross-section is gradually reduced
entire electrical circuit from the active electrode to the dis- as we approach the dispersive electrode, increasing the value
persive through the thorax tissues (see Figure 1(A)). of the current density, especially at its edges [15].

Radiofrequency (RF) cardiac ablation (RFCA) is a minimally
invasive procedure aimed at treating certain types of arrhyth-
mia. During RFCA, electrical current flows between an active
electrode (placed on the target site) and a dispersive elec-
trode on the patient’s back. Current density is especially high
around the active electrode (due to its small size) and cre-
ates a thermal lesion exclusively in the target zone.
Computer modeling has been broadly used to study specific
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Figure 1. (A) Full thorax model and limited-domain model used to study RF cardiac ablation. (B) In the limited-domain model only a portion of the electrical circuit
between active electrode and dispersive electrode is considered. The part of the total power delivered by the RF generator (Py =V, X lo) that is applied to a lim-

ited-domain model is Pyop = lo> X Zmop-

To our knowledge, only Shahidi and Savard’s computer
model [16] took the entire electrical circuit into account and
included three types of tissue between the active and disper-
sive electrodes: blood, cardiac wall, and thorax. Their compu-
tational domain extended up to 100mm and included a
2cm radius dispersive electrode. This model thus repre-
sented a more or less simplified scenario based on concen-
tric homogeneous tissues, and despite the effort to create a
more or less complete model, they did not consider how the
power delivered by the RF generator was spatially absorbed
by the tissues. The truth is when ablations are conducted
with constant temperature, which made power a somewhat
irrelevant parameter. The current atrial fibrillation RFCA clin-
ical scenario is different as the procedure is frequently con-
ducted with programed constant power [17]. In this case it is
crucial to estimate how much of this power is absorbed at
the target site and how much by the rest of the thoracic tis-
sues. This means that in a limited-domain model an estimate
must be made of how much of the power programed in the
generator (and absorbed by the entire thorax) is actually
absorbed around the electrode.

In the context of the present study, the relationship
between ‘useful power’ absorbed by the cardiac wall and
‘lost power’ absorbed by the blood circulating around the
electrode is irrelevant as we are only interested in the rela-
tionship between the power absorbed around the active
electrode (including cardiac tissue and blood) and that
absorbed beyond. This information becomes even more
important with the current tendency to use high power and
short durations [18], so that the thermal lesion is created
mainly by the direct deposition of RF power, rather than by
thermal conduction.

The part of the electrical circuit at a distance from and
not associated with the thermal lesion (i.e., that represented
electrically by Zgxr in Figure 1(B)) has traditionally been
ignored, not only in computational modeling but also in ex-
vivo models, which were always based on fragments of car-
diac tissue placed in a bath. This meant that when constant
power was used, both types of study had to ‘justify’ the
specified power being less than the power used in clinical
practice, since only part of the domain was considered. The
problem is that this ‘adjustment’ value has never been

sufficiently justified. For this reason, our goal was to analyze
how the total power delivered by the RF generator Py is dis-
tributed between the active and dispersive electrodes, and
to estimate the percentage of P, that would be absorbed in
a limited-domain model. For this, we compared the results
from a full thorax 3D model with those obtained from a lim-
ited-domain model.

Methods
Full thorax models

Two-dimensional full thorax model

A two-dimensional model was first built based on a cross-
section medical image obtained from The Cancer Imaging
Archive [19] (Patient ID 71813). The model included the four
chambers of the heart (blood and cardiac muscle) and most
of the tissues in the thorax (Figure 2): lung, bone (vertebrae
and ribs), aorta, connective tissue, and an 18-mm thick layer
of skin -+ subcutaneous tissue. Table 1 shows the electrical
conductivity values considered for the tissues obtained from
a database [20]. For skin + subcutaneous, we estimated the
mean value between fat (0.025S5/m) and fibrous septa
(0.22S/m) [21]. The value for lungs was considered to be the
mean between inflated (0.123 S/m) and deflated (0.307 S/m)
lung [20]. Likewise, the value for bone (spinal column and
ribs) was considered to be the mean between cortical
(0.022S/m) and trabecular (0.087S/m) bone [20]. A 4-mm
7 Fr active electrode was modeled perpendicular to the left
atrial wall (0.5mm insertion depth) and a dispersive elec-
trode placed on the back, which was modeled as a 15cm
contour segment of the thorax, as shown in Figure 2(B).
Figure 3 shows the meshing used in the computer simula-
tions, with an especially small mesh size around the active
electrode. To quantify the power spatial distribution the fol-
lowing concentric zones were considered (see Figure 2(B)): 2-
cm radius circular area around the active electrode (Zone 1),
2-4 cm circular band (Zone 2), 4-8 cm circular band (Zone 3),
semicircular 10cm radius area around the dispersive elec-
trode (Zone 5), and the remaining tissue between areas 3
and 5 (Zone 4).
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Figure 2. (A) Cross-section of a CT medical image which was segmented to identify zones associated with the different tissue types (image retrieved from [19], ID
71813). (B) Model geometry resulting from the previous segmentation (scale represents electrical conductivity in S/m).

Table 1. Electrical characteristics of the tissues included in the models.

Tissue Electrical conductivity o (S/m)? Reference
Blood 0.748 [20]
Cardiac muscle 0.281 [20]
Lung (inflated—deflated) 0.215 (0.123-0.307) [20]
Bone (cortical-trabecular) 0.055 (0.022-0.087) [20]
Connective tissue 0.39 [20]
Skin 4 subcutaneous tissue 0.123 21

?Assessed at 37°C and 500 kHz.

Three-dimensional full thorax model

Different 3D models were developed. All shared the same
outer boundary and were built based on the thorax of the
patient represented in the 2D model (ID 71813), truncated to
a height of 18cm (Parameter H in Figure 4), minor diameter
T=30cm, and major diameter D=42cm. A 4-mm 7 Fr active
electrode was considered perpendicular to the cardiac wall
inserted to depths of 0.5mm, 1.5 and 2.5 mm.

Different numbers of tissues and organs were included in
the models, which were built by progressively incorporating
the tissue types with more or less simplified geometry (see
Figures 4(A,B)). Model 1 was the simplest and was based on
a homogeneous thorax with an electrical conductivity of
0.39S5/m (connective tissue). Model 2 included a 2-cm radius
sphere (0.748 S/m) mimicking the blood of the cardiac cham-
ber. The active electrode was assumed to be at the boundary
of this sphere inserted in the surrounding homogeneous tis-
sue. Model 3 included a 1 cm-thick spherical shell around the
sphere to mimic the cardiac wall with an electrical conductiv-
ity of 0.281S/m (myocardium). Model 4 included an
~18 mm-thick subcutaneous layer at the side corresponding
to the dispersive electrode, Model 5 had a 3.6cm diameter
cylindrical structure to mimic the spinal column, Model 6
had two 14cm diameter cylindrical structures to mimic the
lungs, while Model 7 (full model) also had a 2.8 cm diameter
cylindrical structure to model the aorta. The electrical con-
ductivities were the same as those in the 2D models
(Table 1).

The zones used to quantify the power spatial distribution
across the thorax were defined similarly to those in the 2D
case, but this time spherical instead of circular, with the same
radii (see Figures 4(C,D)). Simulations were conducted to com-
pute the percentage of power absorbed in each of these zones
and for each model. Since the model represented a truncated
torso, the suitability of height H was checked by means of the
following sensitivity analysis: parameter H was checked by con-
secutive simulations in which its value was gradually increased
by 2.5 cm above and below until the absorbed power percent-
age in the different zones varied by less than 1%.

Details of the model mesh can be seen in Figure 5. The
mesh size was also checked by consecutive simulations,
increasing the number of elements from ~34,000 onwards
until the difference in the absorbed power percentage
between consecutive simulations was less than 1% (obvi-
ously in this way mesh size was gradually reduced).

The full model was used to study the effect of changing
the active electrode insertion depth and the dispersive elec-
trode’s surface area on power spatial distribution around the
active electrode (Zones 1-3).

Governing equations and calculating absorbed power

The model was based on an electric problem which was
solved numerically using the Finite Element Method imple-
mented in FEniCS [22]. Image processing and meshing were
performed on a 3D Slicer [23] and Gmsh [24], respectively. As
the biological medium can be considered almost fully resistive
at RF frequencies, the problem was approximated in its quasi-
static form [15]. Voltage @ was computed by the equation:

V.oV0=0 )

where o is the conductivity of the materials. Electric field
vector E can be estimated as E = -V®. The power absorbed
per unit tissue volume (also known as Specific Absorbed
Ratio, SAR) can be calculated as SAR = JeE (dot product), J
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(A)

Figure 3. (A) 2D model mesh. (B) Detail of mesh around the active electrode.
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Figure 4. (A) Cross section of the fourth 3D model geometry. (B) The structures were immersed in a thorax with realistic boundaries. The dimensions of the model
are: T=30cm, D=42cm, and H=18cm. (C) Zone 3 with radius of 8 cm (Zones 1 and 2 were concentric). (D) Zone 5 covers the dispersive electrode.

being the current density vector. As the quasi-static
approach was considered valid, SAR can be computed as
SAR=GJE|> and was integrated over the mentioned zones
(surfaces for 2D or volumes for 3D).

Boundary conditions
For the boundary conditions, active and dispersive electrodes
were set at voltages 55V and 0V, respectively. Although

these values are irrelevant in the context of the study, they
corresponded with a total power of ~30W on impedances
of ~100Q (similar to that used in clinical practice for RF car-
diac ablation). All the outer surfaces of the model (except
that of the dispersive electrode) were fixed to a null electric
current. A voltage of 0V was applied to a set of elements at
the back of the thorax (see Figure 5(C)) to model a
~140 cm? rectangular dispersive electrode (14cm x 10cm).
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Figure 5. Details of the meshing used in the full thorax model. (A) Cross section at the level of the active electrode. Dotted line represents approximately the con-
tour of the subcutaneous tissue. (B) Close-up of the zone around the active electrode. (C) Posterior view showing the meshing and position of the elements (yel-
low) on which an electrical condition of zero voltage was set, mimicking the location of the dispersive electrode.

Limited-domain model

A limited-domain model was built similar to others devel-
oped to date, i.e, a 2D model based on axial symmetry
around the catheter axis (see Figure 1(A)). The width of the
model was the same value (X) as the height of the blood
fragment and the height of the heart tissue fragment (Figure
6(A)). The electrode was inserted from 0.5 to 2.5mm (as in
the full thorax model). We first determined the optimum
model dimensions by the standard convergence test, i.e.,
increasing X until the variation of a key parameter (imped-
ance, maximum tissue temperature, lesion size) was insignifi-
cant. Temperature and lesion depth were also assessed after
30s of RF ablation and 15W constant power. This power
level was chosen to avoid tissue temperatures higher than
100°C. The effect of considering one, two or three sides to
set the electrical boundary condition of 0V was also checked
(see Figure 6(B-D)). In a limited-domain model this condition
should evidently not be the actual physical position of the
dispersive electrode (which is further away). After obtaining
the optimum dimensions, the impedance values of this lim-
ited-domain model were compared to those of the full
thorax model in an attempt to harmonize both models and
estimate the power adjustment value, i.e.,, the percentage of
power dissipated in Zyop and Zgxr (according to the lumped
element electrical model shown in Figure 1(B)).

The ANSYS program (ANSYS, Canonsburg, PA, USA) was
used to build and solve the model. The governing equations
were the Laplace Equation for the electrical problem and the

Bioheat Equation for the thermal problem, both coupled
[25]. An irrigated electrode was modeled by fixing a value of
45°C in the cylindrical zone of the electrode tip and leaving
the semi-spherical tip free, as described in [26], i.e., blood
motion was not modeled by CFD (computer fluid dynamics)
but its cooling effect was modeled by means of blood-elec-
trode (hy) and blood-electrode (hg) convective transfer coeffi-
cients. Each coefficient was calculated under conditions of
high blood flow (24.4 cm/s), as in [11]: h; = 6090 W/m*-K and
hr = 1417 W/m?.K. This method predicts lesion depths simi-
lar to the method including CFD [25]. Both the initial tem-
perature and the temperature of the surfaces away from the
active electrode were initially assumed to be 36 °C.

Results
Two-dimensional full thorax model

Figure 7 shows the current density plot. As expected, the
gradient is maximum around the active electrode. However,
it is also interesting to note the high values around the dis-
persive electrode (bottom) and the distorted current distribu-
tion due to the presence of bone structures associated with
the spinal column. In Figure 7(A) it can be seen that: (1) the
electric current tries to avoid the spine (due to bone’s low
electrical conductivity), (2) the electrical current preferentially
flows off the edges of the dispersive electrode (as expected),
and (3) large vascular structures (such as the aorta shown in
Figure 2(A)) favor the passage of current. We also observed
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Figure 6. (A) 2D limited-domain model (out of scale) comprised of two fragments: cardiac tissue and blood, both squares of side X (varying between 4 and 8 cm).
(B-D) Options to set the electrical boundary condition of 0V: only on the bottom (B), bottom and side (C), bottom, side and top (D).
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Figure 7. (A) Current density distribution (in A/m) across the thorax computed by the 2D model. (B) Detail around the active electrode.

that the current prefers to flow toward the blood due to its
higher electrical conductivity (see yellow and green arrows in
Figure 7(B)), which point to the blood filling the cardiac
chamber, instead of toward the cardiac wall).

Three-dimensional full thorax model

RF power was also deposited mainly around the active elec-
trode in the 3D models. Figure 8 shows the percentage of
absorbed power in each zone of the seven models for an
insertion depth of 1.5mm (the behavior as different organs
and tissues were added was similar for the other insertion
depths). In the simplest model (based on a homogenous
thorax with 0.39S/m electrical conductivity), at this depth
84.4% of the power was absorbed within the 2-cm area
around the active electrode. Absorbed power fell drastically
in the concentric zones: 4.8% in Zone 2, 2.9% in Zone 3,
3.4% in the rest, and 4.5% around the dispersive electrode.
When a sphere mimicking the blood inside the cardiac

MODELS

80 - = 1 (homogeneous)

70 - H 2 (+ cardiac chamber, blood)
g 60 - m 3 (+ cardiac wall, myocardium)
% 50 - B 4 (+ subcutaneous, skin)
s m 5 (+ spine
% a0 - (+ spine)
2 W 6 (+ lungs)
2 30 -
o = 7 (+ aorta, FULL MODEL)
<

20

10 -

0 -
0-2cm 2-4cm 4-8cm Rest Dispersive
Zones

Figure 8. Profile of percentage power absorbed in each zone of the thorax for
the seven 3D models studied (which were built on the basis of adding different
types of tissues and organs to an initial model based on homogeneous tissue).
These results were from an electrode insertion depth of 1.5 mm (similar results
were obtained for other values of 0.5 and 2.5 mm).



chambers was added to the previous model, the power
absorbed in Zone 1 dropped to 79.1%, rose to 6.1% around
the dispersive electrode and slightly increased in Zones 2, 3,
and 4: 6.2%, 4.0% and 4.8%, respectively. When a 1 cm-thick
cardiac wall was added covering the cardiac chamber, the
power in Zone 1 increased slightly to 80.2%, and remained
more or less unchanged in the other zones: 6.1%, 3.7%, 4.5%
and 5.6% in Zones 2, 3, 4 and 5, respectively. When an
~18 mm-thick subcutaneous layer was added to the previous
model, the power absorbed in Zone 1 dropped to 75.0%,
rose to 11.3% around the dispersive electrode and slightly
varied in Zones 2, 3, and 4: 5.7%, 3.5% and 4.4%, respect-
ively. The further addition of organs and tissues hardly
altered these percentages. Neither did they vary much when
the spinal column was added: 74.7%, 5.7%, 3.5%, 4.8%, and
11.3%, in Zones 1 to 5, respectively. With lungs, the model
showed that 74.4% of the power was absorbed within the 2-
cm around the active electrode, and 11.3% around the dis-
persive electrode (Zone 5). The remaining 14.3% was
absorbed in the intermediate zones (5.7%, 3.7%, 4.9% in
Zones 2, 3 and 4, respectively). When the aorta was included
(full model), the definitive percentages were 74.5%, 5.7%,
3.7%, 4.8% and 11.3% in Zones from 1 to 5, respectively.

Figure 9 shows the impedance values and power percent-
age absorbed in a 4cm radius sphere around the electrode
(merger of Zones 1 and 2) at insertion depths of 0.5, 1.5 and
2.5mm as organs and tissues were added. The most remark-
able issue is that from Model 4 on (with a cardiac wall and
chamber + subcutaneous tissue and skin) the results hardly
changed. The percentages of power absorbed in a 4cm
radius sphere around the active electrode were ~79, 80 and
82% for insertion depths of 0.5, 1.5 and 2.5 mm, respectively,
while impedance was ~104, 109 and 118 Q, at depths of 0.5,
1.5 and 2.5 mm, respectively.

Several convergence tests were carried out to check the
effects of different parameters. Firstly, it was found that

=

125 —R

115 -

105 - =

95 +

Impedance (Q)

85

C
)

Absorbed power (%)
(within a 4-cm radius volume

1 2 3

4 5 6 7
MODELS

Figure 9. Impedance (A) and percentage of power absorbed in a 4cm radius
sphere around the electrode (B) at three insertion depths (0.5, 1.5 and 2.5 mm)
and for seven full-thorax models built by progressively adding organs and tis-
sues: 1 (homogeneous), 2 (+ cardiac chamber), 3 (4 cardiac wall), 4 (+ sub-
cutaneous and skin), 5 (4 spine), 6 (+ lungs) and 7 (4 aorta).
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raising parameter H from 18 to 19cm had little effect on the
power percentages (<0.2% for all seven models), which sug-
gests that this dimension is adequate for a full thorax model
oriented toward RFCA. When the dimensions of the organs
were modified by £10%, the power percentages in a 4cm
radius sphere around the electrode varied by less than 0.8%,
confirming that the presence/absence of organs at a distance
from the electrodes has little impact in terms of power
deposited around the active electrode. Similarly, when the
mesh was refined twice, the power percentages in a 4cm
radius sphere around the electrode varied by less than 1%,
which confirmed the optimal 0.2 mm mesh size around the
active electrode and ~7 mm around the dispersive electrode.
The model consisted of ~300,000 tetrahedral elements.

Limited-domain model

Figure 10 shows the results of the convergence tests con-
ducted on the limited-domain model shown in Figure 6(A),
when the outer dimension X was increased from 1 to 14cm.
Additional convergence tests for meshing size provided val-
ues of ~0.02mm at the electrode-tissue interface and
~2mm at the point furthest from the active electrode.
Likewise, the optimal time-step was ~0.07s. The number of
elements varied with the model size (X) from 13,000 for
X=1cm to 21,000 for X=14cm (14,318 for X=4cm). The
following conclusions were drawn: (1) the results obtained
when the boundary condition V=0 is set at the bottom of
the model (Figure 6(B)) are very different from those
obtained when it is set on 2 or 3 sides (Figures 6(C,D)); (2)
the results are practically identical when the condition V=0
is set on 2 or 3 sides; and 3) for any of these two cases, and
regardless of the insertion depth, increasing model size from
4cm to 14cm changed impedance by less than 3 Q, max-
imum temperature by less than 2.5°C, and lesion depth by
less than 0.07 mm.

Discussion

Most of the previous computer RFCA models built only rep-
resented a fragment of blood and myocardium around the
active electrode, i.e., they were domain-limited models. This
was not a problem when modeling constant temperature
ablations, since the applied voltage could be suitably modu-
lated to keep the active electrode temperature constant.
Power was hence not relevant because it was not even pro-
gramed. However, the case of constant power RFCA for atrial
fibrillation is quite the opposite, as power is now the pro-
gramed parameter (P, in Figure 1(A)) and lesion size strongly
depends on its value, especially on the way in which the
power is absorbed in the immediate vicinity of the electrode,
which is directly related to how much each tissue contrib-
utes to baseline impedance [27]. Computer simulations were
conducted to quantify the power percentage absorbed in
each zone around the active electrode and to clarify how
these percentages can be related to the power applied in a
limited-domain model.
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Figure 10. Effect of the dimensions of a 2D limited-domain model on initial impedance, maximum temperature and lesion depth (assessed with the 55°C iso-
therm) after a 15-W 30-s RF cardiac ablation. The columns show the insertion depth of the active electrode (0.5, 1.5 and 2.5 mm). The three lines (blue and red
overlap) are the location of the zero-voltage electrical boundary condition (see Figure 5(B-D)).

A 2D full thorax model was first developed based on an
actual medical image to ensure a high degree of tissue real-
ism. The main limitation of this 2D model is that its power
distribution was not real, since the power drops by 1/r* as
we move away from the active electrode - assuming a
spherical electrode-, instead of 1/r*, as would be the case in
a 3D model [28]. Despite this limitation, the model was able
to show how current density mostly flowed toward the car-
diac chamber and to a lesser extent toward the myocardium,
even though the dispersive electrode was on the opposite
side (see Figure 2(B)), which was probably due to the higher
blood conductivity with respect to the myocardium (0.748
vs. 0.281 S/m). This result suggests that limited-domain mod-
els should allow currents to flow not only toward the myo-
cardium but also to the blood by imposing the electrical
boundary condition of 0V on all sides (Figure 6(D)), and not
only on the bottom (Figure 6(B)). In fact, the convergence
tests conducted on the limited-domain model showed that
when the condition V=0 is set on the bottom, and the elec-
trical current is forced to pass only through the myocardium,
the impedance values are excessively high (see Figure 9(A))
and are not compatible with the full thorax model, since it is
reasonable to assume that the impedance values of the lim-
ited-domain model should always be lower than those
obtained from the full thorax model, as this only considers a
fragment of the electrical circuit (Zyop instead of Zyop +
ZexT, see Figure 1(B)).

The high degree of detail in the 2D model (unaffordable
in computational terms with a 3D model) also indicated the
tissue structures that significantly altered the current distri-
bution and suggested those that should be included in a

simplified 3D full thorax model with structures based on vol-
umes with more or less simplified geometry. The objective
with the 3D model was not to make detailed observations
(as with the 2D model) but to quantify how much of the
total programed power is absorbed around the active elec-
trode. Even though the lungs did not significantly distort
electrical current distribution in the 2D model (Figure 7(A)),
we decided to include them in the 3D models due to their
large volume and proximity to the active electrode. The
results of the 3D full thorax models showed that adding
organs relatively far away from the active and dispersive
electrodes (i.e, spine, lungs and aorta) had practically no
effect (Figure 8), which makes sense, since the power is
mainly absorbed in zones with high current density gradients
(or electrical field), and this only occurs in the proximity of
the electrodes and mainly near the active electrode, due to
its having a smaller effective area than the dispersive elec-
trode (~ 42cm? vs. ~ 140mm?). In other words, the 3D
model including the cardiac chamber (blood), cardiac wall
(myocardium), subcutaneous tissue + skin, and connective tis-
sue filling the intervening space can be considered adequate
in terms of assessing how power is spatially absorbed along
the electrical circuit between the active and disper-
sive electrode.

Considering the full thorax 3D model, the percentages of
power absorbed in a 4cm radius sphere around the active
electrode ranged from 79 to 82%, for insertion depths
between 0.5 and 2.5mm. These results should have direct
implications for computer limited-domain models. Although
the volume of the 4cm radius sphere (in the full thorax
model) and the volume of a limited-domain model (as



shown in Figure 5(A)) is not the same (the sphere occupies
268cm> and the circular prism associated with a limited-
domain model of X=4cm occupies 512cm?), the results of
both models in terms of impedance are quite consistent.
Indeed, while the impedance values computed from the full
thorax model were 104, 109 and 118 Q for insertion depths
between 0.5, 1.5 and 2.5 mm, respectively, the values of the
domain-limited model (with X=4cm) were 83, 92 and 103Q,
for insertion depths between 0.5, 1.5 and 2.5mm, respect-
ively. The values of the limited-domain were obviously
smaller since they represented only a portion of the electrical
circuit. The impedance values of the limited-domain model
represented 80-87% of the full thorax model impedance,
which is consistent with the power percentages absorbed
4cm around the active electrode (79-82%). Note that there
is a direct relationship between the power absorbed across a
tissue zone and its associated impedance.

The impedance values computed for the full thorax model
varied between 104 and 118 Q (see Figure 9(A)) for insertion
depths between 0.5 and 2.5mm and are in agreement with
those reported in RFCA clinical studies using 4-mm 7 Fr elec-
trodes (as modeled here): 113+10 Q in 45 patients [29],
103.5+8.6 Q in 76 patients [30], 1009 Q in 29 patients
[31]. Note that impedance values of the latest atrial fibrilla-
tion electrodes could be slightly higher since they are
3.5-mm.

The practical implications are as follows: in a model of
constant power RFCA with a domain limited to 4 cm around
the active electrode (as that used in several previous studies
[8-11]) the power in simulations should be reduced to ~80%
of the value used in clinical practice. For instance, if a power
of 25W is programed for a patient, the power in the simula-
tions/experiments should be 20W to compensate for the
missing section of the electrical circuit. Likewise, if the model
domain reaches 8 cm in radius (sum of zones 1, 2 and 3), the
power in the model should be reduced to ~84% (21W).
Computational models that do not include the thorax are
rarely larger than 8cm in radius [1-13]. It is important to
point out that our conclusions are equally valid for any
applied power, which means they can be applied to high-
power ablation models such as those recently proposed
[32,33]. It should also be noted that we considered spherical
zones around the electrode, and this does not have to coin-
cide with the geometries of other numerical models (usually
cylinders in 2D models, and cubes in 3D models).
Unfortunately these power adjustment values should not be
followed to the letter, as our results also showed that there
are slight variations at different insertion depths of the active
electrode, along with organ and tissue dimensions (cardiac
wall, cardiac chamber and subcutaneous tissue). It is also
important to recognize that the comparison between the
limited-domain model and the full thorax model cannot be
straightforward since former assumes a current that always
flows more or less uniformly toward the contours (where
condition V=0 is set), while the latter forces the currents to
flow toward the back of the thorax and the dispersive elec-
trode. We think that our findings could also be useful for
constant temperature ablation modeling, at least for
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justifying the differences between the power required by the
limited-domain model and that provided by the RF generator
in clinical practice to keep the electrode at the target
temperature.

Limitations of the study

First of all, we would like to point out that the 3D models
were built using simplified structures of each incorporated
organ/tissue, instead of realistic geometries obtained from
patients’ images. In spite of this, the results obtained show
that this simplification is appropriate in the context of the
present study and does not at all invalidate its conclusions.
When the cardiac chamber, cardiac wall and subcutaneous
tissues were considered, the results showed that the gradual
incorporation of organs/tissues (spine, lungs, aorta) had a
very small impact on the percentages of power distribution,
confirming that the inclusion of realistic details in the exter-
nal shape of these organs/tissues would not cause significant
changes. In other words, the power distribution percentages
would be conditioned by the presence or absence of organs/
tissues, and not so much by their geometric details.
Obviously the details are expected to be important in the
vicinity of the active electrode, but these have already been
taken into account in limited domain models, and our goal
here was to quantify the power regionally throughout the
thorax, and consequently to provide information on how the
limited domain models should adjust the total power applied
to reproduce the real clinical scenario.

Secondly, our full thorax model focused exclusively on the
electrical problem, i.e., no thermal problem was solved.
During an RF ablation, heating in the cardiac tissue around
the active electrode raises the tissue electrical conductivity.
This phenomenon, which was not included in our simula-
tions, would slightly increase the power absorbed in the car-
diac tissue around the active electrode, which would slightly
modify the percentages shown in Figure 7. For instance, an
increase from 37°C to 80 °C would raise tissue electrical con-
ductivity from 0.281S/m to 0.536 S/m (assuming a coefficient
of +1.5%/°C [34]). When we conducted an additional simula-
tion using the full thorax model that included an electrical
conductivity value associated with ‘heated myocardium’
(0.536S/m) the power percentage absorbed within the 2-cm
around the active electrode for an insertion depth of 1.5mm
changed from 74.5 to 75.9%, i.e., an insignificant effect. In
conclusion, we think that the values proposed to adjust the
applied power in limited domain models could be used for
the entire RF ablation.

And thirdly, the study only considered a specific set of
‘local’ characteristics around the active electrode: electrode
design, location of the electrode inside the cardiac chamber,
tissue-electrode angle, etc. We must hence recognize that
variations in these parameters could cause changes in the
power percentages absorbed around the active electrode.
Future computer models based on a limited domain should
determine whether their conditions are similar to those con-
sidered here and act accordingly in case of signifi-
cant variations.
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Conclusions

The percentages of power absorbed in a 4cm radius sphere
around the active electrode in a full thorax model range
from 79 to 82% for active electrode insertion depths
between 0.5 and 2.5 mm. These same figures could be used
to adjust the power applied in limited-domain models of
constant power RF cardiac ablation.
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