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Abstract

Noninvasive electrocardiographic imaging (ECGI) meth-
ods are known to produce artificial lines of block in healthy
tissue. However, it remains unclear if ECGI can detect re-
gions of slow conduction in damaged hearts. The aim of
this study was to develop and test a method to detect the
presence of slow conduction zones using ECGI.

Activation times were estimated from simulated electro-
cardiograms using two classical ECGI methods and a new
method called the Patchwork Method (PM), which locally
selects the optimal ECGI method. Five different methods
(maximum, minimum, mean, nearest neighbor and ran-
dom) to compute activation time gradients were then tested
to pinpoint the slow conduction zones.

Overall, the local maximum and mean gradients both
accurately located the zones of tissue damage. While the
classical ECGI methods did not identify any of these re-
gions, the Patchwork Method succeeded in identifying 5
of the 6 slow conduction zones. This novel approach thus
overcomes some of the limitations of classic ECGI methods
to detect regions of slow conduction.

1. Introduction

Electrocardiographic imaging (ECGI) is a tool for non-
invasive epicardial electrical mapping using densely sam-
pled body surface potentials. ECGI is mathematically rep-
resented by a Cauchy problem for the Laplace equation:{

div(σ∇u) = 0 in the torso volume,
u = uT and σ∇u · n = 0 on the torso surface T , (1)

where u is the electric potential and σ the conductivity.
Several numerical methods are commonly used to solve
this equation, including the finite-element method (FEM),
the boundary-element method (BEM) and the method of
fundamental solutions (MFS) [1].

ECGI has successfully been used to provide electro-
anatomic mapping of arrhythmogenic substrates [2] and
detect responders to cardiac resynchronization therapy [3].
However, recent validation studies have demonstrated that
current implementations may detect artificial lines of block
that are not seen in contact electrograms [4–6]. This raises
the question whether ECGI can detect and locate slow con-
duction zones when they are present. One of the reasons
this has not been evaluated is that there is no standardized
quantitative method to localize regions of slowed conduc-
tion with ECGI. Instead, a purely visual approach is often
used to detect isochrone crowding in activation maps.

The objective of this study was to develop a method to
locate the regions of slowed conduction with ECGI and to
use this method to evaluate the ability of both classic ECGI
methods and a new Patchwork Method (PM) [7], to detect
these areas.

2. Methods

2.1. Patchwork method

The PM locally selects the optimal solution among sev-
eral classic ECGI methods. The linear relationship be-
tween the cardiac sources and the torso surface potentials
after discretization can be written in matrix form:

Auh = uT,

where A is the transfer matrix, uT represents the unknown
cardiac sources, and uT the torso measurements. We de-
note by AF, AB and AM the transfer matrices obtained
with the FEM, BEM and MFS respectively.

Let uex be an array representing the exact solution of the
inverse problem discretized on an epicardial mesh. Then
for all methods the residual of uex tends to zero when the
mesh size tends to zero:

lim
h→0

Rγ(u
ex) = 0, γ = F,B,M,
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where the residual Rγ(uh) = Aγuh − uT. The PM uses
this property as a criterion to select locally, among several
numerical solutions obtained with different algorithms, the
one that is closest to the exact solution, without knowing
what the exact solution is.

In this study, the PM solution is obtained with the FEM
and the MFS and a zero-order Tikhonov regularization.
For each time step n:
• The approximate solutions unh,F and unh,M are computed
• These solutions are used to compute the forward solu-
tion and the associated residuals RB(u

n
h,F) and RB(u

n
h,M)

using a BEM formulation,
• For each epicardial point, a coefficient αn is defined. Its
value is 0 if the smallest residual on the nearest torso point
is obtained with the MFS, and 1 otherwise.
A temporal regularization of the coefficient α is performed
to avoid sudden variations between successive time steps.
For each time step n, the new approximate solution is

unh = αnunh,F + (1− αn)unh,M.

2.2. Activation Time Gradient

An activation time gradient was used to locate regions
of tissue damage, with large gradient values correspond-
ing to slow conduction zones. The gradient was calculated
for each node i, by computing the absolute difference in
activation time between the current node i and the nearest
neighboring nodes, defined as those within a 10 mm Eu-
clidean distance. In order to define a single gradient value
for each node, five different methods were evaluated:
• Max gradient: the maximum difference in activation
time between the node and its neighbors.
• Min gradient: the minimum difference in activation time
between the node and its neighbors.
• Mean gradient: the average of the activation time differ-
ences between the node and its neighbors.
• Near gradient: the difference in activation time with only
the nearest neighbor.
• Rand gradient: the difference in activation time with a
neighbor chosen at random.

3. Data

The methods used in this study were evaluated using
data generated with a detailed heart-torso model that was
previously tailored to a patient. We used a set of 8 sim-
ulations, including 7 with tissue damage. Activation was
simulated with a monodomain reaction-diffusion equation
using the TNNP membrane model [8], at 0.2-mm resolu-
tion. Extracellular potentials were computed by solving
the elliptic bidomain equation in a whole-torso model at 1-
mm resolution [9]. Damage patterns consisted of sheets of
connective tissue aligned with the 3 coordinate axes [10].

Figure 1: Recorded activation time (a) and gradient maps
(b–f) calculated with different methods in a case with no
tissue damage. The ventricles are shown in a 45◦ left an-
terior oblique view. The visible surface is located 3 mm
outside the epicardium and the valves.

The sheets were 0.4 mm thick and were placed at 1-mm
intervals. 20 % of the surface of the sheets consisted of
randomly placed holes. The sheets extended through the
entire myocardium but not through the thin layer that rep-
resents the Purkinje system in the model.

4. Results and discussion

Figure 1 presents the activation time map, determined
using a spatio-temporal algorithm [11], and gradient maps
computed from the true (simulated) electrograms with the
five different methods (max, min, mean, nearest neighbor
and random) in the case with no tissue damage. A small
area with large gradient value was detected at the base of
the LV with all of the gradient methods. Electrograms in
this area were fractionated because they originated from
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Figure 2: Recorded activation time and gradient maps cal-
culated with different methods in one case with a damaged
zone indicated by a black circle. The view is the same as
in figure 1.

two disjoint muscle masses (LV and RV outflow tract).
Hence the detection of the gradient is false in this area.
Aside from this area, no other zone was detected, as ex-
pected in this case of no damage.

Figure 2 shows activation time and gradient maps com-
puted from the simulated electrograms with the five dif-
ferent methods in one case of tissue damage. The max,
mean and near gradient methods succeeded in detecting
the damaged area (surrounded by the black circle) more
clearly than the other methods. Moreover no other areas
were detected far from the damaged areas. For the min
and rand methods, the maps are irregular and do not dis-
play any informative pattern. The max and mean meth-
ods for computing the activation time gradient detected 6
of the 7 damaged regions, the near method detected only
one and the min and rand method none of the damaged re-
gions. For this reason in the following analysis we will use
only the max and mean gradient methods. The only unde-

Figure 3: Reconstructed (MFS, FEM and PM) gradient
maps calculated with the max and mean methods in the
case of no tissue damage.

tected damaged region was located on a breakthrough site.
As such, activation was not delayed inter-node but rather
transmurally and an activation time gradient could not be
used to locate it.

Figure 3 shows ECGI reconstructed gradient maps com-
puted with the max and mean methods in the case of no
tissue damage. Both gradient maps demonstrate artificial
lines of strong gradient which surround the breakthrough
sites. By analyzing the reconstructed electrograms, it can
be seen that this anomaly arises due to an inaccuracy in the
reconstruction of electrograms. That is, electrograms have
a “W” shape during the QRS so that small changes in the
voltage can cause the activation marker to jump quickly
between the two downslopes and produce this artificial
line. Previous studies have also seen this phenomenon [12]
and suspect the appearance of W-shaped electrograms re-
sults from the reconstructed potentials representing a dis-
tant field of both the epicardial and endocardial electrical
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Figure 4: Reconstructed (MFS, FEM and PM) gradient
maps calculated with the max and mean methods in a case
of tissue damage in the zone indicated by the black circles.
Same view as in the other figures.

activity and not a purely local epicardial activation.
Other than these artificial lines of gradient, no other

zone of slow conduction was detected by the MFS or PM,
as expected in this case of no damage. For the FEM, an
extra region near the breakthrough sites was also detected
in all maps.

Figure 4 presents ECGI reconstructed gradient maps
calculated with the max and mean methods in one case of
tissue damage. Here, the PM is the only method to success-
fully locate the slow conduction zone, encircled in black,
with both methods of gradient calculation.

Overall, the PM method succeeded in locating 5 of the 6
slow conduction zones recorded, while the MFS and FEM
reconstructions did not locate any damaged zones.

5. Conclusion

By computing the mean or max activation time gradient
we can accurately detect regions of slowed conduction us-

ing ECGI. In particular, the novel patchwork method we
proposed is an efficient tool to help overcome some of the
restrictions of current numerical methods, demonstrating
its abilities in detecting slowed conduction zones.
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