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Abstract ing atrial fibrillation and the corresponding catheter signals
has been frequently studied. Simulation setups reached
The correct interpetation of intracardiac electrograms  from 2D-patches [1], [2] to whole atria or whole heart

is a key issue in the diagnosis and treatment of cardiac ar- simulations with forward calculated IEGMs [3]. The fo-
rhythmias. Recent studies have suggested a link betweegus of these studies was the connection of excitation pat-
local effects of substrate modification and the morphol- terns during cardiac arrhythmias and their representation
ogy of catheter signals. Studying these situations goes bein extracellular signals. Therefore the geometry in most
yond the scope of most simulation studies as geometricalcases was reduced to virtual point electrodes. Simulations
parameters and electrode conductivity are not taken into were performed by solving the monodomain equations and
account. In this work a catheter model with realistic di- potentials were then forward calculated for extracellular
mensions and conductivities is studied, comparing two ap-space based on current source approximations [1], [2] or
proaches for the computation of extracellular potentials. boundary element method [3]. Using these methods, inter-
One uses a monodomain simulation followed by a forward actions between extra- and intracellular space are not taken
calculation of extracellular potentials. The other one is into account. Recently, the importance to interpret IEGMs
based on bidomain calculations that consider the influencein a more local way was pointed out for the evaluation
of a metal electrode on the spread of depolarization. Cal- of local activation mechanisms and scar transmurality [4],
culated signals are compared to in-vivo signals reported [5]. In this case a geometrically more detailed approach to
in literature. Both approaches are capable of reproduc- study small-scale effects is necessary. In this work, EGMs
ing the morphology of clinical signals. Amplitudes are in were simulated on a realistic 3D catheter model. Different
the mV range and therefore in the right order of magni- catheter orientations were taken into account. In this con-
tude. Bidomain signals reproduce the time course more text full bidomain solutions were compared to the compu-
accurately, which could be related to wavefront curvature. tational less expensive monodomain approach with subse-
Changes in transmembrane voltage were found due to thequent forward calculations. Using the bidomain model, the
presence of the catheter in the bidomain case. Concludinginfluence of a highly conductive electrode on the spread of
from this study, for most cases the monodomain simula-excitation can be investigated. Furthermore the wavefront
tion seems to be sufficient, however for the investigation ofcurvature may alter the morphology of catheter signals. In
small-scale changes bidomain simulations better representgeneral this study aims at a better understanding of the gen-
in-vivo data. esis of IEGMs in a 3D environment.

2. Methods
1. Introduction

2.1. Simulation setups

Catheter based measurementsirgfacardiac electro-

grams (IEGM) have become a standard technique in diag- Computational simulations of cardiatectrophysiology
nosis and treatment of cardiac arrhythmias. A major tech- were performed in a 3D setup containing a rectangular
nigue to cure AF is the signal guided catheter ablation. The shaped sheet of myocardium with a thickness of 4 mm,
right interpretation of IEGMs and their underlying excita- which has been reported for human atria [4]. Length
tion patterns is a prerequisite for a successful treatment us{44.2 mm) and width (12 mm) were chosen to provide
ing this method. However for in-vivo measurements these enough room to position the catheter and to avoid border
patterns are hardly accessible. Therefore in-vitro and in- effects in the catheter signals. Top and bottom layer of the
silico studies are powerful tools to address this issue. Themyocardial sheet consist of a two voxel layer of passive en-
linkage between certain excitation patterns occurring dur- docardial tissue modeling the surface resistance of cardiac
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1 mm which represents human atrial cell.

2 mm

¢ 2.2. Calculation of extracellular potential
and catheter signals

From bidomain simulationsextracellular potential,
22 mm was receied directly for all points in the simulated vol-
ume. In the monodomain case, a two-step process was

Figure 1. Tp of a 7F catheter with two electrodes (red), performed. In a first step, the monodomain equation as
separated by insulation (blue), rectangular piece of my- shown in equation 1 was solved,

ocardium (dark blue), setup filled with blood (not shown)
de

V- (omVVy) = 8(Chy 7

+ Imem) = 6Im (1)
tissue. The catheter tip was modeled using the dimensions

of a commonly used 4 mm-tip 7F ablation catheter with with the monodomairconductivity o5, the transmem-

a second 1 mm electrode and an interelectrode spacing obrane wltageV,,, and cell-surfacéo volume ratio3. Cal-

2 mm. The whole setup is surrounded by blood. The setupculated transmembrane curretdfs were then useds in-
consists of cubical voxels with an edge length of 0.2 mm put for equation 2 which is derived from the second bido-
(see fig. 1). Five setups were created by varying catheter-main equation.

tissue distance and catheter angléor the investigation

of different catheter positions (see fig. 2). Conductivity =V (0:Ve) = flIm (2)

= = > | Based on theextracellular potentials on the distal elec-

trode ¢, 4(t) and proximal electrode. ,(t) catheter sig-
nals werecalculated. Bipolar EGM#¥},,(¢) are the difer-
ence ofg,. ,(t) and ¢, q(t). For unipolarEGMs V,,,;(t)
the mean othe extracellular potentials in the total volume
®e.mean(t) Served as stable reference potential.

T

Figure 2. Simulatiorsetups: a) S1: touching, b) S2: in- 2.3.  Evaluationof simulation results

dented, ¢) S3: not touching, d) S4: angled at,6§) S5: . ] ] )
parallel One major diference between the two simulation ap-

proaches is the feedback between intra- and extracellu-

valueswere chosen as listed in table 1. All conductivities ar space. In order to quantify the influence of a touch-
are isotropic to allow comparison between different setups. N9 catheter or/;,,, two bidomainsimulations were per-
Intracellular conductivities for myocardium were chosen formed: One setup with a catheter touching the tissue and
to match a conduction velocity of 700 mm/s, which is a 9N€ without catheter. The difference ¥, between the
medium value reported for atrial human tissue [6]. Extra- WO Simulations for each time step illustrates changes in
cellular values for myocardium were set to values reported Vm caused by cathetdissue interactions. Signals of se-
in literature [7]. Real metal conductivity of §®/m ledto  (UPS 1-3 were compared in order to study signal changes
numericalnstabilities in preliminary studies. Therefore, it due to electrode tissue distance. For a comparison of EGM
was set 1000 times higher than the conductivity of blood. @MPlitudes, signals from both approaches were normal-
Using this value the electrode still formed an equipoten- 12€d to have an intramural unipolar signal amplitude of

tial surface. The Courtemanche et al. model [8] was used,20 MV underneath the catheter tip, which was reported
from plunge electrode recordings [9]. Along with the in-

tramural EGMs all other signals were multiplied with the
extracted scaling factor.

Table 1. Conductivities in simulation setups (S/m)

Material oM o; Oe . . . .
Myocardium 5545 55 032 2.4. Comparison toin-vivo signals

H —10 —10
Endocardium 10_10 10_10 0.1 Characteristic signal parametdéresm Otomo et al. [4],
Blood 10_10 10_10 0.7 who performed catheter measurements in pig atria were
Catheter electrodes 10 10 700 used to evaluate the signal morphology. Specifically, the
Insulation 10722 10722 10722

peak to peak amplitude of uni- and bipolar signals, (A
as wellasthe EGM width for bipolar signalsX¥) was
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compared. Fosimulated signala\1/ were calculated be- A 4 b)
tween the onset and end of the EGM defined as the points _ =
in time where the signal amplitude rose above respectively > 2 > 2
fell below 1% of the maximum deflection amplitude. é 0 E
3 g 0 S
3. Results Z-2 =
£ -4 £-2
3.1. Transmembrane voltage 4 3
The _charapter_istic wyefront curvaturPT of_/m resulting 0 20 40 '40 20 40
from bidomain simulationsan be seen in figure 3, a). In time (ms) time (ms)

a monodomain simulation however the wavefront is planar

as no interference between intra- and extracellular space-igure 5. Bidomairsignals, setups 1-3 (red,blue,green);
occurs. The plot 3, b) shows the difference in transmem- @) unip. dist. (straight), prox. (dotted); b) bipolar

brane potentialAV,,, calculated fromV,, of two simu-

lations, one with catheter, one without. Underneath the

catheter a difference of 5 mV is present. w!th clinical _data._ Amplitude and peakedness increase
with decreasing distance between electrode and tissue (see
5 fig. 5).

- 0 I 0, l4

E4 0_4 L 3.3.  Comparison toin-vivo signals

2 ' 203 6 33

T8 403 g ) Characteristic signalalues for parallel and non-parallel
10 - 0 ~ catheter orientations as reported in-vivo [4] were derived
12 - 2 I1 from the simulations (see tables 2, 3). For setup 1 the am-
14 14 0 plitude of unipolar EGMs calculated by the monodomain

4 8 12 16 4 8 12 16

. . approach is roughly the same or below the measured am-
X-axis (mm) X-axis (mm) ) . . .
plitudes whereas bidomain amplitudes are by a factor of
Figure 3. a)V,, as a resulof a bidomain simulation. b)  two higher. Also, for the bipolar EGMs, the simulations
AV, between twasimulations with and without catheter

Table 2. Non-parallel orientatiod,,, (mV), AW (ms)

3.2. Simulated cathetersignals Setupl Aup Viip  AppsVaist  Apps Vorow AW

The resulting cathetesignals from amplitude compar- Bido 3.72 7.63 4.94  35.7
ison are depicted in figure 4. Absolute values for ampli- :\Aoqo ggg g’gg fllg jgg
tudes are given in table 2. Unipolar EGMs show a positive n-vivo : ' ' '

31 deviated by a factor of two. The window sizAW) is
— 3l better matched by the bidomain solution. Regarding the
Eseny
g1
.s,;_? ' Table 3. Parallel orientatiot,,, (mV), AW (ms)
= 2l
%tg L Setup 5 Appa %ip App7 Vdist Appa V;)row AW
4| Bido 9.54 8.79 8.76 22.0
0 10 2% %o 40 50 Mono 2.94 3.17 3.74 164
Tme (115) In-vivo 3.80 3.20 310 30.0

Figure 4. Signaldrom setup 1: bido (red), mono (blue),
dist. unip. (straight), prox. unip. (dotted), bip. (dashed)

parallel catheter orientation of setup 5, again the ampli-
to negative deflection. For bipolar EGMs the polarity is in- tude deviations are smaller for the monodomain approach.
verted. Amplitudes roughly differ by a factor of two for The window size, however, is less accurately represented
unipolar and by a factor of four for bipolar EGMs. Com- by this signal. A set of EGMs was extracted from Otomo’s
parison of signals from setups 1-3 shows good agreementata (see fig. 6a) in order to illustrate the temporal course
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approach. Based on this study further investigations re-
garding IEGM genesis and interpretation are possible and
may lead to new insights how tissue alterations, e.g. ab-
lation scars, in the vicinity of the catheter tip can lead to
changes in catheter signals.
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