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Abstract Electro-anatomical maps (EAMs) are commonly acquired in clinical routine for guiding ablation therapies. They 

provide voltage and activation time information on a 3D anatomical mesh representation, making them useful for analyzing the 

electrical activation patterns in specific pathologies. However, the variability between the different acquisitions and anatomies 

hampers the comparison between different maps. This paper presents two contributions for the analysis of electrical patterns in 

EAM data from biventricular surfaces of cardiac chambers. The first contribution is an integrated automatic 2D disk 

representation (2D BEP) of the LV and RV obtained with a quasi-conformal mapping from the 3D EAM meshes, that allows an 

analysis of Cardiac Resynchronization Therapy (CRT) lead positioning, interpretation of global (total activation time) and local 

indices (local activation time, surrogates of conduction velocity, inter-ventricular and transmural delays) that characterize 

changes in the electrical activation pattern. The second contribution is a set of indices derived from the electrical activation: 

speed maps, computed from LAT values, to study the electrical wave propagation, and histograms of isochrones to analyze 

regional electrical heterogeneities in the ventricles. We have applied the proposed methods to look for the underlying 

physiological mechanisms of LBBB and CRT, with the goal of optimizing the therapy by improving CRT response. To better 

illustrate the benefits of the proposed tools, we created a set of synthetically generated and fully-controlled activation patterns, 

where the proposed representation and indices were validated. Then, the proposed analysis tools are used to analyze EAM data 

from an experimental swine model of induced Left Bundle Branch Block (LBBB) with an implanted CRT device. We have 

analyzed and compared electrical activation patterns at baseline, LBBB and CRT stages in four animals: two without any 

structural disease and two with an induced infarction. By relating the CRT lead location with electrical dyssynchrony, we 

evaluated current hypotheses about lead placement in CRT and showed that optimal pacing sites should target the RV lead close 

to the apex and the LV one distant from it. 

Index Terms— Cardiac resynchronization therapy; electro-anatomical mapping system; quantitative pattern analysis; left bundle 

branch block; subject-specific 2D and 3D data representation; lead placement.  

I. INTRODUCTION
1
 

n this paper, we target the assessment of changes in the 

electrical activation of the heart, which is of prime 

importance to better understand the pathophysiological 

mechanisms in cardiac diseases. Qualitative and 

quantitative evaluation of electrical pattern changes is 

feasible, but requires specific tools to consider the 

anatomical and functional variability of these data. 

Electro-anatomical maps (EAMs), acquired with electro-

anatomical mapping system are well established in daily 

clinical routine. They are mainly used for guiding radio-

frequency ablation (RFA) for the treatment of different 

types of arrhythmias [1]. EAMs are reconstructed by the 
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processing of intracardiac electrograms (EGM) acquired 

through the contact of a catheter with the endo- or epi-

cardial walls together with catheter tracking, which results 

in a discrete set of points where electrical and anatomical

information is available. Electrical activation indices 

derived from EGMs can be computed locally at each point, 

such as the local activation time (LAT) or the bipolar 

voltage (BIP). As a result an anatomical mesh is obtained 

with electrical information associated to its nodes (see 

Figure 1a). This joint anatomical and electrical information 

can be used for analyzing electrical activation patterns. 

Their comparison is key for better understanding cardiac 

pathologies that affect the normal cardiac electrical 

activation, such as in the presence of a left bundle branch 

block (LBBB) [2] and its treatment (e.g. Cardiac 

Resynchronization Therapy (CRT) [3]). However, EAMs 

are difficult to compare because they are extremely 

dependent on different factors like patient anatomy as well 

as the number, location and accuracy of the acquired points 

[4]. These differences and uncertainties in EAM acquisition 

make the analysis of electrical activation patterns from 

EAMs highly challenging. At the time being, clinicians 

usually perform a visual assessment of the electrical 

activation patterns [2, 5], which is complemented by basic 
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global indices such as the total activation time (TAT), or 

the QRS length provided by ECG and EAM data. Slightly 

more sophisticated analysis of electrical patterns have also 

been proposed [6, 7], based on simple indices (e.g. area and 

anisotropy) estimated on local activation time (LAT) 

isochrones extracted from EAMs. More advanced 

computational techniques are commonly applied to 

combine multi-modal information from the same patient to 

guide RFA interventions. For instance, structural and tissue 

information from pre-operative imaging data (e.g. Magnetic 

Resonance Imaging, MRI or Computed Tomography, CT) 

can be fused with EAM data with basic registration 

algorithms based on landmarks in atrial fibrillation and 

ventricular tachycardia [8, 9, 10, 11, 12]. The main 

drawback of these techniques is that they cannot easily be 

applied to analyze and compare EAM data acquired at 

different time-points or from different patients due to the 

lack of a common reference system.  

   Several researchers have proposed computational 

techniques to construct 2D reference systems for different 

organs such as the atria [13, 14], the brain [15, 16], the liver 

[17], the cochlea [18], vertebral bones [19], faces [20] and 

the left ventricle (LV) [21] that allow inter- and intra-

patient comparisons. We recently developed a planar disk 

representation where the LV of the heart is quasi-

conformally mapped by flattening [22, 23] and this was 

applied to EAM and delay-enhancement magnetic 

resonance imaging (DE-MRI) data. Once the EAMs are 

standardized into a common reference system (i.e. 2D disk), 

they can be analyzed and compared, both qualitatively and, 

more important, quantitatively. Nevertheless, linear 

statistics (e.g. classical average and variance measures) 

computed locally on the electrical patterns [24] may be 

limited to properly capture the heterogeneity of complex 

electrical cases. For example, in the presence of pacing 

leads or localized infarcts, non-physiological patterns may 

arise from such linear statistics, similar to the observations 

on motion patterns reported in [25].  Non-linear statistics 

may prevent from this but they require a large database, 

which is not always possible. To overcome these 

limitations, we propose to extract specific indices from 

EAMs that quantitatively define relevant aspects of the 

electrical activation pattern and therefore allow a better 

analysis of LBBB and CRT-induced changes. 

The main goal of this paper is to design a method to better 

analyze and compare EAMs, which addresses the following 

two tasks: (i) to establish an adequate definition of a 

reference system for EAMs of the two ventricles of the 

heart (LV and right ventricle, RV); and (ii) to propose 

global and local indices that allow a quantitative analysis of 

electrical pattern changes. The 2D disk mapping method is 

based on our previous work [22, 23] which only worked on 

LV endocardial data. Here, the technique is extended to 

include epicardial EAM data from both ventricles (see 

Figure 1.b), in a way that allows generating activation 

histograms for an inter- (RV/LV epicardium) and intra-

cavity (transmural) analysis, which provide valuable 

clinical information on electrical dyssynchrony [26]. The 

2D disk representation of the reference common system is 

frequently used in clinical cardiology when displaying LV 

endocardial data on a bull’s eye plot (BEP) [27] and it is 

appropriate for identifying the myocardial electrical 

propagation pattern. However, it does not provide intuitive 

insight about the speed of the electrical wave, which is 

important for a complete understanding of the 

heterogeneous EAM patterns, e.g. including the Purkinje 

system. Therefore, we also introduce a new 3D BEP 

representation extending the 2D BEP so that every point is 

elevated proportionally to its corresponding LAT value (see 

Figure 1.c). 

The proposed analysis tools are illustrated in the context 

of CRT, which is a treatment used to improve cardiac pump 

function in patients with systolic ventricular dysfunction 

and heart failure by restoring a synchronous contraction 

between both ventricles [28]. However, the high rate of 

non-responders (around 30%) and the associated costs are 

still of primary concern [29, 30]. In order to optimize CRT 

some studies aimed at identifying the best configuration of 

the device, including lead positioning [31, 32, 33, 34, 35], 

which has also been investigated with in-silico experiments 

[36, 37]. Despite these advances, patient selection and CRT 

optimization is still under debate, since the underlying 

mechanisms of LBBB and CRT are not fully understood. 

In this paper, these mechanisms are studied, both 

qualitatively and quantitatively, by applying the developed 

computational tools on endocardial and epicardial EAM 

data of the LV and RV acquired on an experimental swine 

model of induced LBBB with an implanted CRT device. 

Different indices are estimated regionally (e.g. endo-epi, 

RV-LV) such as the total activation time (TAT) recovery, 

the inter-ventricular delay (IVD) and the LV transmural 

Figure.1. Different representations for endocardial (ENDO) and epicardial 

(EPI) electrical activity. a) Classical electro-anatomical maps (EAMs) 

meshes  from the mapping system; b) 2D flattening of the left (LV) and right 
(RV) ventricles with a quasi-conformal mapping technique (QCM); c) 3D 

bull’s eye plot (BEP) representation of the flattened disk that allows to relate 

local activation times (LAT) with conduction velocities (altitude gradient). 
Colors represent local activation times (the maximum and minimum values 

were not specified since this figure is only used for illustrative purposes). 

The two faces represent the EAM orientation as indicated in the electro-

anatomical navigation system. 
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delay (LV-TD) after CRT implantation. These indices are 

then related to other clinical information such as lead 

positioning or the presence and localization of myocardial 

infarcted tissue. Previously, verification and validation 

experiments are performed on synthetic and fully controlled 

data. 

II. METHODS

We quantitatively analyze electrical activation patterns 

from different EAM, as follows. First, we define an 

integrated 2D disk representation (2D BEP) of the LV and 

RV obtained with a quasi-conformal mapping from the 3D 

EAM meshes. Then, we analyze the wave propagation in 

2D and 3D. Finally, we develop global indices, local 

indices, and therapy-based indices to better characterize 

EAM data.  

A summary of the proposed indices together with their 

purpose is included in Table S1 on the supplementary 

material.  

A. 2D disk representation of left and right ventricles. 

The 2D disk representation (2D BEP) is obtained 

following the technique we presented in Soto-Iglesias et al. 

[22, 23, 24] on the LV endocardium. Here we analyze not 

only data from the LV endocardium (EAM measurements 

from the RV endocardium are not available) but also from 

the RV and LV epicardium. Firstly, we compute a 

vanishing conformal Laplacian that smoothly maps every 

vertex of the 3D EAM mesh to a 2D disk [22, 23]. In order 

to get a unique solution, we need to impose some boundary 

conditions and identify two landmarks. Initially, the 

boundary points of the 3D mesh must be mapped into the 

circumference of the 2D disk, preserving the 3D relative 

distance between them. We also force the mapping to 

follow the 17 AHA segments definition [21], thus a point in 

the middle of the septum (Septum point in Figure 2a) is 

placed at the (-1, 0) XY coordinates of the disk. After the 

mapping, the apex is displaced to the center of the disk (0, 

0) by applying thin plate splines (TPS) transformation,

which results in a quasi-conformal mapping (QCM), as 

illustrated in Figure 2a.  

The representation of the epicardium was established in a 

similar way. However, the epicardium is not mapped onto a 

2D disk since both ventricles share it, which may be 

misleading when compared to endocardial data. We then 

choose to map LV and RV data to separate half disks, as in 

[26]. Firstly, the septum line (SL) is defined on the 3D 

EAM mesh. To do so, three landmarks are manually 

selected (Figure 2b): one at the apex of the epicardium, and 

two in the boundary of the mesh, specifically on the 

posterior (posterior landmark PL) and anterior (anterior 

landmark AL) edges. In the 3D mesh the SL is then defined 

as the geodesic line that connects the PL and AL landmarks 

and goes through the septum. In the 2D space the LV is 

defined as (the right) half of a disk. In order to be consistent 

with the endocardial mapping, the AL and PL landmarks 

are located at the (0, 1) and (0, -1) XY coordinates. The 2D 

septum line is then defined as the line that joins these two 

landmarks, while the LV lateral wall boundary is forced to 

the contour of the half (right) disk. A similar approach is 

applied for mapping the RV epicardial EAM onto a half-

moon shape.  

An additional difficulty is that each EAM has a different 

number of acquired points. Thus, the data mapped onto the 

2D BEP must be reparameterized to compare different 

EAMs. A common set of nodes is generated as the 

intersection points between 50 equidistant concentric circles 

Figure.2. Illustration of the original electro-anatomical map (EAM) surfaces and the corresponding 2D maps. (1) EAM landmark selection for left ventricle 
(LV) endocardium and LV and right ventricle (RV) epicardium (2) Quasi-conformal mapping (QCM) sequence for endocardial and epicardial EAMs 

illustrating the correspondence; the selected landmarks are also show: Posterior landmark (PL), anterior landmark (AL), apical landmark (ApL). 



4 

of increasing radius, with 300 rays emanating from the 

center of the disk, resulting in 15,000 nodes with a 

resolution of 0.02 x 0.02 (2 % of the disk radius per 

radians) in polar coordinates, which corresponds to a 

reasonable resolution over the entire disk. Furthermore, this 

disk re-parameterization facilitates the comparison with 

higher resolution meshes extracted from MRI. Information 

associated to the EAM points is then transferred to the new 

nodes using linear interpolation and barycentric 

coordinates. 

B. Histograms of activation 

A complementary type of representation for EAM data 

based on histograms computed from local activation times 

was developed. These histograms are built for endocardial 

and epicardial data and characterize the distribution of the 

data depending on the time of activation of every point. The 

total activation time (TAT), which is defined as the 

difference between the earliest and latest activation points, 

is divided in a certain number of intervals, so-called 

isochrones in clinical terms or bins in statistics, which 

represent the percentage of the tissue activated within a 

certain TAT interval. We have divided the TAT into 20 

bins, corresponding to intervals of 5%, since it provided 

enough resolution for the studied phenomena. Examples of 

these histograms are given in all remaining figures of the 

paper. The total endocardial and epicardial (RV and LV) 

tissue activation are evaluated independently. Therefore, the 

endocardial (blue bars) activation is normalized between 0 

and 100% and the epicardial is divided into RV (green bars) 

and LV (red bars) activation. The main advantage of this 

data representation is that it shows very intuitively 

(electrical) dyssynchrony and heterogeneities between 

different parts of the heart (e.g. endo-epi, RV-LV).  

C. Speed maps 

As described above, the 2D disk representation is 

parameterized as the intersection of concentric circles with 

emanating rays at different angles, which allows working in 

polar coordinates. Each ray angle and concentric circle 

represents the ϴ and r polar coordinates, respectively. Our 

surrogate for the speed of conduction is then computed as 

follows:     
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where LAT(r, ϴ) corresponds to the gradient of the local 

activation time (LAT), and it is computed on the 2D disk in 

polar coordinates as in Equation 2. In practice, LAT(r, ϴ) 

is estimated using finite differences. In order to minimize 

the speed map noise, a Gaussian low-pass filter (h=11/ 

σ=2) is applied. These speed maps are very convenient to 

distinguish regions with different conduction velocities 

such as fast activation due to the Purkinje system (PK) (i.e. 

electrical pathways with velocities around 2-4 times higher 

than working myocardial tissue) or slow conduction due to 

a block of activation induced by the presence of scar. An 

automatic classification of different regions in the speed 

maps is then performed applying the k-means algorithm 

(k=4) [38]. We retained 4 different clusters for the analysis 

for characterizing the tissue into scar, border zone, healthy 

tissue and PK, which are related to speed zones from slower 

to faster respectively. This classification algorithm is 

simultaneously applied to the speed maps at baseline, 

LBBB and CRT, resulting in 4 different clusters, which 

allows a direct comparison of these maps (Figure 3). On the 

other hand, LAT-related data are independently normalized 

(e.g. max and min definitions in colormaps) for every stage 

(baseline, LBBB and CRT) due to the large differences in 

LAT ranges between them (see TAT values in Figure 6).  

D. 3D BEP Representation of the heart 

The 2D speed maps represented above complement the 

2D BEP maps by adding visual information on electrical 

propagation speeds. Here we introduce another 

representation of LAT data, in the form of 3D BEP maps 

that also help to identify regions with different activation 

speeds. Remember that the vertices of the 2D BEP are 

located on the XY plane and that a LAT value is associated 

to each of them. We normalize the LAT values of each map 

(independently) to lie between 0 (minimum, earliest 

activation) and 1 (maximum, latest activation). 

In order to incorporate speed information, we assign the 

normalized LAT to the z coordinate of each vertex. In this 

3D representation, lower values of z indicate earliest 

activated points, while higher values represent the latest 

activated ones. Therefore, in a very intuitive way, a block in 

electrical conduction is visualized in these 3D BEP maps as 

a region with a steep slope (e.g. a mountain corresponding 

to a high gradient in LAT values) while a high-speed 

conduction area is visualized as a flat zone.     

Figure.3. First column: Top, local activation time (LAT) of the electro-

anatomical map (EAM) mapped to the 2D standardized space; bottom, 3D 

Bull’s eye plot (BEP) representation, from the earliest activation (red) to 

the latest one (blue); Second column: Top, speed map; bottom, speed 
classification using k-means, form the slowest velocities (blue) to the 

highest ones (red). 
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E. Global and local quantitative indices 

From the EAM representations described above, we 

compute a set of global and local indices characterizing the 

electrical pattern changes and some parameters related to 

the therapy (i.e. CRT).  

1) Indices on electrical pattern changes

a) Total activation times (TAT) 

Total activation times (TAT) are computed as the 

difference between the earliest and latest activated points, 

considering both endocardial and epicardial EAM data. 

Differences (Δ) between baseline, LBBB and CRT stages 

are then evaluated as follows:

where ΔTATbase represents the delay induced by LBBB 

(with respect to baseline), ΔTATCRT is the effect of CRT 

(i.e. difference in TAT between CRT and LBBB stages) 

and the Recovery indicates how close TAT is to baseline 

after applying CRT. 

b) Inter-ventricular and transmural delays 

     Histograms of activation allow the estimation of indices 

characterizing the electrical dyssynchrony by comparing 

isochronal (or bin) distributions corresponding to different 

regions of the heart. Hence we evaluate RV/LV and 

transmural (endo-epi) synchronization computing distances 

between the starting and ending bins at each stage of the 

protocol (baseline, LBBB and CRT). The two resulting 

indices are: (i) the inter-ventricular delay (IVD), which is 

defined as the temporal difference (in milliseconds) 

between the epicardial RV and LV starting bins; (ii) The 

LV transmural delay (LV-TD), which is defined as the 

temporal difference (in milliseconds) between the 

endocardial and epicardial LV starting bins. An equivalent 

transmural delay could be computed for the RV if data were 

available. 

c) Speed index 

     The speed maps allow extracting quantitative indices to 

further characterize electrical propagation in the four 

different speed clusters, enabling to compare them 

regionally at each stage (baseline, LBBB and CRT). Here, 

we define a simple speed index as the percentage of tissue 

within each speed cluster. Additionally speed maps are also 

qualitatively analyzed to recognize areas of slow of block 

of conduction due to scar or between the two ventricles. 

2)  Therapy-related indices 

a) Lead location 

We use the 2D BEP representation of EAM data to 

automatically identify the CRT leads in the ventricles. 

Although the most common CRT configuration is based on 

the implantation of one lead at the apical region of the RV 

endocardium and another one at the LV lateral wall, the 

optimal LV lead position is highly controversial [31, 32, 33, 

34, 35]. Once the CRT device is operating, leads control the 

electrical activation at every heartbeat, to (as in our 

experiments) impose a zero-delay between the shocks from 

both leads and then force a synchronous activation between 

the septal and lateral walls of the LV. Hence we select the 

nodes within the first 10 ms of electrical activation to detect 

the CRT leads in the 2D BEP. As a result there are two 

distinguishable clouds of points (i.e. two sets of 

unconnected vertices), whose centers correspond to lead 

locations, which are automatically detected with a simple k-

means classification algorithm [38] (k=2). The center of 

each cloud can be considered as the lead location, because 

the electrical activation induced by a single lead will start at 

the point where the lead is located and uniformly 

propagated following the myocardial fiber direction [6, 7]. 

The localization of the RV lead is estimated on the 

epicardial EAM data since we do not have measurements 

from the endocardial RV. Therefore, the resulting 

localization mainly represents the epicardial breakthrough 

(BT) induced by the endocardial RV lead rather than its 

exact location. Nevertheless, the myocardium is relatively 

thin at the apical RV, thus we consider activation time 

differences between the endocardial and epicardial RV to 

be negligible comparing to the LAT range in the two 

ventricles.  

b) Lead apicality index 

The 2D BEP represents the EAM data in a disk, where 

apical positions are at its center and basal ones are close to 

its circumference (radius equal to zero and to one in polar 

coordinates, respectively). In this way, the distance from 

any 2D BEP point to the center of the disk corresponds to 

its distance to the apex. The apicality index is then defined 

as 1 - r, where r represents a normalized version of this 

distance – since we map the EAM to an unitary disk, all 

distances are normalized according to a vanishing 

conformal Laplacian– so that values lie with the [0, 1] 

interval (close to zero or one if the point is basal or apical, 

respectively). The apicality index is then computed for each 

lead location, estimated as described above, providing a 

quantitative measure with a common reference system to 

compare lead positioning in different EAM data.  

c) Lead distance indices 

Defining the optimal LV lead placement is a challenging 

task with different possible approaches. In [31], the authors 

suggested avoiding apical positions while other studies [39, 

40] proposed the latest mechanical activation area in LBBB

as the optimal target for improving the CRT effect. 

In order to test these hypotheses we define two geodesic 

distance indices involving the LV lead positioning: (i) 

geodesic distance between the RV and LV leads; and (ii) 

geodesic distance between the LV lead placement in CRT 

                         (3) 

                       (4) 

         
    

     
    (5) 
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and the latest electrically activated zone (LAZ) in LBBB 

(considering it a good approximation of the latest 

mechanically contracting area). 

To compute geodesic distances on the 2D BEP is not 

possible since these are not exactly preserved after the 

quasi-conformal mapping. Additionally the original EAM 

mesh can neither be used for this purpose due to its low 

resolution and high noise level (see Figure 1a). In order to 

have an approximation of the LV lead-related geodesic 

distances we used a high-resolution mesh built from the LV 

geometry of a non-infarcted pig, which is segmented from 

MRI. This high resolution LV mesh is then taken as a 

reference surface for all cases, which is mapped to the 2D 

BEP and the EAM data with the QCM mapping technique 

to establish correspondences between the data, as we 

proposed in [23].  

For computing the geodesic distance between LV lead 

and the latest activated area in LBBB, we need to define the 

latest activation area in the LBBB 2D representation map. 

For computing the geodesic distance between the LV lead 

position and the latest activated area in LBBB, we need to 

define the latter in the LBBB 2D representation map. To do 

so, the latest activation point in LBBB is defined as the 

center of the cloud of points defined by the last 10 ms 

isochrone. Then, the geodesic distance is computed by 

projecting it onto the 3D MRI surface. 

III. RESULTS ON SYNTHETIC DATA

Two synthetic activation patterns, simulating normal and 

LBBB electrical activation, have been developed to 

illustrate the limitations of global indices (e.g. Recovery 

index) and the benefits of more detailed ones (e.g. inter-

ventricular and transmural dyssynchrony).    

A. Generation of synthetic data 

We generated the following two synthetic electrical 

activation patterns (see Figure 4): (i) a circular activation 

shape that simulates a normal (i.e. baseline) electrical 

activation pattern; and (ii) an elliptical activation shape that 

represents a LBBB electrical activation pattern. In order to 

emphasize the importance of an advanced and local analysis 

of the electrical activation patterns, the total activation time 

is forced to be the same (equal to 100 ms) for both synthetic 

examples. Electrical isochrones are generated as steps of 

10% of the TAT, resulting in 10 isochrones.  

1) Normal activation pattern

   The normal activation pattern is characterized by growing 

concentric (i.e. isotropic) circles starting from different 

activation sites. A total of ten circles, whose radii are 

uniformly increased, correspond to the different isochrones 

completing the whole activation pattern. The influence of 

the three main branches of the Purkinje system (PS) on the 

LV endocardial activation pattern at baseline is introduced 

with three different early-activated sites in the LV septal 

wall (red in Figure 4a). Since at baseline both RV and LV 

bundle branches of the PS are healthy, both ventricles are 

simultaneously activated at the epicardium. Therefore, a 

total of six sites are chosen as initial activation points at the 

epicardium, three of them in each ventricle. Clarified  

2) LBBB activation pattern.

    In LBBB the LV electrical activation pattern comes from 

the RV (through the septum) since the left bundle branch of 

the PS is not functioning. Therefore, we set the first 

activation isochrone to start only at one site and it presents 

a larger area than in baseline. In consequence, the LBBB 

endocardial activation pattern is defined with ten isochrones 

starting from one point located at the middle of the LV 

septum and linearly increasing the radii of the ellipses in 

equal steps. Similar to the endocardium, the epicardial 

activation pattern also follows an elliptical shape, starting 

and finalizing in the RV and LV epicardium, respectively. 

This pattern is easily explained by the presence of a block 

in the left bundle that slows LV epicardium activation, 

while the right one still has a normal behavior. The 

epicardial map is then activated as the LV endocardium but 

with starting and ending in the RV and LV epicardium, 

respectively (Figure 4.1b).     

Figure 4. Synthetic activation patterns: a) Circular activation pattern 
(baseline) b) Elliptical activation pattern left bundle branch block 

(LBBB); 1) 2D BEP applying quasi-conformal mapping (QCM) for 

endocardium and epicardium from the earliest activation (red) to the latest 
one (blue); 2) Histogram of isochrones for LV/RV epicardium and LV 

endocardium (RV endocardium is not available); 3) 3D bull’s eye plot 

(BEP) for endocardium and epicardium from the earliest activation (red) 
to the latest one (blue); 4) Speed maps for endocardium and epicardium 

for slow speeds (blue) and fast speeds (red). 
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B. Activation pattern analysis on synthetic data 

Firstly, it needs to be pointed out that the two synthetic 

activation patterns described above provide the same total 

activation time, which is the only index currently used to 

quantitatively analyze EAM data, even though they have 

very different electrical patterns. On the other hand, the 

histogram of isochrones (Figure 4.2) reveals the amount of 

inter-ventricular and LV transmural dyssynchrony within 

each pattern. The former is estimated as the difference 

between the initial RV and LV epicardial bars (green and 

red bars colors in Figure 4.2, respectively), while the latter 

is computed as the difference between the initial LV 

endocardial and LV epicardial bars (blue and red colors in 

Figure 4.2, respectively). In the normal case (Figure 4.2a), 

it can be seen how the activation pattern starts slowly at the 

endocardium. Then, the percentage of tissue activated in 

each bin increases until bin #6, where the 25% of the nodes 

are activated in this isochrone number. This increment on 

the percentage of tissue activated in two consecutive bins 

suggests a rise in the velocity of conduction. Subsequently 

the amount of activating tissue decreases with time. The 

activation reaches the epicardium from bin #5 (representing 

50% of TAT) and then the LV and RV are synchronously 

activated. However, the histogram of the LBBB activation 

pattern shows a different sequence of activation: the earliest 

activated area in both ventricles is located in the RV 

epicardium; it is followed by LV endocardial activation; 

and it ends with the LV epicardium. In the epicardium, the 

percentage of activating tissue in the LBBB pattern is more 

uniformly distributed along the different isochrones than on 

the normal one, which indicates more uniform conduction 

velocities. 

The 3D BEP representation shows the speed of 

propagation and the location of the earliest activated area 

(Figure 4.3). In the normal activation pattern, it initially 

shows a moderate steep slope from the earliest isochrones, 

which indicates a slow speed of propagation (working 

myocardium activation before reaching PS). Then, the 

central isochrones (green colors in Figure 4.3a) present a  

flatter area that indicates an increment of the speed of 

propagation (due to PS activation). Finally, the slope 

increases again in the last isochrones due to the reduction in 

the speed of propagation in this area (activation from PK 

terminals to working myocardium). A similar pattern can be 

appreciated in the epicardial activation on both ventricles.  

 On the other hand, the LBBB activation pattern produces 

a constant moderate slope in the endocardial 3D BEP 

(Figure 4.3b), indicating a more uniform velocity of 

propagation (only working myocardium activation without 

PS). At the epicardial 3D BEP (Figure 4.3b) it can be seen 

how the RV is activated significantly faster than the LV. 

These differences between the two synthetic electrical 

activation patterns, which are independent of the total 

activation time, point out the limitation of a global analysis 

and the need for a deeper analysis. 

IV. RESULTS ON EXPERIMENTAL DATA

The developed set of tools has been applied to EAM data 

from an experimental swine model of LBBB and CRT. 

Specifically, this experiment demonstrates the relation 

between the CRT lead placement and the electrical 

resynchronization achieved after CRT by properly 

analyzing the electrical activation patterns. 

A. Data acquisition protocol 

A total of 4 representative pigs (average weight = 34 

(30/35) kg) are studied in this paper, which are a sub-set of 

a larger database [41]. Two of them present a myocardial 

infarction located at the septal wall, whereas the other two 

do not have structural disease. A complete description of 

the whole dataset and its associated experimental protocol 

is given in [41]. Animal handling was approved by the 

Institutional Review Board and Ethics Committee at the 

Hospital Clínic, Barcelona, Spain, and conformed to 

international guidelines [42].  

LBBB was induced in all animals using radio-frequency 

ablation, assisted by high rate pacing (160bpm) during the 

burning process to prevent ventricular fibrillation. All pigs 

were implanted with a RV apical lead (Beex RF45, Sorin 

Group, Milan, Italy) and a LV one (subxiphoid access or 

via coronary sinus, Situs OTW, Sorin Group). Pacing was 

performed with a pacing system analyzer (ERA-3000, 

Biotronik, Berlin, Germany), and optimized after the 

ablation procedure [43]. 

Contact mapping data were collected using an electro-

anatomical mapping device (CARTO-XP, Biosense 

Webster, Diamond Bar, CA) after introducing a 3.5-mm tip 

catheter (Thermo-Cool Navi-Star, Biosense Webster Inc, 

Diamond Bar, CA, USA) through the femoral artery until 

reaching the endocardium of the LV (endocardial EAM) by 

the retrograde aortic access. Then, using the same catheter 

and system, an epicardial map of both ventricles was 

recorded. For this purpose, percutaneous pericardial access 

was obtained by a transthoracic subxiphoid puncture. 

EAMs were subsequently generated by reconstructing 

information obtained from the set of sparse acquisition 

points where the clinician placed the catheter to measure 

the electrical activity (around 2500ms at 1 kHz). These 

electrical measurements were processed and rendered in 3D 

to display the local activation time for each point, as shown 

in Figure 1.1. The LAT is the parameter retained in the 

present study to investigate electrical activation patterns.  

All EAM were acquired on the day of the experiment, at 

baseline, post-ablation (LBBB) and with CRT pacing, and 

the average number of points they contain were 171 ± 66 

and 255± 76, for endocardium and epicardium respectively. 

B. Activation pattern analysis on experimental data 

The quantitative indices, introduces in Section II.E 

corresponding to the four analyzed pigs are summarized in 

Table 1. 

1) Non-infarcted pig model

    Pig #1 had leads implanted in the apical and basal 

regions for the RV and LV (apicality index of 0.19 and 0.95 

respectively), which is arguably the optimal lead position. It 

achieved a Recovery of 47.7% and a quasi-complete 

biventricular resynchronization (IVDCRT equal to -3.3ms), 

thus, it could be classified as a CRT responder.  
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Figure 5. Non-infarcted case (#1). 1) Endocardial and epicardial electro-anatomical maps (EAM)s 2) 2D bull’s eye plot (BEP) of endo (LV) and 

epicardial (RV/LV) EAMs; BT RV: electrical breakthrough from the right ventricle (RV); 3) Histogram of isochrones (missing RV endocardium) 4) 
Speed classification from endo and epicardial velocity maps 5) 3D BEP from endo and epicardial representations; Local activation time (LAT) values 

and speed scales are shown as min/max since they are different between each protocol stage. 
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The fact that the LV-TDCRT is -6.6 ms indicates that the 

LV epicardium activates electrically 6.6 ms before the LV 

endocardium, which happens because the LV and RV leads 

are located on the epicardium and the endocardium, 

respectively. 

Figure 5 illustrates the electrical activation pattern of the 

CRT responder Pig #1. The 2D BEP representation (Figure 

5.2) allows an easier and more intuitive electrical activation 

pattern analysis than with the 3D EAM (Figure 5.1). One 

can easily identify in the 2D BEP both the initial and final 

electrical activation zones (red and blue areas, respectively) 

and the propagation pattern at each stage (baseline, LBBB 

and CRT). It shows a homogeneous and faster activation of 

both LV endocardium and RV-LV epicardium at baseline 

compared to LBBB (Figure 5.2). It also shows three main 

spots of earliest activation (red areas in Figure 5.2a) that 

corresponds to normal Purkinje-based activation, which 

subsequently propagates to the muscle (transition between 

blue and green areas in the endocardial speed map, top left 

in Figure 5.4a), inducing an increment of the speed of 

conduction on the transition areas.  

Visual inspection of the speed maps (Figure 5.4) and the 

speed indices (Table 2) reveal that Pig #1 presents a 

substantial increment of slow speed tissue (blue areas) after 

LBBB (from 50 % to 91% at endocardium), which is 

slightly recovered after CRT (83%). 

The 3D BEP representation (Figure 5.5) also confirms 

the heterogeneous electrical activation in LBBB; it shows 

that slow speed or blocks of conduction areas are located in 

steep slopes (e.g. inter-ventricular transition, epicardium at 

LBBB) and the fast speed ones in flat zones (e.g. epicardial 

RV at LBBB). In LBBB, the speed in the LV endocardium 

(Figure 5.4b) is much slower and more uniform than at 

baseline (i.e. the slow speed zone is distributed all over the 

LV endocardium.) due to the malfunctioning of the PS. In 

the epicardial speed map, two high-speed areas can be 

identified at LBBB. The RV area can be interpreted from 

the fact that the right bundle branch is still healthy. The LV 

high-speed area is likely to come from a retrograde entrance 

into the PS. These two areas are separated by a slow speed 

region, which is mainly activated by the muscle fibers 

rather than by the PS. This inter-ventricular block of 

conduction is clearly visible (as a steep slope) in the 3D 

BEP (Figure 5.5).  

The histogram of isochrones (Figure 5.3) reveals the 

effect of this inter-ventricular block in the electrical pattern 

at LBBB. Unlike at baseline (Figure 5.3a), the epicardial 

electrical activity is not synchronous in both ventricles. In 

fact, the RV epicardium (green bars in Figure 5.3b) is 

activated before both the LV endocardium and epicardium 

(blue and red bars in Figure 5.3b, respectively). 

After CRT, the speed map of the endocardium (Figure 

5.4c) shows a predominance of slow speed areas (in blue); 

however, it reveals some high-speed patches, which may 

support the hypothesis of a retrograde activation of the PS. 

Epicardial speed maps illustrate how the interventricular 

block, present in LBBB (identified as the blue zone that 

divides both ventricles), is replaced by a more 

heterogeneous zone, which suggests a partial correction of 

the inter-ventricular block. This correction is confirmed in 

the histograms of isochrones where the LV and RV 

epicardium (red bars in Figure 5.3c, respectively) are 

almost completely synchronized. The 3D BEP (Figure 5.5c) 

also supports these findings, presenting a smoother slope 

between earliest and latest activation areas (after initial 

lead-based activation) in CRT comparing to LBBB. 

Corresponding EAM data representation and analysis for 

Pig#2 is provided as Supplementary material (Figure S1). 

Pig#2 can be categorized as a non-responder case since 

CRT produced a bad Recovery (-2.6%) and a non-complete 

electrical resynchronization (IVDCRT of 7.3ms), as can be 

appreciated in Table 1. In this case the speed index reports 

an abnormal behavior after CRT since there is a higher 

amount of slow-speed tissue than at LBBB (79% and 98% 

for LBBB and CRT, respectively). The fact that the LV-

TDCRT is equal to zero indicates that the electrical wave 

arrives at the same time on the LV endocardium and 

epicardium. This is likely due to a sub-optimal lead 

positioning since both RV and LV leads were implanted in 

apical regions.    

2) Infarcted pig model

For the infarcted pig models a radiologist analyzed a pre-

operative DE-MRI to visually identify the LV 17 AHA 

segments affected by the scar, including its transmurality  

Pig Recovery 
LV-lead 

distances 
Apicality index Baseline Delays LBBB Delays CRT Delays 

# % 
LAZ 

(mm) 

Leads 

(mm) 

LV 

lead 

RV 

lead 

LV-TDbase 

(ms) 

IVDbase 

(ms) 

LV-TDLBBB 

(ms) 

IVDLBBB 

(ms) 

LV-TDCRT 

(ms) 

IVDCRT 

(ms) 

1 47.7 15.2 73 0.19 0.95 6.6 -1.1 9.9 19.8 -6.6 -3.3 

2 -2.6 65.3 22 0.79 0.89 15.3 11.9 7.2 18 0 7.3 

3 100 22.5 35.3 0.50 0.68 22.5 2.25 -3.7 3.7 -6.75 0 

4 342.9 17.4 37.5 0.33 0.35 31.2 0 11.8 17.7 -5.25 -12.25 

Table 1.  Quantitative and qualitative measures for: (i) two representative non-infarcted pigs (blue) and (ii) two representative infarcted pigs (orange). TAT: 

Total Activation Time; LAZ: latest electrically activated zone; LV and RV: left and right ventricle, respectively; LV-TD: LV transmural delay; IVD: inter-

ventricular delay. 
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through the myocardium. This information is illustrated for 

Pig #3 in Figure 6 (for Pig #4, Figure S2 in Supplementary 

material). Pig #3 presents both a complete Recovery 

(100%) and a complete RV/LV electrical resynchronization 

(IVDCRT = 0 ms) after CRT. As in the non-infarcted 

Pig#1, the LV-TDCRT indicates that the LV epicardium 

activates electrically 6.75 ms before the LV endocardium 

because the LV and RV leads are located on the epicardium 

and the endocardium, respectively. Figure 6 illustrates the 

electrical activation pattern of Pig #3. In this case, the scar 

is located in the antero-septal area with a transmurality of 

52%. The viability of these segments is quite relevant to the 

electrical activation pattern, because it can alter the initial 

Purkinje activation area. This case presents a small scar 

influencing the anterior part of the left bundle branch of the 

Purkinje system. At baseline, the speed map in the 

endocardium (Figure 6.4a) shows the antero-septal area 

with a slower velocity of conduction than in the non-

infarcted cases. Nevertheless, the epicardial electrical 

pattern remains faster and synchronous, as in the non-

infarcted cases, probably due to the relatively limited scar 

transmurality.  

Furthermore, the speed index reveals a general reduction 

of the epicardial speeds at baseline in infarcted pigs 

compared to non-infarcted ones. This reduction at baseline 

is highly influenced by the scar transmurality (see Table 2): 

Pig#3 presents a transmurality of 52% and a 45% of slow 

speed tissue; and Pig#4 has a transmurality of 86% and a 

61% of slow speed tissue. The 3D BEP at baseline (Figure 

6.5) is quite illustrative since the scar zone is visualized as a 

large mountain with a steep slope. 

At LBBB, an electrical pattern similar to the non-

infarcted ones can be observed. The inter- and intra-

ventricular electrical dyssynchrony at LBBB are observed 

in the 2D BEP representation (Figure 6.2b), which are 

represented by substantially different activation times 

(earliest and latest LAT in red and blue, respectively). The 

endocardial speed map at LBBB shows a high-speed zone 

at the basal part of the LV septum (see top left in Figure 

6.4b), which is induced by the transmural propagation of 

the RV electrical activation. The epicardial speed map 

(Figure 6.4b) also reveals the two high velocity peaks, one 

at each ventricle, separated by an area with slower 

conduction speed (blue area between both ventricles). This 

block can easily be identified on the 3D BEP (Figure 6.5). 

After CRT, the epicardial speed maps (Figure 6.4c) show 

how the electrical block between the two ventricles is 

partially corrected, even if it persists in the areas where the 

scar is located. The influence of this scar is highly visible at 

the endocardial level (Figure 6.4a), where scar-affected 

areas are consistently associated with slower speeds of 

conduction (blue areas). The partial correction of the inter-

ventricular block is confirmed in the histogram of 

isochrones (Figure 6.3), where the LV and RV electrical 

activation is almost fully synchronized after CRT, even if 

the LV endocardium takes a bit longer to activate due to the 

scar presence. The 3D BEPs (Figure 6.5) demonstrate how 

the leads are located far away from the scar region and how 

the electrical activity surrounds it. 

Corresponding EAM data representation and analysis for 

Pig #4 is provided as Supplementary material (Figure S2). 

This is an example in which a simple index such as the 

Recovery fails for assessing the benefits of the CRT. It 

presents a high Recovery (343%) but a poor RV/LV 

resynchronization that is reflected on a poor inter-

ventricular dyssynchrony index (IVDCRT = -12.25ms). 

Furthermore, the LV-TDCRT shows a short LV transmural 

delay of 5.25ms, which suggest that the LV lead is correctly 

located. This case presents a huge scar (86% of 

transmurality) located in the antero-septal area. This scar 

location highly influences the PS activity, making the TAT 

at the endocardium larger than normal in baseline. 

Depending on the scar size, it can happen that inducing a 

LBBB will not introduce an additional delay. Due to the 

scar location (antero-septal and septo-apical areas), the RV 

lead was not exactly placed at the apex but close to a mid-

inferior zone (apicality index of 0.35 in Table 1). This lead 

configuration induces a reduction of the global TAT but not 

an inter-ventricular synchronization.   

V. DISCUSSION 

We presented a complete framework to analyze intra- 

and inter-subject changes in electrical activation patterns, 

Pig Endocardium Epicardium 

# 

Baseline LBBB CRT Baseline LBBB CRT 

High 

(%) 

Low 

(%) 

High 

(%) 

Low 

(%) 

High 

(%) 

Low 

(%) 

High 

(%) 

Low 

(%) 

High 

(%) 

Low 

(%) 

High 

(%) 

Low 

(%) 

1 0.9 3.8 45 50 0 0.3 8.8 91 0 1 16 83 3 24 50 23 0.1 3 24 73 2 4 17 77 

2 2 8 26 64 0.5 1 19 79 0 0.1 2 98 2 15 53 30 0 0.2 13 87 0 0 10 89 

3 0 0.6 12 87 1 4 11 84 0.1 3 21 76 1 12 42 45 0 2 22 76 0.7 4 28 67 

4 1 6 32 61 1 10 21 68 2 9 38 51 0.3 3 36 61 0 0 6 94 0 0 10 90 

Table 2.  Percentages of endocardial and epicardial regions in each of the four speed clusters. Non-infarcted pigs (blue) infarcted (orange) pig experiments. High: 

fastest speed cluster; low: slowest speed cluster. 
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Figure 6. Infarcted case (#3). 1) Endocardial and epicardial electro-anatomical maps (EAM)s 2) 2D bull’s eye plot (BEP) of endo (LV) and epicardial 

(RV/LV) EAMs; BT RV: electrical breakthrough from the right ventricle (RV); it includes a 2D disk with the 17 AHA segments affected by the scar 
and its transmurality, defined on a pre-operative DE-MRI; 3) Histogram of isochrones (missing RV endocardium) 4) Speed classification from endo 

and epicardial velocity maps 5) 3D BEP from endo and epicardial representations; Local activation time (LAT) values and speed scales are shown as 

min/max since they are different between each protocol stage. 
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performing quantitative comparisons between data at 

different stages and different subjects. Our framework 

provides a set of tools whose usefulness is demonstrated to 

fully interpret individual patterns and improvements 

resulting from CRT. As shown by our experiments, EAMs 

are useful to study electrical activation patterns, partially 

due to the link between local activation times and the 3D 

anatomical information. However, EAMs are limited by 

several acquisition-related sources of errors (e.g. catheter 

localization, sparse and variable density of acquired points, 

etc.), which makes them very patient-specific and their joint 

analysis is non-trivial. Also, we proposed to embed to this 

mapping information the speed of conduction at each point 

for a better understanding of the electrical activation 

patterns. To our knowledge, this approach is innovative and 

highly complementary to the LAT information as it reveals 

areas of slow/fast conduction, harder to assess otherwise. 

We apply a classification based on the speed of conduction 

estimated, which reveals the influence of the Purkinje 

system onto the electrical activation pattern. It is therefore 

easier to identify either a block in the electrical propagation 

wave or a fast activation zone induced by the Purkinje 

system. Complementarily, the histogram of isochrones 

simultaneously relates the synchronicity of the electrical 

activation between endocardium and epicardium. This 

relation provides the amount of inter- (LV/RV) and intra-

cavity (LV endocardium and epicardium) dyssynchrony, 

which is extremely relevant for evaluating CRT. 

Furthermore, large slopes in the histogram distribution 

clearly indicate the timing when the electrical activation 

joins the Purkinje system (e.g. in Figure 5.3 this happens 

between bins #8 and #9 in the LV endocardium). 

    We have illustrated the usefulness of these tools in fully 

controlled synthetic data and in an experimental model of 

induced LBBB with an implanted CRT device. QRS width 

and LV ejection fraction, in patients that present LBBB, are 

currently the indices recommended by clinical guidelines 

for selecting candidate patients to implant a CRT device 

[44]. However, these global indices do not provide enough 

information to understand the underlying activation pattern, 

which it is critical to reduce the number of non-responders 

to CRT. In the experimental model, EAMs provided a 

deeper understanding of the electrical activation pattern at 

different stages of the protocol, but required to be analyzed 

with advanced tools [2, 3]. Here, we point out the limits of 

a global index such as the Recovery (equivalent to the QRS 

width recovery), which can hide key factors as the 

dyssynchrony between both ventricles. Some authors [45, 

46, 47] used the ventricular electrical uncoupling recovery 

(difference between averaged LV and RV local activation 

times), as a measure of RV/LV dyssynchrony. However, 

our inter-ventricular and transmural delay indices, extracted 

from the histogram of isochrones, are better suited for 

improving the assessment of the electrical recovery after 

CRT, since they also integrate the spatial distribution of the 

electrical activation. Additionally, the lead-based indices 

(e.g. apicality and geodesic distances) relate lead location 

with CRT response, which can be applied for testing 

different clinical hypothesis about optimal lead positioning. 

Our preliminary results quantitatively confirm the results by 

[36], namely that optimal pacing sites should target the RV 

lead close to the apex and the LV one distant from it.  

The different EAM data representations presented in this 

paper rely the accuracy of the initial quasi-conformal 

mapping. The main drawback of the QCM mapping is the 

sensitivity to the landmark selection, as was reported in [22, 

23], but this issue has not induced aberrant results in the 

data processed in this paper. One limitation of the presented 

tools is the difficulty of acquiring good quality EAM data (a 

regularly distributed sufficient amount of points) in CRT 

patients due to the invasiveness of the contact-mapping 

procedures. Some authors [2] have acquired low-quality 

EAM data (reduced number of points) on CRT patients 

with a non-contact mapping system (i.e. basket of 

electrodes) for different lead configurations, enabling to 

qualitatively relate electrical indices with mechanical 

dyssynchrony information obtained from ultrasound 

images. The value of our study is to provide a general 

framework within which electrical activation patterns can 

be globally and locally analyzed in a quantitative way, 

independently on the acquisition system, to obtain electrical 

information. Therefore it could easily be adapted to new 

and promising non-invasive technologies to estimate 

electrical activation in the heart such as 

electrocardiographic imaging (ECGI) [48, 49, 50].  

VI. CONCLUSIONS

The proposed method is applied for qualitatively and 

quantitatively analyzing electrical activation patterns 

extracted from EAMs. It provides a framework within 

which the local activation time is easily related with a 

surrogate for the velocity of conduction and the presence of 

any structural disease as the fibrotic tissue. Furthermore, we 

point out the limitations of a global analysis of the EAMs. 

We show how the use of local indices, which integrates the 

spatial distribution of the electrical activation, improves the 

understanding of the electrical pattern. Although we show 

its usefulness on a swine model of LBBB/CRT, the whole 

pipeline can be applied for studying any kind of electrical 

activation disease. Future work will focus on the 

development of tools for relating both electrical and 

mechanical activation patterns.  
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VIII. SUPPLEMENTARY MATERIAL

    Figure S1 shows the electrical activation pattern of the 

non-infarcted and CRT non-responder Pig #2 since CRT 

produced a poor Recovery (-2.6%) and a non-complete 

electrical resynchronization (IVDCRT = 7.3ms), as can be 

seen in Table 1. As for Pig #1 (a responder case), the 2D 

BEP shows a homogeneous and faster activation of the 

endocardium and epicardium at baseline compared to 

LBBB. The speed maps (Figure S1.4) reveal the presence 

of Purkinje-based activation at both endocardium and 

epicardium levels at baseline, in the form of a transition 

zone between slow and fast speed areas (blue and green in 

Figure S1.4, respectively), which neither is present at 

LBBB nor at CRT. The 3D BEP (Figure S1.5) illustrates 

the inter-ventricular block induced after LBBB at the 

epicardial level, isolating two high speed areas (one at each 

ventricle) that are visible as flat zones in the 3D BEP. The 

histograms of isochrones (Figure S1.3) clearly show the 

inter-ventricular electrical dyssynchrony in the epicardium. 

At LBBB, it can be seen how the RV epicardium (green 

bars in Figure S1.3) is activated not only before the LV 

epicardium but also before the LV endocardium. At CRT, 

the epicardial 2D BEP (Figure S1.2) allows an easy 

identification of the lead placement; in this case, the LV 

lead is placed at an apical position (apicality index of 0.79) 

so it overlaps with the electrical RV breakthrough (apicality 

index of 0.89), reducing the benefits of bi-ventricular 

pacing to only one lead. The speed maps (Figure S1.4) 

show how this CRT lead configuration provides slower 

speeds than even at LBBB (i.e. more blue areas in Figure 

S1.4). Even if the histogram of isochrones after CRT 

(Figure S1.3) shows an improvement of the inter-

ventricular dyssynchrony compared to LBBB (i.e. the IVD 

is improved from 18 ms to 7.3 ms), we can still visually 

observe dyssynchrony at the end of the epicardial activation 

(green and blue bars in Figure S1.3). The 3D BEP (Figure 

S1.5) also depicts how the inter-ventricular block is still 

present after CRT, which indicates that this lead 

configuration is not appropriate for improving the LBBB 

abnormal electrical patterns.     

Figure S2 shows the electrical activation pattern of the 

infarcted and CRT non-responder Pig #4. This case presents 

a big scar (86% of transmurality) located in the antero-

septal area, which highly influences the PS activity. The 

presence of the scar produces a TAT at the endocardium 

larger than normal in baseline (52 ms); in fact it is the same 

than the one at LBBB. Despite equal TATs, the 2D BEP 

(Figure S2.2) depicts a more uniform activation at baseline 

than at LBBB. It also reveals the effect of the scar on the 

baseline electrical activation pattern. It can be seen that the 

first Purkinje-based activation area (antero- and infero-

septal wall) differs with respect to the non-infarcted one (it 

presents a bigger green zone instead of a red one, Figure 

S1.2 in contrast to Figure S2.2). The scar can be located on 

the speed maps, as zones of low speed (blue zones in Figure 

S2.4.I) and on 3D BEP as regions with steep slopes (black 

arrows in Figure S2.5). The scarred segments are 

consistently associated to slow speed areas (blue zones in 

Figure S2.4) in the epicardial speed map. Differences 

between the anterior and inferior LV wall indicate how the 

scar is influencing the anterior PS branch but not the 

inferior one. The electrical block induced by the scar is also 

visible on the 3D BEP (Figure S2.5.I), where the steepest 

slope (illustrated by black arrows in the figure) is located on 

the scarred area. In spite of the scar transmurality (86%), 

the baseline epicardial activity remains fast and uniform 

(Figure S2.4) and the electrical block is not visible on the 

3D BEP (Figure S2.5). The histogram of isochrones (Figure 

S2.3) reveals how the scar highly influences the initial bins 

of the LV endocardial activity by reducing its speed of 

conduction (i.e. very low % of activated tissue on bins 1-5). 

Similar to the other cases, the inter-ventricular 

dyssynchrony can be observed on the histogram of 

isochrones (Figure S2.3b). The speed maps shows a 

transition zone (anterior zone of LBBB endocardial speed 

map, Figure S2.4b) between the scar area and the healthy 

tissue, which indicates how the scar induces a block in the 

electrical propagation wave forcing it to surround the 

infarcted area. At the epicardial level, the velocity is much 

slower than in baseline but the inter-ventricular block is 

better observed on the 3D BEP (Figure S2.5). At CRT, the 

2D BEP demonstrates how both the LV and the RV 

breakthroughs are located on the LV wall. This is 

consequence of the scar location, which affects the apical 

part of the septum with a transmurality of 86%, making the 

RV apex a non-adequate RV lead location. Therefore, the 

RV lead was placed on a mid-inferior zone of the RV 

endocardium. Such a lead configuration creates a faster LV 

depolarization that reduces the TAT but it does not correct 

the inter-ventricular dyssynchrony, as can be seen in the 

histogram of isochrones (Figure S2.3c), where the 

epicardial ventricles are not synchronized (i.e. the LV 

epicardium starts 6 bins before the RV one), probably due 

to suboptimal lead positioning. The fact that the speeds are 

of the same order at the three stages (i.e. the presence of all 

the clusters on the endocardial speed maps, Figure S2.4) 

indicates that the baseline speed has been substantially 

decreased by the presence of the scar. In particular, a huge 

scar located on septal locations can influence on the PS 

making the velocity of conduction similar to that on LBBB.  
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Figure S1. Non-infarcted  case (#2). 1) Endocardial and epicardial electro-anatomical maps (EAM)s 2) 2D bull’s eye plot (BEP) of endo (LV) and 

epicardial (RV/LV) EAMs; BT RV: electrical breakthrough from the right ventricle (RV); 3) Histogram of isochrones (missing RV endocardium) 4) Speed 

classification from endo and epicardial velocity maps 5) 3D BEP from endo and epicardial representations; Local activation time (LAT) values and speed 

scales are shown as min/max since they are different between each protocol stage. 
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Figure S2. Infarcted case (#4). 1) Endocardial and epicardial electro-anatomical maps (EAM)s 2) 2D bull’s eye plot (BEP) of endo (LV) and epicardial 

(RV/LV) EAMs; BT RV: electrical breakthrough from the right ventricle (RV); it includes a 2D disk with the 17 AHA segments affected by the scar 

and its transmurality, defined on a pre-operative DE-MRI; 3) Histogram of isochrones (missing RV endocardium) 4) Speed classification from endo and 

epicardial velocity maps 5) 3D BEP from endo and epicardial representations; Local activation time (LAT) values and speed scales are shown as 

min/max since they are different between each protocol stage. 



19 

Index Unit Purpose 

2D BEP Map Electrical activation pattern analysis 

3D BEP Map Joint analysis of electrical and speed 

activation pattern 

Speed map Map 

Tissue classification based on the speed 

of conduction. Identification of transition 

zones 

Histogram of isochrones Map 

Relation of LV endocardial and bi-

ventricular epicardial electrical 

activation pattern.  

TAT related 

indices 

    Base 

Scalar 

Analyze changes in the total activation 

time between different stages.     CRT 

Recovery

Histogram related 

indices 

IVD 

Scalar Relation between inter- and intra-

ventricular dyssynchrony. 

LV-TD 

Speed index Scalar Percentage of tissue activated within 

each speed cluster 

Apicality index Scalar LV/RV leads location with respect to 

apical places  

Leads distances 

Leads 

Scalar 

Distance between LV/RV leads 

LAZ Distance from LV lead at CRT to the 

latest activated zone in LBBB 

Table S1. Summary of the indices proposed on this work, organized into map-related (blue), activation-related indices (green) and therapy-related indices 

(orange). BEP: Bull’s eye plot; TAT: total activation map; IVD: inter-ventricular delay; LV-TD: left ventricle transmural delay; LAZ: Latest activation zone; LV 

and RV: Left and right ventricles; LBBB: left bundle branch block; CRT: cardiac resynchronization therapy. 


