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Abstract

Endoepicardial delays in activation observed in patients
with atrial fibrillation have been hypothesized to be asso-
ciated with structural remodeling and layer dissociation.
We aim to explore in a computer model how synchrony in
endo- and epicardial activation during fibrillation is af-
fected by local layer dissociation.

A bilayer interconnected cable model of the left atrium
was used to simulate atrial fibrillation on different arrhyth-
mogenic substrates with epicardium-only diffuse fibrosis
and heterogeneous endoepicardial dissociation. Activa-
tion time series were extracted in both layers to compute
endoepicardial delays and a measure of synchrony based
on a coincidence window.

The simulations showed that reentrant activity was
driven by the endocardium, thus generating an endoepi-
cardial delay. Heterogeneous layer dissociation prolonged
that delay locally. In regions with decoupled layers, the
synchrony index was lower, illustrating how synchrony in
activation may be related to the tissue structure.

1. Introduction

There is growing evidence of a three-dimensional sub-
strate of atrial fibrillation caused by structural remodel-
ing [1–3]. Electrical dissociation between the endo- and
epicardial layers is hypothesized to induce endoepicardial
dyssynchrony observed as endoepicardial delays in activa-
tion [4] and transmural breakthroughs [2, 5].

Quantification of that dyssynchrony is generally based
on activation time series [4]. Accurate detection of activa-
tion in a fibrotic substrate remains challenging and delays
in activation times are sensitive to electrogram fractiona-
tion, misdetection and noise, which advocates for the de-
velopment of robust measures of synchrony.

In a previous study, we adapted a synchrony index [6] to
quantify the synchrony between cardiac neurons [7] which
have firing rates of at most a few Hz. In this paper, we
investigate the application of this synchrony index to the

quantification of endoepicardial asynchrony (EEA) in a
computational model of endoepicardial dissociation.

2. Methods

2.1. Synchrony index

In Agmon’s approach, synchronization is analyzed by
pairs of time series [6]. A time series is considered the ref-
erence tref = (tref1 , . . . , trefnref

) and the other one the target
ttar = (ttar1 , . . . , ttarntar

). Coincidence is defined as the ref-
erence and target time series both having an event within a
time interval τ . To count the number of coincidences Nc,
the set Wτ combining time windows around each event of
the target time series is constructed:

Wτ (t
tar) =

ntar⋃
j=1

[ttarj − τ, ttarj + τ ] , (1)

Nc(t
ref , ttar) = #{i | trefi ∈ Wτ (t

tar)} . (2)

Some of these coincidences may have occurred by chance.
These random coincidences are identified by counting
those remaining after random jitter (±τJ ) of the events of
the reference time series. If the jitter of the i-th event is
uniformly distributed in the interval [trefi − τJ , t

ref
i + τJ ],

the probability pi of random coincidence for event i is:

pi =
1

2τJ
µ
(
[trefi − τJ , t

ref
i + τJ ] ∩Wτ (t

tar)
)
, (3)

where µ(Ω) is the measure (total length) of the set Ω.
The total number of random coincidences NJ

c is the sum
of nref Bernoulli random variables of mean pi. There-
fore, NJ

c has mean ⟨NJ
c ⟩ =

∑nref

i=1 pi and variance σ2
J =∑nref

i=1 pi(1−pi). These formulas enable the analytical cal-
culation of the probability that NJ

c > Nc, which provides
a p-value for synchrony [6].

The bilateral jitter-based synchrony index is defined as:

SIbilatτ (tref , ttar) = β
Nc − ⟨NJ

c ⟩
nref

. (4)
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The choice τJ = 2τ and β = 2 ensures that SI ranges
between −1 (antisynchrony) and 1 (synchrony), a value of
0 meaning no synchrony [6]. The interpretation of β is
that in case of perfect synchrony (SI = 1; Nc = nref ), a
jitter of ±2τ will move half of the events outside the ±τ
windows around the targets, therefore ⟨NJ

c ⟩ = Nc/2.
When we want to test the hypothesis that the target time

series is within a time interval τ after (or before if τ < 0)
events of the reference time series, a unilateral synchrony
index can be defined by shifting the target time series by
τ/2 and halving the window duration:

SIunilatτ (tref , ttar) = SIbilat|τ |/2(t
ref , ttar − τ/2) . (5)

Finally, the synchrony index can be symmetrized with re-
spect to the two time series by setting:

SIτ (t
ref , ttar) =

nref

ntot
SIunilatτ (tref , ttar)

+
ntar

ntot
SIunilat−τ (ttar, tref) , (6)

where ntot = nref + ntar. Note the change in the sign
of τ . This symmetrization is particularly appropriate when
nref ≈ ntar. If SIτ is close to one and τ > 0, ttar tends to
occur within τ after tref , and if τ < 0, ttar tends to occur
within |τ | before tref .

The code for computing the synchrony index is avail-
able at https://github.com/jacquemv/agmonsynchrony. It
is written in python with some critical parts in Cython/C.

2.2. Atrial fibrillation modeling

A bilayer interconnected cable model of the left atrium
with a resolution of 100 µm was constructed [8]. Two
membrane models were used as in our previous work [9]
to generate either stable rotors or meandering waves. Lon-
gitudinal and transverse conductivities were set to 4 and
1 mS/cm. Diffuse fibrosis with up to 30% density was in-
troduced only in the epicardial layer to create endoepicar-
dial delays in propagation [5].

Endoepicardial connections were heterogeneously dis-
tributed following random spatial patterns with a charac-
teristic length scale from 1.6 to 11.4 mm, resulting in 75%
reduction in interlayer coupling relative to control in all
cases. Transmural conductivity ranged between 0.1 and
0.4 mS/cm. To enable further reduction in transmural
coupling, up to four additional active intermediate nodes
were inserted in the transmural connections, thus creat-
ing a total of 181,608 independent short cables connect-
ing the two layers. This heterogeneous endoepicardial dis-
sociation divided the atrial bilayer into connected regions
(where transmural connections were located) and discon-
nected regions (where dyssynchronous propagation is ex-
pected to occur).

Five episodes of atrial fibrillation were initiated in each
of the 288 substrates and were run for up to 6 s. Among
these 1,440 episodes, 919 lasted more than 1 s (738 lasted
6 s and the others lasted 2.6 ± 1.3 s on average) and were
included in subsequent analyses.

2.3. Analysis of activation delays

Activation time series were extracted at 12,669 sites in
both layers to compute endoepicardial delays. The mean
delay in the connected and disconnected regions was com-
puted. The endoepicardial asynchrony (EEA) was defined
as the fraction of delays > 15 ms [4].

For each simulation, all endocardial time series from
sites within connected regions were concatenated, leaving
at least 1 s blank space between successive time series. The
same operation was performed on endocardial time series
and for sites within disconnected regions, while preserving
the time delays between endo- and epicardial activation.
That way, SIτ was computed on pooled time series rather
than considering the statistics of multiple SIτ with small
sample size. The value of τ ranged from −10 to 30 ms.

3. Results

Figure 1 illustrates fibrillation dynamics in the presence
of significant endoepicardial delays. Because of epicar-
dial fibrosis, propagation was driven by the endocardium.
Layer dissociation prolonged that delay (4.0 ± 2.2 ms
within connected regions vs 11.0 ± 5.0 ms in disconnected
regions) within the clinical range of endoepicardial map-
ping. The delay in the disconnected regions increased with
the length scale of the pattern (Pearson correlation of 0.6,
p<0.001). Note that long delays enabled the occurrence of
epicardial breakthroughs.

The effect of the time window τ on the synchrony in-
dex (SI) is represented on Fig. 2. Large positive SI for
τ > 0 indicate that the epicardium was activated after the
endocardium. The SI was significantly higher in connected
vs disconnected regions (0.48 ± 0.31 vs −0.01 ± 0.16
for τ = 6 ms). Synchrony index before correction for
expected random coincidence (dashed curves; calculated
based on all observed coincidences Nc) was higher and al-
ways positive. Overall, 98% of the p-values were < 0.01
in the connected regions and 89% in the disconnected re-
gions, meaning that most low synchrony indices were still
statistically significant.

Since disconnected regions were associated with larger
delays and lower synchrony, thresholds were sought to pre-
dict (in this model) the likelihood that a time series was
recorded in a disconnected region. Figure 3 shows the dis-
tribution of synchrony index (τ = 6 ms) and mean en-
doepicardial delay. Time series in the disconnected regions
had most often a delay > 6.5 ms and a SI < 0.25. The er-
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Figure 1. Examples of membrane potential maps during atrial fibrillation with endoepicardial dissociation. Epi- (blue) and
endocardial (pink) maps were blended with transparency to highlight activation delays. The gray curves on the atrial surface
outline the contour of the connected regions. Membrane potential traces in corresponding epi- (blue) and endocardial (pink)
sites are shown below.
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Figure 2. Synchrony index SIτ (solid lines) as a function
of τ averaged over all simulations in connected (green) and
disconnected (brown) regions. Standard error on the mean
(shaded areas) is barely visible because of large sample
size. Dashed lines represent the synchrony index before
correcting for random coincidences (Nc/nref ).

ror rate for classifying connected vs disconnected regions
based on the mean delay was 17% (overlap between the
two distributions) and 12% when based on the synchrony
index.

The synchrony index with τ = 15 ms was related to
1−EEA, that is, the percentage of delays smaller than

15 ms (Fig. 4). The Pearson correlation coefficient be-
tween SI and EEA in the disconnected regions was −0.98.
The distance between the data points and the diagonal
SI= 1−EEA is explained by the correction for random co-
incidences that reduces SI.

4. Discussion

The synchrony index originated from the analysis of
neuronal spike time series, which required robustness to
noise, false detection and spontaneous activity. Applied to
cardiac activation time series, this measure of synchrony
has the following advantages: (1) it extends and is corre-
lated to EEA, a measure currently used with experimental
data; (2) it does not require matching pairs of endo- and
epicardial activations, so it naturally handles false detec-
tion and independent propagation in the two layers; (3) it
compensates for random coincidences, which become sig-
nificant when τ is large; (4) it provides an easy-to-compute
p-value for synchrony, which is valuable for interpreting
data with lower sample size.

Its limitations for cardiac applications are that: (1) the p-
value relates to the hypothesis that there is no synchrony,
so p is most often very small; (2) calculation of expected
random coincidences are based on events in a time window
of ±2τ which typically contains at most one event; (3) it
brings additional information over endoepicardial delays
only in the case of strong endoepicardial dissociation (or
large EEA).
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Figure 3. Synchrony index vs mean delay in connected
(green) and disconnected (brown) regions for all simula-
tions. Marginal distributions (histograms) are shown in top
and right panels. The gray dashed lines (delay = 6.5 ms
and SI = 0.25) are thresholds for classification between
connected and disconnected regions.

5. Conclusions

Endoepicardial dissociation aggravates activation delays
and creates dyssynchrony. The synchrony index provides
a complementary experimentally applicable tool for quan-
titative comparison of fibrillatory activation patterns in the
endo- and epicardial layers.
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Figure 4. Synchrony indices (SI) vs endoepicardial asyn-
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