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The identification of cardiac arrhythmia sources today 
requires accurate activation time assessment of propa-

gating wavefronts. For almost a century, since Sir Thomas 
Lewis introduced isochronal activation maps, there has been 
no basic advancement to this concept.1 Wavefront speed and 
direction can be challenging to determine with traditional 
bipolar methods because ambiguity arises from the orien-
tation and placement of electrodes on the area of interest. 
Furthermore, traditional mapping techniques rely on pre-
cise timing and electrode positions to accurately determine 
the velocity of a propagating wave.2,3 Strategies have been 
proposed to deal with the above challenges by incorporat-
ing multiple local assessments and deriving vector patterns 
of activation.4–9 These techniques are inherently limited in 
accurately determining the local activation times (LATs) 

because of inadequate sampling and imprecise times and 
positions to provide a wavefront’s velocity10 and hence cre-
ate a need for alternative mapping strategies. An omnipole 
that resolves signals from all possible simultaneous bipoles 
(from every direction around the mapping location) from the 
electric field generated by a travelling wave could provide a 
definitive assessment of local cardiac wavefront properties, 
such as speed and direction.

The paradigm of instantaneously measuring cardiac wave-
front properties at a single location has not been explored. If 
proven and tested, this could save time and provide useful 
information without the tedious creation of isochronal maps. 
The ability to accurately determine and display beat-to-beat 
activation direction (AD) and conduction velocity (CV) with-
out the need for global mapping would enhance the efficiency 
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Background—With its inherent limitations, determining local activation times has been the basis of cardiac mapping for over 
a century. Here, we introduce omnipolar electrograms that originate from the natural direction of a travelling wave and 
from which instantaneous conduction velocity amplitude and direction can be computed at any single location without 
first determining activation times. We sought to validate omnipole-derived conduction velocities and explore potential 
application for localization of sources of arrhythmias.

Methods and Results—Electrograms from omnipolar mapping were derived and validated using 4 separate models and 
2 independent signal acquisition methodologies. We used both electric signals and optical signals collected from 
monolayer cell preparations, 3-dimensional constructs built with cardiomyocytes derived from human embryonic stem 
cells, simultaneous optical and electric mapping of rabbit hearts, and in vivo pig electrophysiology studies. Conduction 
velocities calculated from omnipolar electrograms were compared with wavefront propagation from optical and electric-
mapping studies with a traditional local activation time–based method. Bland–Altman analysis revealed that omnipolar 
measurements on optical data were in agreement with local activation time methods for wavefront direction and velocity 
within 25 cm/s and 30°, respectively. Similar agreement was also found on electric data. Furthermore, mathematical 
operations, such as curl and divergence, were applied to omnipole-derived velocity vector fields to locate rotational and 
focal sources, respectively.

Conclusions—Electrode orientation–independent cardiac wavefront trajectory and speed at a single location for each 
cardiac activation can be determined accurately with omnipolar electrograms. Omnipole-derived vector fields, when 
combined with mathematical transforms may aid in real-time detection of cardiac activation sources.  (Circ Arrhythm 
Electrophysiol. 2016;9:e004107. DOI: 10.1161/CIRCEP.116.004107.)
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of cardiac mapping and treatment of cardiac arrhythmias. This 
is of particular value if performed with an ablation catheter 
without acquiring and editing LATs.

In this article, we provide the basis for an orientation- and 
LAT-independent omnipolar-mapping approach to character-
ize beat-by-beat cardiac activation and validate against map-
ping standards.11–13 To do so, we applied the biophysical basis 
of omnipolar electrograms, methodically, starting on a cardiac 
monolayer, followed by 3-dimensional (3D) constructs built 
with cardiomyocytes derived from human embryonic stem 
cells and then on whole Langendorff perfused rabbit heart. 
Finally, we tested the reproducibility and consistency in con-
trolled conditions and then tested it in vivo conditions in por-
cine electrophysiology studies. We then used the omnipolar 
concept in concert with mathematical transforms of diver-
gence and curl14 to objectively reveal cardiac sources in a 
mapping chamber.

Methods
Experimental Models and Data Acquisition
Validation of the technique was performed using propagation of 
wavefronts during optical and electric mapping in preclinical elec-
trophysiology studies. Data were acquired from various types of bio-
logical media, such as monolayer cell preparations, human induced 
pluripotent stem cell derived 3-dimensional cardiac constructs, 
isolated whole rabbit hearts and in vivo swine electrophysiology 
studies. The technique was validated against established CV meth-
ods that use both electric and optical LAT-based isochrone maps. 
Reproducibility was then tested in vivo in porcine electrophysiology 
studies, which were approved by an Institutional Animal Care and 
Use Committee, and the studies conformed to the guide for the care 
and use of laboratory animals (APS Protocol No. CER233). Rabbit 
experiments in this study were performed under an Animal Use 

Protocols approved by the Animal Care and Ethics committee at the 
Toronto General Hospital.

Neonatal Mice Cardiomyocyte Monolayer 
Preparations
Cardiac monolayer cells were prepared after the procedures pub-
lished previously15 and presented in detail in Methods section 
in the Data Supplement. Overall, 8 monolayer plates were opti-
cally mapped with a complementary metal-oxyde semiconductor 
(CMOS) camera (MiCAM Ultima, SciMedia, Costa Mesa, CA) 
with a spatial resolution of 0.05 mm/pixel, sampled at 333 Hz. In 
addition, 9 plates were electrically mapped from which unipolar 
signals were collected, sampled at 5 kHz, and band-passed filtered 
between 1 Hz and 1 kHz, using a microelectrode array or MEA 
(Multi Channel Systems MCS GmBH, Reutlingen, Germany).

Three-Dimensional Myocardial Constructs Derived 
From Induced Pluripotent Human Stem Cells
Three myocardial tissue constructs were created for this study from 
human embryonic stem cells–derived cardiomyocytes, according to the 
following procedure16–20 described in detail in the Data Supplement. 
With the myocardial tissue filling the scaffold pores, the cells were  
incubated with a calcium-sensitive dye, Fluo-4 (ThermoFisher Scientific, 
Waltham, MA), for 20 minutes and subsequently the constructs were 
optically mapped with the same set up as described above.

Whole Rabbit Heart Langendorff-Concurrent 
Langendorff Optical and Electric Rabbit Data
The purpose of this model was to validate the electric mapping 
acquired unipoles, bipoles, and omnipoles against concurrently 
obtained optical-mapping data. Whole hearts were harvested from 
6 healthy New Zealand White male rabbits weighing ≈3 to 4 kg. 
After a heart was explanted, it was placed in a cold Tyrode solu-
tion, which was then delivered to an adjacent room, <5 minutes 
away. The heart was flushed thoroughly to remove any blood par-
ticles. The heart was cannulated through the aorta and was secured 
with 2-0 silk sutures to the cannula. The heart was perfused with 
Tyrode solution (95% O2 and 5% CO2) at a variable flow rate, with 
its pressure and temperature maintained at ≈55 mm Hg and 37°C, 
respectively. An 18-pole electrode array (St. Jude Medical, EnSite 
HD Grid catheter, St. Paul, MN) was stitched to the left ventricular 
free wall, and pacing electrodes were placed on predetermined 
sites to create different controlled wave propagation on the epicar-
dium. The heart was allowed to stabilize for about 10 minutes after 
which our mapping protocol was executed. Concurrently, unipolar 
and bipolar signals were acquired from the 16 electrodes forming a 
1.2×1.2 cm2 of the EnSite HD Grid catheter using a recording sys-
tem described before (UHN Cartesian Cathlab Mapping System).21 
Simultaneous unipolar and bipolar electrograms were recorded 
while optical images were obtained as described in the Methods 
section in the Data Supplement. For these optical experiments, a 
voltage dye (DI-4-ANBDQPQ) was used.

In Vivo Porcine Electrophysiology Study
The objective of this preclinical component was to compare the 
accuracy and repeatability of omnipolar electrograms compared 
with bipolar electrograms while assessing commonly used elec-
trophysiology parameters, such as activation timing and CV. For 
this study, a research version of the EnSight Velocity cardiac map-
ping system with real-time, beat-to-beat omnipolar processing 
was used.

Four 45±5 kg Yorkshire cross swine were used for this study. 
Each animal was sedated using intramuscular injection of narcotic 
and then anesthetized with isofluorane. After applying Ensight 
NavX and defibrillator pads, vascular access was established for 
neck and femoral vessels and catheters were deployed. Two cath-
eters were used to test omnipolar electrograms (EnSite HD Grid 

WHAT IS KNOWN

With catheter mapping, unipolar recordings often 
have far field artifacts and bipolar recordings have 
directional dependencies and complex shapes that 
prevent single point catheter-based assessments of 
conduction velocity and activation direction.
Current activation maps require time-consuming 
collection and temporal correction from multiple 
sites.

WHAT THE STUDY ADDS

We introduce an Omnipolar Technology (OT) meth-
od implemented in a 3D electroanatomic mapping 
system that derives the direction of wave front ac-
tivation from a single point and is independent of 
catheter orientation.
When combined with high-density mapping cath-
eters, OT may enable a “move and locate” strategy 
to potentially identify the arrhythmia focus without 
mapping the entire chamber.
It also offers the possibility for improving electro-
gram characterization of myocardial arrhythmogenic 
substrate.
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catheter), which has 18 electrodes disposed over 4 splines, 16 of 
them making a 2-dimensional square 4×4 grid and the S120, an 
ablation catheter specially made for omnipolar analysis that fea-
tures a 3-electrode ring configuration next to its distal electrode, 
thereby forming a tetrahedron pointing distally. A second tetrahe-
dron is also found on the proximal side of the ring configuration. 
Omnipoles were generated on EnSite HD Grid catheter using the 
2D method described below. These catheters were deployed suc-
cessively in 3 predetermined locations: A and B in RA and C in 
LA. Three site pair positions (AB, BC, and CA) were used to as-
sure both catheters reached all positions. Three rhythms for each 
pair were created by pacing different electrode pairs from a third 
catheter inserted into the coronary sinus. These 3 stimulation mo-
dalities in addition to normal sinus rhythm made up for a database 
of various ADs and speeds seen by the 2 omnipolar catheters. For 
each condition, 20 s of electrograms were acquired by the EnSite 
Velocity system, for a total of 72 recordings available for analy-
sis. Twenty-four of them were randomly selected for analysis and 
chosen as to make a set comprising all possible combinations of 
stimulation modalities and electrode locations. Electrode spatial 
coordinates and corresponding electrograms were exported and 
analyzed in custom software developed in Matlab (Mathworks Inc) 
and previously validated.11

Signal Processing for Omnipolar Electrograms
In practice, local unipolar signals are used to derive speed and acti-
vation and are obtained from a group of 3 to 4 closely spaced elec-
trodes called a clique. This clique could be from an array or it could 
be from a single catheter with closely and differentially spaced elec-
trodes. The CV vector and other omnipolar signal characteristics are 
considered to be located at the center of these cliques. An example 
of a 4-electrode clique is shown in Figure 1A. For simplicity, we 
will assume that these 4 electrodes are laying on a flat myocardial 
surface. Here, we also define a 2D coordinate system (x and y axes) 
and show distance (d) between the electrodes. For simplicity, the 
clique in this example forms a square, and a wave is traversing the 
clique generally from left to right along the x axis. Figure 1B shows 
the unipolar electrograms recorded from these 4 electrodes, la-
beled as 1, 2, 3, and 4. At this point, these local electrograms could 
have been recorded by any electrophysiology recording system. 
Commonly, we apply a space derivative to these signals to better 
reveal local information—we have called this derivative bipolar 
electrograms. Three bipolar electrograms are shown in Figure 1C. 
Not surprisingly, the largest amplitude is shown on bipolar 1 to 3 
(same axis as the travelling wave), whereas the bipole perpendicular 
to the wave is the smallest. This spatial derivative can be expressed 
mathematically as shown below:

Figure 1. Biophysical basis of omnipolar mapping. A, Top left, A 2-dimensional electrode array (EnSite HD Grid catheter) with a 
group of electrode selected for analysis. Bottom right, An electrode clique made of 4 electrodes here disposed in a square of side 
d. A coordinate system (x and y) is shown along with an arrow depicting the direction of a travelling wave crossing the clique. Three 
bipolar electrode arrangements are also shown. This arrangement can be repeated on the electrode array by using consecutive 
electrodes. B, Unipolar electrograms recorded from the 4 electrodes shown in A. C, Bipolar electrograms derived from the bipolar 
electrode arrangement is seen in A. Note that the vertical scale includes the spatial distance d (0.4 cm) or 1.4d (0.56 cm). D, Omni-
pole concept showing the signal obtained by evaluating the E-field generating the bipoles is shown in C (in yellow). Also shown is 2 
of the omnipole projections (bipole 1–3 in red and 1–2 in blue) demonstrating the relationship between the omnipole and commonly 
used bipolar electrograms. E, Calculation of conduction velocity (CV) using the ratio of time over spatial derivative. Here, the omni-
pole is searched to identify the direction along which the time and spatial derivative signals match. This in turn provides the propa-
gation direction, in this example the x axis. Velocity amplitude is then computed by using the ratio of the peak-to-peak values from 
both the signals.
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Let Φ t( ) be a collection of unipolar electrograms 
( ϕ ϕ ϕ1 2 3( ), ( ), ( ),t t t and ϕ4 ( )t ) from a 4-electrode clique organized as 
follows:

where n is the number of samples taken at different time points 
( t t t0 , , ,1 2  etc.).

We also have the following bipoles: 

shown in Figure 1C and a distance matrix:  

where each column contains the ( x  and y ) distance for each bipole 
in d tΦ ( ) . For simplicity, we will assume that the electrode coordi-
nates do not change over time; therefore, the distance matrix will be 
a constant.

We also know that unipolar electrograms are related to an electric 
field at the extracellular–myocardial interface. The relationship be-
tween this field E  and unipolar voltages is well known:

E = −∇ϕ  (1)

The relationship between E, ,ϕ  and dΦ  is described in details in a 
separate technical article.11 This article introduces the omnipole con-
cept, a least square solution for E .

This concept is illustrated in Figure 1D. Here, the omnipole (thick 
yellow tracing) is shown with its x and y components as a function of 
time, along with 2 of its traditional bipolar projections (namely 1–3 
and 1–2 from Figure 1C). We call this signal an omnipole because it 
is independent of electrode orientation. On the edge of the 3D pro-
jection, we can see the loop made by the omnipole during the wave 
propagation.

Recalling that the omnipole in this example is produced by a trav-
elling wave with a propagation direction almost parallel to the x axis, 
we can also demonstrate that (1) for an observer travelling with the 
wave, the change of voltage should be zero and (2) changes of voltage 
perpendicular to the wave propagation should also be zero, providing 
that the wave is planar. This should be valid if d, the interelectrode 
distance, is small enough. The travelling wave concept and deriva-
tions are described in more details in the study by Deno et al.11 In our 
example, in a 2D context and with a wave travelling along the x axis 
we obtain: 

D
Dt x

vx
ϕ ϕ ϕ= + ∂

∂
=! 0  (2)

where D Dtϕ /  is the total time derivative (equal to 0 for  
observer travelling with the wave); !ϕ , the partial time derivative  
of ϕ ; ∂ ∂ϕ / x , the space derivative along the wave propagation; and 
vx , the velocity of the travelling wave.

Simplifying Equation (2) we obtain

!ϕ = v Ex x
 (3)

Where Ex  is the component of E orientated along the direction of the 
travelling wave, in our example, along the x axis.

A CV vector (v) consists of a magnitude (CV) and an activation di-
rection (AD). At a fixed location, as the traveling wave passes by, CV 
can be found from (Equation 3) using the concept of phase velocity as  
derived to be the ratio of temporal and spatial derivatives of ϕ.

vx t
t

E tx

( ) = ( )
( )
!ϕ

 (4)

This concept has been presented recently.11,12,22 Assuming the 
wavefront to locally propagate with a nearly constant CV, the 2 sig-
nals, !ϕ t( )  and E tx ( ) , must resemble each other. The term omnipole 
finds its origin in the search of a spatial derivative in every possible 
direction around the clique of electrodes to maximize correlation to 
the temporal derivative. Thus, the omnipolarity of the search yields 
the wavefront direction. Their ratio is a multiplicative constant that 
describes a wave’s CV. This fact allows us to choose for each beat’s 
wavefront an AD (in this example, x^) to maximize the correlation of 
!ϕ t( )  and E tx ( ) . Figure 1E provides a visual representation of how 

the CV of the propagating wave is calculated. In this case, the closest 
match to the time derivative is a close approximation of bipole 1 to 3 
as the wave is propagating along the x axis.

The acquisition and processing of omnipolar electrograms from 
cliques to calculate omnipolar electrogram signals E t( ), AD, and CV, 
are repeated throughout the field of view within a selected media us-
ing consecutive electrode cliques to obtain a vector field from a set 
of adjacent velocity vectors, V. It should be noted that because this 
concept applies to any traveling wave, omnipolar signal processing 
could also be applied to fluorescence signals obtained using voltage 
or calcium fluorophores.

Validation of CV Measurements: Rabbit 
Langendorff Model
Validation of CV measurements was performed in 2 steps. In the first 
step, optical signals were used to compare measured CVs from om-
nipolar electrograms with CVs calculated from high-resolution iso-
chrone maps using established activation time methods.4 Optical data 
were analyzed as follows: gold standard optical isochrone maps were 
generated using custom written software in IDL 7.1 (Exelis Visual 
Information Solutions, Boulder, CO), using the maximum positive 
deflection of each optical signal. A vector field was created from a 
10×10 grid of recording sites. For each recording site, the average 
activation value of a 7×7 pixel grid was used and then CV was calcu-
lated using a similar method used by Bayly et al4 and described in the 
Methods section in the Data Supplement. Omnipolar electrograms 
and vectors were computed as above from the same 10×10 grid and 
compared with the gold standard (speed and direction).

In step 2, the same gold standard was used to match electric data. 
Nine CV vectors were calculated from the 16 electrodes of the EnSite 
HD Grid catheter using omnipolar electrograms. These vectors were 
compared with optical determinations made at recording sites cho-
sen such that their central point within each clique was aligned with 
the central point of the equivalent electric clique. Epicardial waves 
were created by electrically stimulating the heart at 4 predetermined 
sites as described in Methods section in the Data Supplement. Cliques 
where a planar wave could be identified on the corresponding optical 
isochrone maps were used for the analysis. All omnipolar processing 
was performed offline with Matlab.

Accuracy and Repeatability of Omnipolar 
Electrograms Versus Bipolar Electrograms: In Vivo 
Swine Model
The principal aim of the in vivo study was to demonstrate the beat-
by-beat use and consistency of omnipolar electrograms for its near-
clinical application. For each recording and for each beat, unipolar, 
bipolar, and omnipolar electrograms were measured to further com-
pare traditional practices with the novel omnipolar algorithm. An 
analysis was performed to evaluate the consistency of velocity vec-
tors obtained from omnipolar electrograms in terms of magnitude and 
direction performed in Matlab.
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Divergence and Curl
We used these mathematical operators on a vector field of AD gener-
ated by the omnipolar algorithm to quantify the location and orien-
tation of sources within a myocardial surface. Divergence and curl 
have been used previously to characterize cardiac rhythm features 
in animal and human models, such as focal sources, pacing, and ar-
rhythmic sites.13,23–25 In this study, we apply divergence and curl to a 
vector field derived from the omnipolar algorithm, which does not 
rely on isochronal maps. Briefly from the vector field generated us-
ing the AD vectors, one may locate sources and quantify the degree 
to which they resemble foci or possess rotation using divergence and 
curl, respectively. Sources, as described by a vector field radiating 
outward, and sinks as described by converging inward can be mapped 
by calculating the divergence of the field. In addition, sources can be 
described to have some vorticity quantified by Curl. Such vector field 
features could be used to characterize focal, pacing, and arrhythmic 
sources as described in the Methods section in the Data Supplement.24

Statistical Analysis
Ex vivo CV was validated using Bland–Altman analysis to compare 
magnitude and direction between each independent and paired mea-
surement. Agreement limits between the 2 methods were defined 
as 95% confidence interval (95% confidence interval=mean differ-
ence±1.96 SD). We have set the acceptable clinical limit for this in-
terval to be ±25 cm/s for the velocity and ±30° for the direction of the 
travelling wave. Results in this section are presented as mean differ-
ence (or bias) ±1.96 SD. Statistical analysis for Bland–Altman was 
performed using Prism 5 (GraphPad Software, La Jolla, CA).

In vivo comparison of beat-to-beat CV amplitude was conducted 
by using a general linear model, incorporating random effects for sub-
ject, rhythm, site, and clique. The category of measurement (eg, om-
nipolar technology, bipolar, or unipolar) was modeled as a fixed effect, 
and P value of <0.05 was considered significant. Tests comparing SDs 
were conducted from pooled data using Levene test for equal vari-
ance. This analysis was performed using Minitab 17 (Minitab, State 
College, PA).

Results
Omnipole-Derived Vector Fields
Neonatal Mice Cardiomyocyte Monolayer
Here, we evaluated the ability of omnipolar electrograms 
to demonstrate wavefront direction compared with tradi-
tional isochronal mapping. In all 9 electrically mapped and 8 

optically mapped preparations, the vector field generated by 
omnipoles, for both modalities, described well the direction 
of activation within cardiomyocyte monolayers. An example 
of an electrically mapped monolayer is shown in Figure 2A. 
Using vectors generated from omnipolar electrograms, we 
determined a downward-oriented vector for each clique of 
electrodes within the MEA field, depicting largely a uniform 
propagation, with the general direction of activation from the 
top left to the bottom right of the MEA field, as verified with 
its LAT (Figure 2B) and associated flashing dot sequence 
(Figure 2C; Movie I in the Data Supplement).

The above propagation described a linear wavefront 
within a monolayer. In addition, 8 complex propagations from 
optically mapped monolayers exhibiting stable rotors were 
studied. Omnipole-derived vector fields for each plate dem-
onstrated activation patterns of the wavefront as illustrated in 
Figure 3A (Movie II in the Data Supplement). Collectively, 
the vectors in Figure 3A show a clockwise rotor with a rotor 
core located at the lower left that gradually turns to uniform 
centripetal propagation as one moves away from the rotor 
core. Vector field orientation was verified by deriving its cor-
responding LAT map as shown in Figure 3D.

Three-Dimensional Human Induced Pluripotent Stem Cell 
Myocardial Constructs
A monolayer is a simple example of excitable media; although 
cardiomyocytes can form lateral junctions (in x–y plane) in the 
monolayer, they are not connected to other cells in a 3-dimen-
sional arrangement as in the native heart. As such, we tested 
the use of omnipolar electrograms in 3D constructs that were 
conditioned to exhibit lower than the normal CV to allow re-
entry and formation of rotors. Shown in Figure 3B is an exam-
ple of the use of omnipolar electrograms on one of the 3D 
myocardial constructs, each of which exhibited a rotor (Movie 
III in the Data Supplement). The versatility of omnipolar 
electrograms in characterizing local wavefront directions by 
applying the technique in a realistic 3D construct was evalu-
ated. Similar to observations with optically mapped monolay-
ers, a group of omnipole-derived vectors was seen to form 

Figure 2. A vector field derived from 
omnipolar electrograms of electrically 
mapped cardiac monolayers illustrates the 
application omnipolar mapping; the field in 
A depicts a uniform wave propagation from 
the top left corner of the MEA field toward 
the bottom right. As a reference, we verified 
the general direction of the field by deriving 
its corresponding isochronal map (B) and 
comparing it with action flashing dot display 
(C) to show the wave propagation in time 
that were found to be in agreement with 
each other.
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around a rotor core seen at the left side of the construct shown 
in Figure 3B. Omnipole-derived vectors were able to charac-
terize the existing rotors from all the 3 construct preparations 
at 7 different time points. The omnipole-derived vectors also 
provide direction of rotation (counter clockwise, as seen in 
Figure 3B) of the rotor about its core, with vectors depicting 
uniform wave propagation at the sides of the 3D construct as 
they move further away from the core. We used LAT maps to 
validate the results we obtained from omnipolar electrograms, 
an example of which is shown in Figure 3E showing a similar 
rotational pattern about the rotor core.

Whole Heart Rabbit Langendorff
In the previous sections, we have characterized the applica-
tion of omnipolar electrograms in the case of uniform wave 
propagation and its characterization of rotating sources. Using 
our rabbit heart Langendorff data, we studied propagation of 
waves from focal sources. Shown in Figure 3C is an optically 
mapped epicardium of a rabbit heart (Movie IV in the Data 
Supplement), also showing the placement of the EnSite HD 
Grid catheter and pacing electrode “C” from our unique con-
current electric-optical mapping setup. The optical data, with 
omnipole-derived vector field, indicated the existence of a focal 
source and its approximate location on the epicardium. A group 
of vectors in a star burst pattern diverging from the location of 
the pacing electrode identifies the source of activation. As we 
move away from the source, we observe more uniform wave 
propagation toward the apex of the rabbit heart. Similar obser-
vations were made from all of the pacing sites for each rabbit 
heart. Such an AD was verified using an LAT map, as shown in 
Figure 3F, where a wave traversing from the base of the heart 
(where the pacing electrode is located) travels toward its apex.

Validation of Omnipole-Derived Vectors: 
Concurrent Langendorff Optical and Electric 
Rabbit Data
Concurrent mapping with optical and electric signals allows for 
the strongest validation because the omnipolar electrograms 
and CV are computed in the middle of electrode cliques, and 

these exact locations can be evaluated by optical transmem-
brane potential mapping. Figure 4A shows a gold standard 
optical isochrone map obtained while stimulating from site 
“C” (represented in all panels as a white star). Figure 4B and 
4C shows consistent vector fields derived from optical omnip-
olar signal and LAT-based method. Vector color represents 
conduction speed. The vector fields from separate paced beats 
have similar CV vectors, both in terms of direction and speed. 
Differences observed at the edge of the optical view field can 
be attributed to lower optical signal quality because of edge 
effects from the heart. Figure 4D shows an isochrone map 
based on electrogram LATs. Figure 4E and 4F shows consis-
tent vector fields derived from electric omnipolar signal and 
LAT-based method from the gold standard.

Optical signals from 224 sites were used for a Bland–
Altman analysis comparing conduction speed and AD using 
both omnipolar and traditional LAT-based methods (Figure 
IA and IB in the Data Supplement). Bland–Altman analysis 
showed that the bias between both methods was small with the 
confidence interval for optical CV speed at 3.9±18.5 cm/s and 
for optical AD being 0.6±29.5°.

Similarly, electric signals from 38 sites were used to com-
pare conduction speed and AD using both omnipolar and tra-
ditional LAT-based methods (Figure IC and ID in the Data 
Supplement). Again, Bland–Altman analysis found the bias 
between methods to be small with the confidence interval for 
electric CV speed being 6.2±24.4 cm/s and for electric AD 
being 0.9±29.7°. Together, these results suggest that omnipo-
lar methods can perform well in single beats to determine wave 
velocity and direction without the need of global mapping.

Omnipolar Electrograms From Array Catheter 
Versus Single Catheter
With the use of the diagnostic array catheter (EnSite HD 
Grid) shown in Figure 5, multiple determinations of activation 
direction (AD) and CV can be obtained, providing confidence 
in the measurement made. In addition, wavefront physiology 
can be mapped over the surface of the array. It is important 

Figure 3. To examine the versatility of 
omnipolar mapping, we show here the 
omnipolar-derived vector fields from opti-
cally mapped cardiac monolayer (A), human 
induced pluripotent stem cell (IPS) myocar-
dial construct (B), and a rabbit heart  
(C) showing the left ventricle with apex on 
left and base on right under electric stimula-
tion (shown in picture as site “c”). As with 
Figure 2, we verified the general direction 
of each vector fields by obtaining the cor-
responding local activation times maps for 
cardiac monolayer (D), construct (E), and 
rabbit heart (F). 3D indicates 3-dimension.
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to note that these measurements can also be made on a seg-
mented single catheter (S120), which is a mapping/ablating 
catheter, with a segmented group of 3 electrodes disposed at 
120° and forming a tetrahedron with the distal electrode. This 
catheter allows 3D depiction of AD from which 3D omnipole 
can be derived. This will be described more in details in a 

future study. Movie 5 in the Data Supplement demonstrates 
change in CV from sinus rhythm to pacing from the coronary 
sinus. Single catheter determination of myocardial properties 
highlights here the lack of need for complicated delivery tools 
for complex array and ability to navigate with mapping infor-
mation and ablate.

Figure 4. Comparison of vector fields derived by local activation times (LAT) method vs omnipolar mapping; we evaluated the similarity of 
vector fields calculated from a standard LAT method to those calculated from omnipolar electrograms from both electrically and optically 
mapped rabbit hearts. The orientation here is the same as in Figure 3C and the stimulation site (c) is represented with a white star. The 
overall direction of the vectors obtained from LAT method confirms the results of omnipolar mapping with high similarity values (Figure I 
in the Data Supplement). A, Isochrone map derived from optical mapping (gold standard); B, 6×7 velocity vector field computed from the 
optical isochrone map. C, Velocity vector field obtained from optical signals using omnipolar mapping. D, Isochrone map derived from 
electric mapping. E, 3×3 velocity vector field computed from the gold standard. F, Velocity vector field obtained from electric signals 
using omnipolar mapping. The star on each panel indicates pacing location.

Figure 5. Use of omnipolar mapping with a single 
ablation catheter vs a 2-dimensional array cath-
eter; shown in A is a segmented catheter S120: 
the ring beside the distal electrode is segmented 
to provide a 4-electrode tetrahedron pointing 
distally. Another tetrahedron is also obtained on 
the proximal side using a proximally adjacent 
electrode. B, EnSite HD Grid catheter that con-
tains a 4×4 regular electrode grid from which 9 
conduction velocity vectors can be computed. In 
C, we illustrate omnipolar mapping during a live 
study, whereas mapping a sinus rhythm recorded 
with the EnSite HD Grid catheter on superior LA 
septum and S120 located in mid RA (top). Vector 
fields from same arrays in same location during 
low RA pacing illustrating the change of conduc-
tion direction (bottom). LA indicates left ventricle; 
and RA, right atria.
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Locate While Mapping Potential of Omnipolar 
Electrograms
Movie 6 in the Data Supplement and Figure 6 demonstrate a 
potential application of omnipole-derived vector fields, which 
allows for mapping wavefronts in real time as an omnipolar 
catheter is moved. Here with the EnSite HD Grid catheter 
array, we demonstrate a potential advance in cardiac mapping 
by not having to annotate electrograms and create activation 
maps. Traditionally, mapping requires tedious annotation and 
even with rapid automated annotation, it has to be completed 
before locating source of region of interest. A real-time depic-
tion of AD with omnipolar electrograms obviates the need for 
manual annotation, hence significantly shortening the time 
needed to create activation maps for a whole cardiac chamber.

Consistency and Repeatability of Omnipoles in 
Preclinical Swine Model
An evaluation of omnipolar performance was also sought in 
a more realistic, clinical context. The previous sections have 
validated omnipolar electrograms for determining CV and AD 
using cell cultures, tissue constructs, and isolated heart mod-
els with optical and electric mapping methods. Whole animal 
work requires a 3D electroanatomic mapping system subject 
to clinically relevant influences. In the absence of an optical-
mapping gold standard, we sought to compare omnipole with 
traditional unipole- and bipole-derived CV and AD. Recogniz-
ing that these parameters would vary with location, rhythm, 
and subject, we quantified beat-to-beat variations with these 
factors fixed. A practical clinical assessment tool should pro-
vide consistent measurements from individual beats so as to 
allow for rapid mapping and correct interpretation of rhythms.

Reproducibility of CV Measurements
Mean±SD CV values encompassing all subjects, sites, 
rhythms, cliques, and beats were compared as shown in 
Figure 7A. Although both omnipolar technology and uni-
polar methods produced results in the physiological range 

(93±57 versus 70±36 cm/s, respectively), bipolar LAT meth-
ods tended to produce low CV (35±36 cm/s, P<0.01). Beat-
to-beat temporal variation in CV was lowest when obtained 
from omnipolar electrograms as seen in Figure 7B. Variation 
expressed as a SD was distinct for all the 3 methods omnipolar 
technology, unipolar, and bipolar as 4.6, 9.1, and 20.3 cm/s, 
respectively (P<0.001). Omnipolar measurements of CV were 
more consistent because of the better use of signals and cath-
eter orientation independence (omnipolar and local features).

The directions of activation when similarly encompass-
ing all subjects, sites, rhythms, cliques, and beats were widely 
dispersed as a result of differences in the first 4 such factors. 
The directions of activation were also more consistent when 
measured with omnipolar technology with a mean angle dis-
persion of 1.5° versus 5.3° for unipolar and 5.4° for bipolar 
(Figure 7C). Seventy-five percent of omnipolar measured con-
duction directions were within 3.5° of the mean, suggesting a 
superior discrimination of subtle shifts in direction that might 
occur with ectopy or functional blocks.

During less well-controlled in vivo situations, additional 
variability and artifact were apparent. Ventilation-associated 
artifacts influenced omnipolar and traditional method determi-
nations of CV and AD. Beat-to-beat angular spreads in EnSite 
HD Grid catheter cliques of ≤20° were common and, as antici-
pated, starburst spread (90–180°) was observed near sources.

Application of Omnipoles to Detect CV Slowing
We tested the ability of omnipolar electrogram-derived vec-
tor fields to detect such changes in the same region of the 
same heart before and after intervention to reduce CV. Fig-
ure 8 shows the effect of flecainide on CV during pacing in 
an isolated rabbit heart model. Figure 8A and 8B shows an 
isochrone map and omnipolar vector field generated during 4 
Hz pacing (pacing site located on the right) with 1:1 capture. 
Velocity scale is represented by the color assigned to each 
vector. After 10 μmol/L flecainide, the isochrone map and 
omnipolar vector field revealed similar pattern of activation 

Figure 6. Potential clinical applications of omnipolar mapping: an illustration of the drag-and-map capability of omnipolar mapping used 
in porcine model. This reflects the compactness of the algorithms used for omnipolar mapping that we can perform real-time computa-
tions of vector fields to map areas of a heart. This allows for manipulating the catheter toward the activation source as opposed to map-
ping an entire chamber and then localizing the source. CV indicates conduction velocity; and LAT, local activation times.

 by guest on August 6, 2016http://circep.ahajournals.org/Downloaded from 

http://circep.ahajournals.org/


9  Massé et al  Omnipolar Electrograms

with reduced CV as shown by increased total activation time 
and lowered velocity vectors detected by the omnipolar elec-
trograms (Figure 8C and 8D).

Application of Omnipoles in Detecting Multiple 
Wavefronts
The ability of omnipolar electrogram in evaluating 2 separate 
waves on the same mapping surface was evaluated. Figure 9 
shows an example of omnipolar mapping applied during con-
trolled wave collision created by simultaneously pacing sites 
“A” and “B” on the rabbit model used above. Both isochrone 
maps (Figure 9A and 9C) clearly show late activity in the 

middle of the field with a line of collision shown with a blue 
line. From the vector field, it is possible to locate the line of 
collision by identifying arrow heads of velocity vector collid-
ing (Figure 9B and 9D).

Application of Omnipoles to Fractionated 
Electrograms in Myopathic Human Heart
We used this preparation as we have previously published 
in this ex vivo model of myopathic human hearts that dem-
onstrate electrograms that show fractionation.26 An example 
showing the omnipolar concept–derived vector field is shown 
in Figure 10 These data were obtained during pacing. In Fig-
ure 10A, an omnipolar vector field overlayed on an isochrone 
map obtained from a high-resolution plaque electrode array 
deployed on the endocardial surface of human heart Langen-
dorff preparation. Details on the plaque array are provided 
in the figure legend. An activation wave is generated and tra-
verses the plaque from right to left. As the wave enters the 
array, the vector field is organized with associated simple iso-
chrone lines. When the wave reaches column 8, it breaks out 
and collides with another wave coming from the upper left 
with associated vector disarray. The fractionated bipolar elec-
trograms correlated with isochronal activation and revealed 
wave fractionation and collision. More importantly this could 
be inferred from the local vector field while comparing to the 
rest of the vector field with uniform conduction. In this way 
by using the negative image of uniform velocity vector to non-
uniform vector field, one could potentially determine areas of 
wave collision and fractionation, although this will need fur-
ther extensive validation.

Application of Divergence to Omnipolar Mapping
To date, we have qualitatively determined the locations of 
apparent sources by looking at the general profiles of vector 
fields derived with omnipolar electrograms. Unless a known 
reference is used (eg, pacing electrode location), such a 
method is highly subjective. By using divergence and curl, we 
can create maps to quantitatively assess the exact locations of 

Figure 7. Reproducibility of omnipolar mapping from near-clinical applications. In A, we show the distribution of conduction velocity (CV) 
speed obtained from omnipolar (OT), unipolar (uni), and bipolar (bi) electrogram techniques. Whereas uni and OT give similar results, 
bipolar local activation times seems to underestimate CV. The variation in beat-to-beat determinations is seen in B to be least for OT and 
greatest for bi. In C, we see that OT direction vectors are clustered more tightly than uni or bi vectors. These findings support the use of 
omnipolar electrograms (Ea) as a tool to assess conduction direction. Boxplots in A and C are shown as median±interquartile range.

Figure 8. Effect of flecainide on velocity vector field. A. Isochrone 
map obtained under control conditions showing activation spread-
ing during programmed electric stimulation (4 Hz S1, site shown 
as a red circle). Total activation time was 35 ms. B, Velocity vector 
fields computed with omnipolar technology (OT) showing activa-
tion originating from the pacing site (average velocity was 40.1 
cm/s). C, Isochrone map obtained during the same electric stimu-
lation conditions of the same heart, at the same region as in A with 
10 μmol/L flecanide. The activation pattern is unchanged except 
for significantly longer total activation time (90 ms). D, Correspond-
ing vector field showing similar activation pattern with marked 
reduced conduction velocity (average velocity: 16.8 cm/s).

 by guest on August 6, 2016http://circep.ahajournals.org/Downloaded from 

http://circep.ahajournals.org/


10  Massé et al  Omnipolar Electrograms

apparent sources within vector fields. An example of a diver-
gence map of a rabbit heart is shown in Figure 11D. Highly 
positive divergence values were identified on the right side 
of the map, which is the area near the previously determined 
location of a pacing electrode (Figure 11A). From its peak, 
the apparent source profile within a divergence map expands 
further downward that provides an idea of the extent of diver-
gence’s capability to provide a picture of the direction of a 
wavefront from an apparent source. In addition, as we move 
further away from the source, the divergence map shows near 
zero divergence values, which can indicate uniform wave 
propagation. Finally, areas with negative divergence values 
indicate points of convergence for vectors within that area, 
which could potentially describe exit or collision sites.

Application of Curl to Omnipolar Mapping
Examples of curl maps obtained from the omnipolar-derived 
vector fields of cardiomyocyte monolayer and construct are 
shown in Figure 11E and 11F, respectively, in which strongly 
positive and negative curl values were calculated near the 

location of their previously determined rotor core sites (Fig-
ure 11B and 11C). As mentioned above, curl maps can also 
quantify the direction of rotation of the rotors within the sub-
strates, with highly positive values for clockwise rotating 
sources and extremely negative values for counter clockwise 
rotating sources. Similar with the divergence maps, curl maps 
also suggest areas with uniform wave propagation, where curl 
values are near zero with respect to the curl values of an appar-
ent source.

Evaluation of Potential Clinical Performance: 
Electric Mapping Validation
Although omnipolar methodology applied to optical-mapping 
data has shown promise in tracking sources and AD in vitro, 
optical mapping is not clinically used and validation has to relate 
to traditional electric mapping. To evaluate the potential use of 
omnipolar electrograms within a clinical setting, we validated 
omnipolar electrogram–derived mapping against data we col-
lected from traditional electrograms from the 16-electrode array. 
The unique concurrent set up with traditional electrograms on a 
rabbit Langendorff allowed also for creation of 3×3 omnipolar 
vector field profiles (Figure IIA in the Data Supplement), which 
were interpolated to 9×9 grids (Figure IIB in the Data Supple-
ment) for ease of visualization. These grids were then used to 
perform a blind study involving 4 electrophysiologists who were 
asked to determine the approximate area of focal source, if it 
existed. On average, electrophysiologists located apparent focal 
sources 2.77±2.22 mm away from activation foci, which were 
previously determined from the earliest time point from corre-
sponding isochronal maps (Figure IIC in the Data Supplement). 
Furthermore, electrophysiologists have located these apparent 
focal sources 3.03±2.82 mm away from previously determined 
locations of activation foci on optically mapped hearts.

Discussion
This study elucidates and validates the concept that local 
myocardial AD and speed can be derived without the tedious 
process of creating LAT maps, which requires meticulous 
identification of activation times by standard techniques. This 
paradigm obviates the limitations created by bipolar electrode 
orientation with respect to an approaching wavefront. We vali-
dated such a technique against a robust reference by evaluat-
ing their agreement with a traditional methodology. Finally, 
we have shown that omnipolar electrograms provide consis-
tent and predictable results in an in vivo context compared 
with their unipole and bipole counterparts. In this study, we 
demonstrated that cardiac mapping using omnipolar electro-
grams allows for generation of an accurate velocity vector 
field. Subsequent application of known mathematical meth-
ods, such as divergence and curl, to this vector field can be 
used for detection of focal cardiac sources.

The identification of sources of cardiac arrhythmia relies 
on mapping the depolarization of propagating wavefronts and 
interpreting the resulting directional information. Crucial to 
all of these methodologies is the determination of local arrival 
time. Although typically LAT is based on the instant of maxi-
mal rate of voltage change, exceeding a threshold, or subjec-
tive assignment, alternate strategies to LAT assigned isochrones 

Figure 9. Effect of wave collision on velocity vector field. A, 
Isochrone map obtained from optical data while simultaneous 
electric stimulation is applied on sites “A” and “B.” B, Vector field 
derived from optical signal revealing uniform centrifugal activa-
tion patterns near respective stimulation sites with arrow bump-
ing head to head or bent near collision area shown as a blue 
line. C, Isochrone map obtained from electric data also showing 
an area of collision in between stimulation sites. D, Vector field 
derived from electric signal also revealing vectors colliding or 
bending abruptly near collision area (blue line). E, Illustrative 
example of altered unipolar and bipolar electrograms near colli-
sion area (shown in C as E1 and E2).
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have been explored: Weber et al8 used circular mapping cath-
eters and a cosine method, whereas Ideker et al7 used fitting 
polynomial functions as an approach to determine arrival times 
and analytically obtaining CV vectors; Dubois et al9 used a 
multispline catheter for planar fit technique for generating CV 
vectors from LATs; and Fitzgerald et al27 and Shors et al28 used 
Hilbert transforms and cross correlations to improve the estima-
tion of arrival times and also fit CV vectors to the resulting set 
of LATs. Although it may be argued that this is indeed a more 
robust way to assign a LAT than traditional dv/dt-based meth-
ods, this approach has its own practical limitation. At the time 
the Hilbert transform–based approach was proposed, even if the 
appropriate waveform was analyzed, it was computationally 
impractical because of the lack of available computing power 
and the cumbersome nature of the operation. At the end, the 
issue of time and space resolution for building accurate CV vec-
tor fields still remains unsolved and is unlikely ever to be in a 
clinical context where high-resolution arrays are rarely used.

Another alternative strategy was pioneered by Kadish et al5 
using a vector electrogram-based approach. Omnipole shares 
common concept of reliance on multielectrode catheters and 
single beat, local processing and improves on Kadish et al’s5 
method by providing velocity amplitude in addition to direction. 

More importantly, the vectorial approach by Kadish et al5 and 
the approach by Fitzgerald et al27 have not been incorporated 
into 3D electro anatomic mapping for practical mapping work 
clinically because of multiple factors, the most important being 
computationally expensive at the time they were introduced 
to be implemented. Omnipolar electrograms as demonstrated 
here, readily provides an observer the orientation of a wave-
front as it uses less resource in the process. Therefore, omnipo-
lar electrograms together with previously described quantitative 
methods provide a practical basis for determining local AD of 
wavefronts on the myocardium, which can then be appropri-
ately incorporated in 3D electroanatomic mapping systems and 
could be widely used in cardiac arrhythmia mapping.

Our analysis suggests that divergence and curl can reveal 
locations of focal and rotary sources within a given media. As 
expected, this source detection technique was more effective 
when the sources within the area interrogated by the mapping 
tool. For cases in which the sources were readily identifiable, 
such as the location of the pacing electrode on a rabbit heart in 
the case of our optical maps, divergence algorithm performed 
well as sources were positioned within the CMOS camera’s 
field of view. However, we observed with our monolayers that 
sources in most plates were usually outside of the MEA’s field 

Figure 10. Effect of fractionation and diseased myocardium on velocity vector field. A, An isochrone map obtained from electrograms 
recorded from a high-resolution plaque on a myopathic human heart Langendorff preparation during programmed stimulation. The stimu-
lation site is located on the right side of the plaque. The plaque is composed of 112 electrodes organized as 8 rows by 14 columns, which 
are labeled on top and on the left of the plaque. Color scale indicates time of activation (in ms) and each isochrone line is spaced by 10 
ms. The right side of the map shows relatively ordered iso lines along with uniform velocity vector field, whereas the left side reveals a 
more complex isochrone map, with a wave colliding from the top left and corresponding omnipolar velocity vector disarray. B to D, The 
unipolar (Uni) and bipolar (Bi) electrograms associated with 3 areas from the plaque. Increased bipolar electrogram complexity and frac-
tionated potentials are observed from right to left. This corresponds to wave turning and collision from invading wavefront from the top 
left, evidenced both by isochronal color map and overlayed omnipolar vector field.
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of view and, thus, were not readily identifiable. Consequently, 
omnipole-derived vector fields that do not contain rotors or 
sources within the field of view can be used to backtrack to 
a source based on the orientation of the vectors. Only until 
then can divergence and curl of a vector field be calculated to 
pinpoint the exact position of a source. This could be useful, 
for example, in localizing potential ablation sites.

In catheterization electrophysiology laboratory, it is today 
challenging to pinpoint the exact location of a source unless 
sufficient spatial and temporal data have been collected. 
Recent advances have led to rapid automated annotation by 
cardiac mapping system. These approaches still require the 
completion of the mapping process to localize activation 
source. A process that allows this localization during mapping 
would be a paradigm shift. The real-time feedback at the cath-
eter tip with beat-to-beat directional information could open a 
new chapter in cardiac mapping. Clinical operators could take 
advantage of not having to complete cardiac chamber map 
but interactively use the wavefront information in the map-
ping tool to map toward the source of arrhythmia. Therefore, 
it is important to evaluate the use of omnipolar mapping as a 
tool in real time in a drag-and-map mode that would allow for 
identifying cardiac sources, and this will be validated prospec-
tively in the clinical arena. This study provides the basis for 
the use of specialized catheters and novel signal processing 
techniques to determine and visualize CV and AD from an 
omnipolar electrogram for a single local depolarization.

Limitations
The studies described here were conducted in controlled 
conditions from cell cultures, tissue, and structurally normal 

hearts. It is unknown if omnipolar electrogram–derived data 
on heterogeneous myocardial surface and curved wave-
fronts within the clique of electrodes providing omnipolar 
electrograms will perform with practical use and will need 
investigation. Because a travelling wave is required for mea-
suring velocity, omnipolar electrograms could not be used 
over focal points (breakthroughs) because velocity could 
not be measured with any methods. This is particularly true 
for epicardial velocity measurements during sinus rhythm. 
Although omnipolar electrograms will provide accurate 
physiology of single travelling wave, the effects of wave col-
lision and fractionation deserve additional validation work, 
especially omnipolar analysis of fibrillatory signals from the 
clinical arena is unknown. It is also intriguing to consider 
the depth of myocardium and its contribution to the omnip-
olar electrogram with obvious implication to transmural 
mapping. Additional refinements such as optimal effect of 
electrode size and resolution on omnipolar-derived variables 
such as speed, direction, and amplitude are needed, although 
the performance with tested resolution and size was in agree-
ment with reference standards.

Conclusions
Omnipolar electrogram methodology provides a novel cath-
eter electrode orientation- and activation timing independent 
means to characterize wavefront propagation physiology, with 
speed and direction, for each cardiac cycle. When omnipolar-
derived data are combined with mathematical operators curl 
and divergence, it allows for efficient detection of cardiac 
sources that could be incorporated in electroanatomic map-
ping systems for potential clinical use. This methodology 

Figure 11. Application of vector fields in determining source locations. we show omnipole-derived vector fields from optically mapped 
rabbit heart (A), cardiac monolayer (B), and myocardial construct (C) as shown previously; the application of mathematical transforms—
divergence and curl—shows the use of omnipolar mapping in determining the exact locations of activation foci (D). Moreover, vector 
fields can portray the vorticity of a rotor or re-entrant circuits whether they are clockwise (E) or counter clockwise (F).
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will need careful clinical validation to determine practical 
therapeutic use.

Acknowledgments
We thank Drs Wang and Gramolini for their contributions in the cre-
ation of cardiac monolayers; Mr Lai, Drs P. Lee, and M.A. Azam for 
their assistance in the setup and execution of our whole rabbit heart 
Langendorff protocol; Dr Leslie Loew for providing the near infrared 
voltage dye DI-4-ANBDQPQ; and Mr Veluppillai for article editing.

Sources of Funding
This study was funded by St. Jude Medical, St. Paul, MN.

Disclosures
At the time the studies were conducted and this article was drafted, 
S. Massé and Dr Nanthakumar were research consultants for St. Jude 
Medical. Drs Balachandran and Deno were both employees of St. 
Jude Medical. The other authors report no conflicts.

References
 1. Lewis T, Feil, HS, Stroud, WD. Observations upon flutter and fibrillation. 

II. The nature of auricular flutter. Heart. 1920;7:191245.6.
 2. Massé S, Sevaptsidis E, Parson ID, Downar E. A three-dimensional display 

for cardiac activation mapping. Pacing Clin Electrophysiol. 1991;14(4 pt 
1):538–545.

 3. Bollacker KD, Simpson EV, Hillsley RE, Blanchard SM, Gerstle RJ, 
Walcott GP, Callihan RL, King MC, Smith WM, Ideker RE. An automated 
technique for identification and analysis of activation fronts in a two-di-
mensional electrogram array. Comput Biomed Res. 1994;27:229–244.

 4. Bayly PV, KenKnight BH, Rogers JM, Hillsley RE, Ideker RE, Smith 
WM. Estimation of conduction velocity vector fields from epicar-
dial mapping data. IEEE Trans Biomed Eng. 1998;45:563–571. doi: 
10.1109/10.668746.

 5. Kadish AH, Spear JF, Levine JH, Hanich RF, Prood C, Moore EN. Vector 
mapping of myocardial activation. Circulation. 1986;74:603–615.

 6. Barnette AR, Bayly PV, Zhang S, Walcott GP, Ideker RE, Smith 
WM. Estimation of 3-D conduction velocity vector fields from car-
diac mapping data. IEEE Trans Biomed Eng. 2000;47:1027–1035. doi: 
10.1109/10.855929.

 7. Ideker RE, Smith WM, Blanchard SM, Reiser SL, Simpson EV, Wolf PD, 
Danieley ND. The assumptions of isochronal cardiac mapping. Pacing 
Clin Electrophysiol. 1989;12:456–478.

 8. Weber FM, Luik A, Schilling C, Seemann G, Krueger MW, Lorenz C, Schmitt 
C, Dossel O. Conduction velocity restitution of the human atrium–an efficient 
measurement protocol for clinical electrophysiological studies. IEEE Trans 
Biomed Eng. 2011;58:2648–2655. doi: 10.1109/TBME.2011.2160453.

 9. Dubois RW. Looking at CER from the pharmaceutical industry perspec-
tive. J Manag Care Pharm. 2012;18(4 suppl A):S9–S12. doi: 10.18553/
jmcp.2012.18.s4-a.S09.

 10. Paul T, Moak JP, Morris C, Garson A Jr. Epicardial mapping: how to mea-
sure local activation? Pacing Clin Electrophysiol. 1990;13:285–292.

 11. Deno DC, Balachandran R, Morgan D, Ahmad F, Massé S, Nanthakumar 
K. Orientation independent catheter-based characterization of myocardial 
activation. IEEE Trans Biomed Eng. doi: 10.1109/TBME.2016.2589158. 
In press.

 12. Massé S, Kusha M, Magtibay K, Lai PFH, Asta J, Sevaptsidis E, Lee 
P, Azam MA, Balachandran R, Deno DC, Nanthakumar K. Omnipolar 

mapping technology: instantaneous wavefront direction and velocity mag-
nitude at catheter tip. Abstract. Heart Rhythm. 2015;12:S325.

 13. Jackson NM, Magtibay K, Massé S, Kusha M, Lai PFH, Balachandran 
R, Deno DC, Nanthakumar K. Omnipolar divergence technology for the 
precise localization of a focal source during cardiac mapping. Abstract. 
Heart Rhythm. 2015;12:S74.

 14. Zill DG, Wright WS, Cullen MR. Advanced Engineering Mathematics, 
4th ed. Burlington, MA: Jones & Bartlett Publishers; 2011:469–474.

 15. Wang DY, Abbasi C, El-Rass S, Li JY, Dawood F, Naito K, Sharma P, 
Bousette N, Singh S, Backx PH, Cox B, Wen XY, Liu PP, Gramolini AO. 
Endoplasmic reticulum resident protein 44 (ERp44) deficiency in mice 
and zebrafish leads to cardiac developmental and functional defects. J Am 
Heart Assoc. 2014;3:e001018. doi: 10.1161/JAHA.114.001018.

 16. Tran RT, Thevenot P, Gyawali D, Chiao JC, Tang L, Yang J. Synthesis 
and characterization of a biodegradable elastomer featuring a dual 
crosslinking mechanism. Soft Matter. 2010;6:2449–2461. doi: 10.1039/
C001605E.

 17. Yang J, Webb AR, Ameer GA. Novel citric acid‐based biodegradable elas-
tomers for tissue engineering. Adv Mater. 2004;16:511–516.

 18. Zhang B, Xiao Y, Hsieh A, Thavandiran N, Radisic M. Micro- and 
nanotechnology in cardiovascular tissue engineering. Nanotechnology. 
2011;22:494003. doi: 10.1088/0957-4484/22/49/494003.

 19. Kennedy M, D’Souza SL, Lynch-Kattman M, Schwantz S, Keller G. 
Development of the hemangioblast defines the onset of hematopoiesis in 
human ES cell differentiation cultures. Blood. 2007;109:2679–2687. doi: 
10.1182/blood-2006-09-047704.

 20. Zhang B, Montgomery M, Chamberlain MD, Ogawa S, Korolj 
A, Pahnke A, Wells LA, Massé S, Kim J, Reis L, Momen A, Nunes 
SS, Wheeler AR, Nanthakumar K, Keller G, Sefton MV, Radisic M. 
Biodegradable scaffold with built-in vasculature for organ-on-a-chip 
engineering and direct surgical anastomosis. Nat Mater. 2016;15:669–
678. doi: 10.1038/nmat4570.

 21. Massé S, Downar E, Chauhan V, Sevaptsidis E, Nanthakumar K. Ventricular 
fibrillation in myopathic human hearts: mechanistic insights from in vivo 
global endocardial and epicardial mapping. Am J Physiol Heart Circ 
Physiol. 2007;292:H2589–H2597. doi: 10.1152/ajpheart.01336.2006.

 22.  Balachandran R, Deno DC, Massé S, Nanthakumar K. Resolution of 
inconsistent local activation time determination from bipolar electro-
grams using novel omnipolar catheter technology and signal processing. 
Abstract. Europace. 2015;17:iii19 245.

 23. Fitzgerald TN, Brooks DH, Triedman JK. Identification of cardiac rhythm 
features by mathematical analysis of vector fields. IEEE Trans Biomed 
Eng. 2005;52:19–29. doi: 10.1109/TBME.2004.839636.

 24. Dhein S, Müller A, Klaus W. Prearrhythmia: changes preceding ar-
rhythmia, new aspects by epicardial mapping. Basic Res Cardiol. 
1990;85:285–296.

 25. Cantwell CD, Roney CH, Ng FS, Siggers JH, Sherwin SJ, Peters NS. 
Techniques for automated local activation time annotation and conduction 
velocity estimation in cardiac mapping. Comput Biol Med. 2015;65:229–
242. doi: 10.1016/j.compbiomed.2015.04.027.

 26. Nanthakumar K, Jalife J, Massé S, Downar E, Pop M, Asta J, Ross H, 
Rao V, Mironov S, Sevaptsidis E, Rogers J, Wright G, Dhopeshwarkar 
R. Optical mapping of Langendorff-perfused human hearts: estab-
lishing a model for the study of ventricular fibrillation in humans. Am 
J Physiol Heart Circ Physiol. 2007;293:H875–H880. doi: 10.1152/
ajpheart.01415.2006.

 27. Fitzgerald TN, Rhee EK, Brooks DH, Triedman JK. Estimation of car-
diac conduction velocities using small data sets. Ann Biomed Eng. 
2003;31:250–261.

 28. Shors SM, Sahakian AV, Sih HJ, Swiryn S. A method for determining 
high-resolution activation time delays in unipolar cardiac mapping. IEEE 
Trans Biomed Eng. 1996;43:1192–1196. doi: 10.1109/10.544343.

 by guest on August 6, 2016http://circep.ahajournals.org/Downloaded from 

http://circep.ahajournals.org/


Ram Balachandran, Milica Radisic, D. Curtis Deno and Kumaraswamy Nanthakumar
Stéphane Massé, Karl Magtibay, Nicholas Jackson, John Asta, Marjan Kusha, Boyang Zhang,

Resolving Myocardial Activation With Novel Omnipolar Electrograms

Print ISSN: 1941-3149. Online ISSN: 1941-3084 
Copyright © 2016 American Heart Association, Inc. All rights reserved.

Avenue, Dallas, TX 75231
is published by the American Heart Association, 7272 GreenvilleCirculation: Arrhythmia and Electrophysiology 

doi: 10.1161/CIRCEP.116.004107
2016;9:e004107Circ Arrhythm Electrophysiol. 

Free via Open Access 
 http://circep.ahajournals.org/content/9/7/e004107

World Wide Web at: 
The online version of this article, along with updated information and services, is located on the

 http://circep.ahajournals.org/content/suppl/2016/07/15/CIRCEP.116.004107.DC2.html
 http://circep.ahajournals.org/content/suppl/2016/07/12/CIRCEP.116.004107.DC1.html

Data Supplement (unedited) at:

  
 http://circep.ahajournals.org//subscriptions/

is online at: Circulation: Arrhythmia and Electrophysiology  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Answer

Permissions and Rights Question andunder Services. Further information about this process is available in the
permission is being requested is located, click Request Permissions in the middle column of the Web page
Clearance Center, not the Editorial Office. Once the online version of the published article for which 

 can be obtained via RightsLink, a service of the CopyrightCirculation: Arrhythmia and Electrophysiologyin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by guest on August 6, 2016http://circep.ahajournals.org/Downloaded from 

http://circep.ahajournals.org/content/9/7/e004107
http://circep.ahajournals.org/content/suppl/2016/07/12/CIRCEP.116.004107.DC1.html
http://circep.ahajournals.org/content/suppl/2016/07/15/CIRCEP.116.004107.DC2.html
http://www.ahajournals.org/site/rights/
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circep.ahajournals.org//subscriptions/
http://circep.ahajournals.org/


	 1	

Supplemental	Material	
	

Supplemental Methods 

Neonatal Mice Cardiomyocytes Monolayer Preparations 

Cardiac monolayer cells were prepared following the procedures found in (1). 
Briefly, ventricles from 2 day-old C57/BL6 mice were dissociated enzymatically with 
collagenase II 1mg/ml (Worthington) at room temperature. Myocytes were collected 
following 3 hours of digestion and were pooled to be re-suspended in growth medium: 
DMEM/ F12 (ThermoFisher Scientific) supplemented with 10% fetal calf serum, 10% 
horse serum, 100 U/ml penicillin, 100 mg/ml streptomycin (ThermoFisher Scientific). To 
reduce fibroblast content, cell suspensions were pre-plated on culture dishes for 1 hour at 
37˚C with 5 mg/100ml bromodeoxyuridine (BrdU; Sigma). Subsequently, myocytes were 
seeded on 1.4 cm by 1.4 cm 64-channel microelectrode array (MEA) plates, pre-coated 
with Matrigel (ECM Gel from Engelbreth-Holm-Swarm murine sarcoma, Sigma, E1270) 
diluted in ddH2O with a ratio of 1:10. The cells had an approximate density of 2x10 7 

cell/ml. 25 µl cell suspension (approximately 4.0 x105 – 5.0 x105 cells) were directly 
plated onto each MEA plates. The cells were then cultured in a 5% CO2 + 95% air, at 
37oC incubator for 24 hours. Unsettled cells were removed by swirling fresh medium.		
Spontaneous	activity	was	recorded	using	optical	and	electrical	methods	described	in	
the	manuscript.	

Three Dimensional Myocardial Constructs derived from Induced Pluripotent Human 
Stem Cells  

Myocardial tissue constructs were created for this study from human IPS 
according to the following procedure: a biodegradable, UV-polymerizable, elastomer, 
poly(octamethylene maleate (anhydride) citrate) (2, 3) was used for building tissue 
scaffolds. A 3D cardiac tissue construct was created using a novel microfludic scaffold 
that more faithfully reproduced architectural complexity of the native tissue. Specifically, 
the scaffold contains perfusable inner lumens that were fully endothelialized to mimic the 
vasculature. In the parenchymal space, the scaffold lattice was fully interconnected to 
allow the cardiomyocytes to connect to one another in the entire space (x,y, and z-
direction) thus mimicking the cardiac syncytium.  The scaffolds were incubated for 2 
hours after which 4 mL of endothelial cell (EC) media was added while increasing the 
flow rate of perfusion. The endothelial cells were allowed to proliferate overnight, 
forming a confluent network of cells. The techniques described by (4) for harvesting and 
culturing HES-3 NKX2-5 GFP positive cells were employed in the creation of in-vitro 
cardiomyocytes. Cultured cardiomyocytes mixed with 15 µL Matrigel (BD Biosciences) 
at 100 x 106  to 200 x 106 cells/mL were seeded in to endothelialize scaffolds. Gelation of 
the cell media was allowed for 30 minutes at 37°C. After seeding, 4 mL of 
cardiomyocyte media was added, increasing perfusion rate. 
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Validation of CV measurements with OT – Rabbit Langendorff Model 

Briefly, a least square method was used to fit a surface over the timing data of a 4-
electrode group and a CV vector were obtained using the following equations, similar to 
the ones used by Bayly (5): 
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This was repeated for all contiguous groups of 4 electrodes to obtain a 9 x 9 CV vector 
field. 

Concurrent Mapping Protocol – Electrical and Optical Mapping 

Simultaneous unipolar and bipolar electrograms were recorded while optical 
images were obtained as described in the supplementary methods (sampling rate 
unipolar: 1 kHz, bipolar: 2 kHz) and band-pass filtered (unipolar: 0.5 Hz – 200 Hz, 
bipolar: 28 Hz – 750 Hz). 

As the heart was perfused, a 20 µL bolus of 27 mmol/L (in pure ethanol) near 
infrared voltage dye, DI-4-ANBDQPQ, was injected without recirculation as a single 
bolus in to the coronary circulation for about five minutes (6, 7). The heart was 
mechanically decoupled by injecting 1.25 mg of Blebbistatin (Enzo Life Sciences, Inc.) 
added to approximately 1 L of re-circulating perfusion solution through an access on the 
bubble trap and was electrically paced from 4 pre-determined different sites at 3 Hz, with 
a 0.5 ms pulse width, using the stimulator described above. The 4 sites were chosen as 
follow:  Sites A & B were chosen on each longitudinal side of the HD Grid™; site C was 
located near the base of the left ventricle and site D was in the middle of the square 
formed by the HD Grid™. The fluorescence was excited at 640 nm using an ultra-bright 
LED (Luminous Devices) coupled to a filter (Chroma D640X/20X).  Emission was 
captured through a Navitar lens and a 700 nm long pass filter and recorded with our 
optical mapping system as described above. Frame rate was 3333 frames/s and the field 
of view was 2.4 cm2 (0.24 mm/pixel).   
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Divergence and Curl 

Let a two dimensional vector field over the same myocardial surface be denoted 
by 1 x, y = A x, y 5 + B(x, y)9, divergence is a vector operator which provides the 

magnitude of sources and sinks in terms of a scalar. Mathematically, we may estimate the 
2-D divergence (div) at a location (x:, y:) near (x0, y0) using a discrete approximation to 

differentiation 

div(V) = 	∇ ∙ 1 =
∂A

∂x
+
∂B

∂y
≅
∆A

∆x
+
∆B

∆y
=
A x0, y: − A(x:, y:)

x0 − x:
+
B x:, y0 − A(x:, y:)

y0 − y:
 

The result of the equation above is a scalar value that describes the flow of a 
vector field at a particular area: positive values indicate that the flow of the field behaves 
like a source from which closely spaced vectors radiate outwards. Conversely, negative 
values indicate that the flow of the field behaves like a sink and is described with a group 
of vectors that converge in to a specific point. 

The curl of 2-D vector field quantifies a characteristic of a spiral called vorticity 
which determines the direction and magnitude of vector rotation. Curl within 1 x, y  may 
be similarly expressed as follows 

curl(V) = 	∇×1 =
∂B

∂x
−
∂A

∂y
K =

B x0, y: − B x:, y:
x0 − x:

−
A x:, y0 − A x:, y:

y0 − y:
 

The equation above yields a scalar which describes the orientation of a rotation at 
specific points throughout the vector field: positive values pertain to a counter clockwise 
rotating source while negative values pertain to a clockwise rotating source. For all 
models, we used cubic interpolation (8) to fit the div and curl maps to the size of the 
original media so that we can obtain a comparable spatial scale and, in turn, sufficient 
registration. 

We determined the values that div and curl yield in ideal conditions, where a 
source is placed in the middle of a vector field, by creating four 7-by-7 vector field 
patterns to simulate a focal source, a focal sink, a clockwise (CW) rotary source, and a 
counterclockwise (CCW) rotary source, as shown in Supplementary Figure 3. We then 
calculated the div maps for both the focal source and focal sink patterns and the curl 
maps for both the CW and CCW rotary source patterns. We determined ±2 to be the 
upper and lower boundary values for divergence maps while ±1 are the upper and lower 
boundary values for curl maps. Such boundary values were used to limit the div and curl 
maps’ color scale to their maximum and minimum values.
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Supplement Figure 1: Bland-Altman plots of comparing variations in speeds and directions between omnipolar (OT) and LAT 
methods: here we show the agreement between the OT and LAT methods of calculating conduction speeds from optically- (a) 
and electrically-mapped (c) data; we also show such an agreement between in their conduction directions from optically- (b) 

and electrically-mapped (d) data.  Dashed lines denote the 95% confidence intervals

a b

c d
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Supplement Figure 2: A sample progression of interpolation of a 3-by-3 OIS vector field (left) to a 7-by-7 OIS vector field 
(middle) with the position of the approximate location of an associated source for an isochrone map all measured in 

milliseconds (right)
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Supplement Figure 3: Divergence and Curl applied to synthetic vector fields to verify its function in detecting 
focal and rotary sources; div maps 1 and 2 illustrate examples of how a source and a sink is represented from an 

OT vector field, respectively; in addition, curl maps 1 and 2 illustrate examples of how a clockwise and a counter-
clockwise rotations within an OT vector field, respectively, are represented.
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Supplement Figure 4: Application of divergence on uniformly 
propagating waves in an cardiac monolayer; as in supplement figure 1, a 

div value of 2 indicates the presence of a source, a div value of 0 indicates 
a uniform propagation, and a div value of -2 indicates the presence of a 

sink

source

sink

uniform
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Supplement Figure 5: Range of ideal div and
curl scores used hand-in-hand with ideal real-
to-apparent source distance to establish a
threshold for source detection (top left);
distance and distance variations of real-to-
apparent source distance with respect to the
mapping modality used i.e. electrical and
optical mapping (top right); score and score
variations in relation to the size of grids used
to calculate divergence and curl (bottom left);
and precision (standard deviation) of source
detection in terms of distance in millimeters in
whole rabbit hearts using our concurrent
mapping setup (bottom right).
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