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Abstract

Fractionated electrograms have long been associated
with non-uniform propagation in the atria, owing to a het-
erogeneous substrate marked by fibrosis. It is not known,
however, whether the features of the electrograms can be
used to quantify the degree of fibrosis in the heart. A com-
puter model of a monolayer of cells was developed to in-
vestigate how progression of microfibrosis impacts elec-
trogram morphology and the degree of fractionation. The
analysis of unipolar electrograms simulated in the model
revealed that more pronounced microfibrosis was associ-
ated with slow conduction and electrogram waveforms fea-
turing a higher degree of fractionation and a larger spa-
tial variability in morphology. This modeling framework
forms a basis to better understand the genesis of fraction-
ated electrograms and for developing a strategy to use the
electrogram features to quantify fibrosis in patients with
atrial fibrillation, possibly impacting the target sites for
catheter ablation.

1. Introduction

Complex fractionated atrial electrograms are currently
used as potential targets for catheter ablation therapy of
atrial fibrillation [1]. Although fibrosis has been associated
with the presence of fractionated electrograms, character-
izing the substrate through the inspection of these signals
is challenging. As a result, it is still unclear whether the
severity of fibrosis can be revealed by analyzing electro-
grams. The purpose of this study is to develop a computa-
tional framework to determine how progression of microfi-
brosis leads to changes in electrogram morphology.

2. Methods

2.1. Microstructure model

Following the approach proposed by Spach et al. [2], a
two-dimensional model representing the microstructure of
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a monolayer cardiac tissue, 8.64 by 2.88 mm in size, was
created, as described in Jacquemet et al. [3]. The model
was composed of 8,354 randomly shaped cells (length:
156429 um; cross-section: 213475 um?) generated us-
ing a technique similar to that of Hubbard et al. [4]. The
myocytes were discretized into segments of size 15 by 10
pm. The myocyte membrane kinetics was described by
the Ramirez et al. model of canine atrial cell [5], with the
sodium channel conductance increased by 50% [2,3].

Discrete cell-to-cell coupling was introduced to repro-
duce the gap junction distribution observed in adult cardiac
tissue (Fig. 1). These electrical connections were mainly
located at end-to-end regions (intercalated disk). Addi-
tional sparse coupling covering 30% of the remaining cell
lateral wall was added [3]. The coupling conductance per
unit contact area between the connected cell segments was
set to 8.182 nS/um? for both longitudinal and transverse
connections [3]. The resistivity of the intracellular medium
was assumed to be 200 €2 cm.

Microfibrosis was introduced as a set of collagenous
septa disconnecting transverse coupling [2]. These septa
were aligned with fiber orientation and randomly dis-
tributed over the tissue, covering 10%, 20% or 30% of
the side-to-side contact area between the myocytes (mi-
crofibrosis density D), and having an average length (L)
of 165 pum, 315 pum, 630 um or 945 um. For each of the
12 cases, 6 different realizations of the random distribution
were generated. Examples of microfibrosis distribution are
shown in Fig. 1.

Electrical propagation was simulated in the mono-
domain framework using the CardioWave package
(http://cardiowave.duke.edu).  Transverse plane waves
were initiated by stimulating an edge of the rectangular
tissue. Conduction velocity (CV) was computed by linear
regression of the activation times. Unipolar electrograms
were computed using the current source approximation [6]
at 87 sites forming an ellipse-shaped grid of electrodes.
The signals were scaled so that the average peak-to-peak
amplitude was 10 mV in the absence of microfibrosis (con-
trol case).
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Figure 1. Microstructural models with microfibrosis characterized by different density (D) and average length (L) of
microfibrosis. Zoom on a 1.5x0.75 mm piece of tissue. Gap junctions are shown as circles (intercalated disk) or diamonds
(transverse coupling) and collagen septa as thick horizontal lines. (A) L = 315 um, D = 10%; (B) L = 945 pm,
D =10%; (C) L = 315 um, D = 30%; (D) L = 945 pym, D = 30%.

2.2.  Signal analysis

Electrogram morphology was characterized by its am-
plitude, its asymmetry and its number of deflections. The
absolute value of the maximal and minimal voltage in the
electrogram complex was denoted by R and .S. The ampli-
tude A and the asymmetry a of an electrogram waveform
were defined as [6,7]:

R-S
A=R+S and a_R+S' (1)
The number of deflections was defined as the number of
local extrema [8]. Deflections of less than 0.5 mV (5% of
the amplitude at control) were discarded.

3. Results

Along with the progression of microfibrosis, wave-
front propagation became more discrete and transverse CV
slowed down from 30 cm/s (control) to 7.5 cm/s, as shown
in Fig. 2. When L became closer to the longitudinal space
constant (1.2 mm), the propagation of current flow was sig-
nificantly delayed by the obstacles. Conduction slowing
was more pronounced than in a continuous tissue model
with random diffuse fibrosis (dashed curve, from [9]).

At control, electrogram amplitude was A = 10+0.2 mV
and their asymmetry was a = —0.20 £ 0.02 (Fig. 3A). In-
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Figure 2. Conduction velocity (CV) for transverse propa-
gation (mean+SD over 6 different tissues) as a function
of microfibrosis density (D) and average length of col-
lageneous septa (L). The dashed line corresponds to the
(rescaled) data from ten Tusscher et al. [9] (2D continuous
tissue model with random diffuse fibrosis).
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Figure 3. Examples of electrogram waveforms. (A) control; (B) D = 10% and L = 315 pum; (C) D = 10% and
L =945 um; (D) D = 30% and L = 315 um; (E) D = 30% and L = 945 pm.

creasing microfibrosis density (D) reduced average elec-
trogram amplitude down to 8.84£1.85 mV (D=10%),

7.64+£2.0 mV (D=20%), and 6.46+1.7 mV (D=30%). 80
Average electrogram amplitude was however not well cor- control
related with CV (correlation coefficient: 0.3). 60

As the average length (L) of collagenous septa was in- 40

creased, a larger spatial variability in electrogram mor-

>, 2

phology was observed. The occurrence of positive asym- 0

metric complexes (a > 0) was more common for longer L, 0

as shown in Fig. 4. This reflects the local source-sink mis- 30 L=165um

match due to the wavefront collision or merging follow-
ing an obstacle-induced micro-wavebreak [6]. In addition,
these micro-wavebreaks caused electrogram fractionation.
The average number of deflections was larger for longer L
(8.3£1.0for L > 500 pym vs 5.7£1.2 for L < 500 pm, 3 at
control), indicating a higher degree of fractionation. As a

9
result, electrogram morphology became increasingly more >
complex when microfibrosis was more severe (Fig. 3B-E). §
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Figure 4. Fraction of positive asymmetric (a > 0) elec- 0 5 10 15
trogram waveforms as a function of the average length of Number of deflections

collagenous septa (L). Figure 5. Distribution of the number of deflections for a

microfibrosis density of D = 10% and different lengths of
A more detailed quantitative description of electrogram collagenous septa (L).
fractionation is presented in Fig. 5. Histograms of the
number of deflections are shown for different values of L.
Despite a large spatial variability in the degree of fraction-
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ation, the average number of deflections was consistently
higher for larger values of L.

4. Discussion and conclusions

The results suggest that a higher degree of electrogram
fractionation combined with slow conduction indicates a
more severe state of microfibrosis, in agreement with Kon-
ings et al. who observed a larger percentage of fraction-
ated electrograms in zones of slow conduction [10]. The
link between substrate properties and degree of electro-
gram fractionation is however not straightforward. Elec-
trogram morphology depends not only on microfibrosis
density (D), but also on the length of the collagenous
septa (L).

Other factors may also affect electrogram fractionation.
Macroscale obstacles or abrupt changes in cell coupling
can create additional deflections [6, 8] (usually no more
than 2 to 4). In the presence of poorly-coupled thin subepi-
cardial layers or endocardial bundles [7], two independent
activations may be recorded almost simultaneously at the
same site, leading to a longer and more complex wave-
form. During atrial fibrillation, close to the pivot point of
a functional reentry, the occurrence of electrograms with
multiple deflections has been reported [10]. For those rea-
sons, substrate mapping is expected to be more accurate
when performed during sinus or paced rhythm.

Using the number of deflections for quantifying wave-
form complexity has some robustness issues. In this pa-
per, electrogram signals were actually extracellular poten-
tials as might be recorded with an ideal point electrode. In
clinical applications, the size of the measuring electrode is
typically much larger than the microscale obstacles. The
spatial averaging effect caused by the electrode may affect
the number of deflections. In addition, most of the clin-
ical recordings are bipolar, which could possibly double
the number of deflections. The signal-to-noise ratio and
the use of a lowpass filter as a preprocessing step are other
possible perturbing factors. However, the relatively small
number of available standardized catheter electrodes and
navigation systems makes it possible to record consistent
dataset and ensure reproducibility.

In conclusion, changes in cell-to-cell coupling at the mi-
croscale have a significant impact on electrogram morphol-
ogy. The degree of fractionation of electrograms might be
used as a measure to assess the progression of fibrosis. Mi-
crostructure computer models may assist the interpretation
of electrograms to extract more information about the ar-
rhythmogenic substrate.
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