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Abstract

Radiofrequency (RF) cardiac ablation is used tattreertain types of
arrhythmias. In the epicardial approach, efficatyR& ablation is uncertain
due to the presence of epicardial adipose tissterposed between the
ablation electrode and the atrial wall. We planaddasibility study based on
a theoretical model in order to assess a new tqakrib estimate the quantity
of fat by conducting bioimpedance measurementsgusinmulti-electrode
probe. The Finite Element Method was used to stileeelectrical problem.
The results showed that the measured impedanceileprobincided
approximately with the epicardial fat profile meesli under the probe
electrodes and also that the thicker the epicafdiathe higher the impedance
values. When lateral fat width was less than 4.5, itiv@ impedance values
altered, suggesting that measurements should allvaysonducted over a
sizeable fat layer. We concluded that impedancesorement could be a
practical method of assessing epicardial fat @@oRF intraoperative cardiac
ablation, i.e. “to map” the amount of adipose tessader the probe.

Keywords: Atrial fibrillation, bioimpedance measorent, cardiac ablation,
computational modeling, epicardial ablation, epiéar fat, finite element
method, theoretical model.

1. Introduction

Radiofrequency (RF) cardiac ablation can be uséckad certain types of arrhythmias,
such as atrial fibrillation (AF), which is a commarhythmia and an important public
health problem due to its clinical prevalence amahid-mortality (Kannekt al 1998,

Benjaminet al 1994, Wolfet al 1991). The use of both surgical (intraoperatived a
percutaneous (via a catheter) RF ablation to #&ais increasing, in spite of the lack
of accurate knowledge of the mechanisms involvede Effectiveness of surgical
ablation is 70-80%, regardless of the kind of eperged (Kharget al 2005, Coxet al

1996, Nakajimaet al 2002). It is has been hypothesized that the earbt-gblation

recurrence of AF probably depends on the incompietasmurality of the lesion
(Miyagi et al 2009). In fact, histological analyses of lesiolasé shown that 25-30%



are non transmural cases (Santiagal 2003a, b, Deneket al 2005). In the epicardial
approach, i.e. when the energy to create the tHdesian is applied on the epicardial
surface, the efficacy of RF ablation is uncertalne to the varying presence of
epicardial adipose tissue interposed between tlai@ip electrode and target site, i.e.
the atrial wall (Miyagiet al 2009, Berjano and Hornero 2004). This is proballg to
the electrical conductivity of the fat being lowthan that of atrial tissue (0.02 and 0.4-
0.6 S/m respectively) (Gonzalez-Suaetzal 2010). In addition, since fat has a lower
thermal conductivity (0.2 W/iK) than atrial tissue (0.7 W/i#), the presence of this
fat layer also probably has a negative impact eatong a transmural lesion, regardless
of the type of energy used. In order to maximiZeativeness of epicardial RF ablation
therapy, Dumas et al (2008) used impedance measutsro predict completeness of
lesions. Moreover, different types of energy arerantly being researched, such as
high intensity focused ultrasound (HIFU) (Mitnouvstst al 2009), microwave (Pruitt
et al 2007), laser (Hongt al 2007) and cryoablation (Bat al 2008) in order to
achieve optimum epicardial lesions in atrial tisst¥® have previously used computer
models to study the capability of different proceditechniques (different electrode
designs and protocols for delivering RF power)htate atrial tissue in the presence of
epicardial fat (Gonzalez-Suaretz al 2010). Since our results showed the difficulty of
ablating the atrial wall in the presence of thigk fayers (4-5 mm), it would be
desirable to have a technique available to estitm&euantity of overlying epicardial
fat prior to ablation. We therefore propose a newhhique based on impedance
measurements to assess epicardial fat thicknegsteFl shows the physical situation
of the proposed technique, which is based on ai+eleittrode probe placed over the
epicardial surface. Our hypothesis is as follows é&lectrical impedance measured
between two or more electrodes of the probe coeldidsely related to the quantity of
fat under the electrodes. For example, the impedlameasured on a thin fat layer)Z
would be lower than on a thick layerJZ An impedance profile (i.e. a set of
impedance values, ZZ,...) could therefore be used to obtain a fat peofil

Figure 1. Physical situation considered in the study of tiséimeation of the epicardial fat
profile. The idea is based on the fact that thetetal impedance measured between two or more
electrodes of the probe could be strongly relatethé quantity of fat under the electrodes. For
example, the impedance measured on a thin fat {@yer V,/I,) would be lower than on a thick
fat layer (4 = V4/l4).

Theoretical modeling has previously been used sesssthe feasibility of new
medical techniques and devices (Berjano and Hor2@d6, 2005). In other words, this
methodological approach has been employed as aepbmroof. In our case, we
designed a computer modeling study to determineféasibility of the proposed



technigue. In this type of study it is also veryportant to assess the effect of external
parameters, i.e. those affecting the final outcomieen the device or technique is
employed in a real stage. This can be done bathiniomize their effects (because they
involve an undesirable dispersion in the perfornrean€ the device) and to find
optimum values for improving the performance of ttievice or technique. As
computer modeling can also be used for this tagk,used it to determine how
anatomical factors (e.g. presence or lack of far nke measuring electrodes) could
affect the accuracy of the estimation of fat thess

2. Methods
2.1. Description of the theoretical model

Figure 2 shows the proposed theoretical model, lwrepresents a straight probe over
three parallel sections of tissue: epicardial &atial wall and circulating blood, with
thicknesses F, A and B, respectively. The probe cuasidered to have a rectangular
section and 3 mm thickness, 1 mm in height and thl tength. It consisted of 8
(stainless steel) electrodes 3 mm in length withm plastic segments (polyurethane)
between them. The first and last sections of theb@rwere also constructed of
polyurethane with a length P (see Figure 2). Stheee is a symmetry plane, only half
of the model was considered.

Multielectrode
probe
‘/

[§:!

Atrial wall

Fat

Bood

Plastic segments

Electrodes

Figure 2. Theoretical model proposed with a uniform fat geofiSince there is a symmetrical
plane, the model only includes half of all probesties. R (half of the model), B (blood thickness)
and L (length of the multielectrode probe): outenehsions of the model; J: model thickness
composed of three layers (F: epicardical fat thédley A: atrial wall thickness; B: blood volume);
P: distance from the first and last electrodesiéobipundaries of the model.

2.2.Impedance measuring technigue

We modeled impedance measurements using a tetrgpolkadripolar) technique, i.e.

an electrical current was injected between two roatectrodes and the voltage was
measured between two inner electrodes (see Figur&h®s technique reduces the
effect of electrode impedance and gives better racguthan the bipolar technique



(Grimmes and Martinsen 2008, Geddes 1989). A wit&l impedance measurements
were obtained: £ Zs, Zc, Zp and %, where Z was the ratio between the voltage
measured between electrodes 2 and ) (&d the current applied through electrodes
1 and 4 (lo), i.e. Zu = V23ll14; Zg Was the ratio between the voltage measured between
electrodes 3 and 4 gy and the current injected through electrodes 25afig), i.e. %

= V34/los; etc. In this way, the value ofy4s related to the electrical conductivity of the
tissue beneath electrodes 2 and B3pthe tissues beneath the electrodes 3 and 4, and
so on until all the tissue under the probe has beapped”.

.9 L ¥
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Figure 3. The impedance measurements were conducted by asetgapolar technique, i.e. an
electrical current was injected between two outlecteodes, and an electrical voltage was
measured between two inner electrodes. For instdinedigure illustrates by using electrodes 1
and 4 to inject current and electrodes 2 and Jd yp voltage, how it is possible "to map" the
impedance { (i.e. V23/l14) corresponding with the tissue zone lying benedtictrodes 2 and 3;
Zg (V3dl2s) with the zone beneath electrodes 3 and 4, ansecaotively until all the tissue under
the probe has been “mapped”.

2.3.Governing equations

In a preliminary computer modeling study, we assgésthe effect of changing the
measuring frequency (between 10 and 10 MHz) orcétpability of this technique to
estimate the epicardial fat profile. We found thhaMHz would be the best option,
since the higher value (10 MHz) would show up pcattproblems (Gonzalez-Suarez
et al 2009). The value of electrical conductivity) (for atrial tissue therefore was a
frequency of 1 MHz. The biological medium at thiedquency can be considered
almost totally resistive, since the displacementenis are much less important than
conduction currents. The only characteristic cozr@d for the materials employed in
the model was electrical conductivity (Gabritlal 1996): 0.025 S/m for the adipose
tissue, 0.4 S/m for the atrial tissue, 0.99 S/m tfer blood, 7.410° S/m for the
electrodes (stainless steel) and®18/m for the plastic section of the probe
(polyurethane). A quasi-static approach was empldgesolve the electrical problem
(Doss 1982). The Laplace Equation governed theighlyshenomenon.

We used ANSYS version 10.0 (ANSYS, Canonsburg, RISA) to build
theoretical models and solved them by means ofthige Element Method (FEM).
The SOLID69 element (linear isoparametric type) weed to solve the static
electrical problem. This means that although tletakal variables in the theoretical
model (voltage and current) are DC values, theyespond with the root-mean-square
value of the AC signals in a real situation.



2.4.Boundary conditions

A Neumann boundary condition of null electrical remt was used both on the
symmetry plane and at the rest of the boundaries.obtain each impedance
measurement, we set a value of 1 A at a node irmidecurrent injection electrode,
and a value of1 A at a node inside the other current injecticecebde (Neumann
boundary conditions (Brankoet al 2000)). Obviously, in a real situation, lower
electrical current values would be used. A DirithBoundary condition of null
electrical voltage was set at the nodes contaieiegtrodes to pick up the electrical
voltage. The voltage value of the other pick-upcietale corresponded directly with
the impedance value.

2.5. Construction of the numerical model

The outer dimensions R, B and L (see Figure 2) wedeulated by means of a
convergence test in order to avoid boundary effeetsthey should be large enough to
model an unlimited volume. A convergence test wiae performed to obtain the
correct spatial resolution (i.e. minimum meshingei Discretization was spatially
heterogeneous: the finest zone was always theradectissue interface, since it is
known that this contains the largest voltage gmradi€he meshing size was gradually
increased with distance from the interface. In ¢hesnvergence tests the value of the
electrical impedance (Z) was used as a controlnpeter. First, we considered a
tentative spatial resolution of 0.3 mm at the etm#-tissue interface. To determine the
appropriate values of R, B and L we conducted aptien analysis by increasing the
value of these parameters by equal amounts. Whendiffierence between the
impedance and the same parameter in the previougadion was less than 0.5%, we
considered the former values to be appropriateallyinve conducted a convergence
test to determine the appropriate spatial resaiufltne optimum spatial discretization
was then achieved by refining the mesh in this mméhat Z was within 0.5% of the
value obtained from the previous refinement step.

2.6. Effect of different fat profiles

To assess the effect of the overlying epicardiabfethe impedance measurements, we
considered four shapes of fat profile: uniform (g¥hicorresponds with the model
initially shown, see Figure 2), linear, convex arahcave (see Figure 4). The atrial
wall and blood layer had a thickness of 2 and 6 mespectively, in all the models. For
the uniform profile, we studied the effect of chimnggthe epicardial fat layer thickness
(F) from 1 to 6 mm. For the other three profiless wonsidered a variation of
maximum fat thickness from 6 to 1 mm, with miniméamh thickness at 0.1 mm.



Figure 4. Theoretical models with different epicardial fabfiles: (a) linear, (b) convex, and (c)
concave.

2.7.Effect of lateral width of epicardial fat

In previous simulations, we had considered onlyatimn in the depth of epicardial fat
(F), which meant it was considered to have liméliederal width. In the present study
we considered that the epicardial fat layer hadtdidhlateral width §), as shown in
Figure 5. The idea was to check the robustnesshefrtew procedure, i.e. the
impedance measurement should remain close to the shtained without variation in
the fat lateral width whef was changed. For this part of the study, onlyuhigorm
fat profile was considered. The simulations werdfgemed by decreasing the lateral
width (8) at intervals of 2 mm from 18.5 to 0.5 mm, simo#ausly increasing the
value of F from 1 to 6 mm (at intervals of 1 mm).

Figure 5. Model used to study the effect of lateral widthepicardial fat § on the measured
impedancep: lateral width of atrial tissue; F: epicardial fayer thickness.



3. Results
3.1. Construction of the model

The optimum outer dimensions weresRRO mm, B =6 mm, L = 118 mm and P = 33
mm. The convergence test provided a grid size 2hin in the finest zone (interface
between fat and multi-electrode probe). We alsakéa the grid size away from the
multi-electrode probe. The models had nearly 95,640es and used over 524,000
tetrahedral elements.

3.2. Effect of different fat profiles

Figure 6 shows the impedance values for the diftecases of fat profiles when the
epicardial fat thickness varied between 1 and 6 imnthe case of uniform fat profile
(see Figure 6(a)), we observed that increasingif ft to 6 mm involved an increase
in the impedance value, which was almost idenfizakll impedance measurements:
Zaincreased from 103.8 to 1223.3Q, Zs from 103.5Q to 1218.4Q, Z- from 103.4
Q1o 1218.6Q2, etc.

Using the other fat profiles gave similar resuitspedance readings decreased as
maximum fat thickness was reduced. We also nottbedl the impedance profiles
followed a linear, convex and concave trend, retbgelg (Figure 6(b), 6(c) and 6(d)).
Thus, for an = 6 mm, with linear fat profile (Figure 6(b)), thmpedance value
decreased linearly from,Z= 917.7Q to Zz = 182.7Q. In the case of convex fat profile
(Figure 6(c)) impedance decreased frog=2542.9Q at the edge to Z= 135.6Q at
the centre and then increased t0=2610Q at the other edge. Finally, in the presence
of a concave fat profile (Figure 6(d)), impedameréased from Z= 534.6Q to Z: =
823.5Q and decreased ta-Z 447Q. In conclusion, each impedance profile matched
well with the corresponding fat profile.
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Figure 6. Impedance calculated for uniform (a), linear (bneex (c), and concave (c) fat
profiles.



3.3. Effect of lateral width of epicardial fat

Figure 7 shows the impedance values obtained byedsing the lateral width of
epicardial fat. We observed that decreasing fardhtwidth §) involved a drop in the
impedance reading, regardless of fat thickness éffiect was almost negligible for fat
lateral widths > 4.5 mm, especially in the cas¢hof fat layers: the impedance value
fell from 103.4Q to 101.4Q for the case of a 1 mm thin fat layer, while ibploed
from 1218.6Q2 to 1010.5Q in the presence of a 6 mm thick fat layer. In castt this
effect was more marked with smaller lateral widfgs and 0.5 mm). For instance,
with 6 mm of fat thickness impedance fell from 181Q to 673.1Q for a lateral width
of 2.5 mm and to 1889 for 0.5 mm.
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Figure 7. Impedance measurements by changing the laterahwidéepicardial fat) and the
epicardial fat layer thickness (F).

4. Discussion

Previous RF ablation studies showed the difficultfy ablating the atrial wall
underneath a thick epicardial fat layer (Gonzalear€zet al 2009). We therefore
proposed to conduct a feasibility study on a neshné&ue based on impedance
measurements to asses the thickness of the egictatprior to RF cardiac ablation.
This could improve the ablative technique in gehesence a particular RF power
delivery protocol could be chosen, or even a palgickind of HIFU, microwave or
cryoablation energy in order to optimize the thdrlesion according to the amount of
epicardial fat present.

In this study we showed that impedance readingedavith the quantity of fat
present under the electrodes. This increase indampe with epicardial fat thickness
was obviously due to the lower electrical condutief the epicardial fat (0.025 S/m)



as compared to atrial tissue (0.4 S/m). These teesuk in agreement with the
computer-simulation results obtained by Berjano &tminero (2004) using a two-
dimensional mathematical model.

We also observed that the fat profile under theteddes followed the same trend
as the impedance measurement (see Figure 6). Qultsrahowed thatZfor concave
fat profile was similar to £for the case of convex fat profile 650Q). This was due
to the fact that the impedance map covers onlytitseie zone between electrodes 2
and 7, which means that the fat quantity underteddes 2 and 3, i.e. those
determining the £ value, is similar for the two fat profiles (segie 3).

Although the measurements were initially condudigdconsidering a fat layer
with limitless lateral width, we conducted additibrsimulations to check whether the
results would change in a real situation with ledittat width. Here again, our results
showed that impedance values remained close tethdts obtained previously for fat
lateral widths over 4.5 mm (see Figure 7). Thisgasgs that the proposed technique
could fail when the multi-electrode probe is placedepicardial fat with a thin lateral
width (less than 4.5 mm).

The model proposed in this study is the first stepssessing epicardial fat prior
to RF ablation and has certain limitations. On baad, we only considered a multi-
electrode probe with a rectangular section. Althoukis type of geometry could
present a marked edge effect (Grimmes and Marti@®é8), it was chosen because
the ANSYS modeling technique was easier to implamfeuture work should consider
a probe with a more realistic geometry, such dscalar section and other factors such
as electrodeftissue pressure could be includedemtodel, especially in the case of
circular section probes. From a modeling point @w this could be done by
increasing the electrode insertion depth in theuts

Conclusions

The computational results suggest that measurimgedance could be a practical
method of assessing epicardial fat prior to intexapive cardiac ablation, i.e. “to map”
the amount of adipose tissue under the probe. iBhisased on the fact that the
impedance profiles obtained approximately coincidét the profiles of epicardial fat

present under the electrodes of the probe.
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