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ARTICLE INFO ABSTRACT

Keywords: Atrial fibrillation (AF) is characterized by complex and irregular propagation patterns. Noninvasive
Atrial fibrillation electrocardiographic imaging (ECGI) has been tested during AF conditions with promising results.
ECG imaging However, current regularization methods face important challenges in this type of unstable electrical
Inverse problem activity scenarios. Combination of intracardiac and non-invasive simultaneous recordings could im-
Epicardial potentials prove ECGI performance and allow real-time global mapping of complex AF patterns. In this work,
Dominant frequency we propose an ECGI method that incorporates intracardiac measurements as a constraint in a refor-
Rotor location mulation of the classical Tikhonov method. We used realistic mathematical models of atria and torso

that simulates a wide number of epicardial electrical activity patterns. Body surface potentials were
obtained from simulated electrograms (EGMs) by using Boundary Element Method and corrupted
with Gaussian noise. Epicardial potentials were estimated using inverse problem with Tikhonov reg-
ularization, including intracavitary information as a second constraint. Results showed that first-order
Constrained Tikhonov formulation provided more reliable reconstructions than the classical Tikhonov
approach in AF conditions using at least 32 uniformly distributed endocardial EGMs (CC between
0.87 and 0.28, depending on the AF complexity). Constrained Tikhonov provided more accurate
spatial mass functions (SMF) of PS locations (CCSMF between 0.24 and 0.86). This methodology
was tested on real patient data, obtaining a mean DF RMSE of 0.85 Hz, outperforming the classical
Tikhonov approach. Limitations of this study include the fact that the model considered endocardium
and epicardium as a single layer. Further research will include endocardium-epicardium bilayer model
approximations and validation using more real patient data.

1. Introduction ing ECG Imaging (ECGI) [26, 25, 16]. However, PS-guided
ablation is suggested as a reliable alternative in persistent AF
cases, where PVI has a low success rate [14, 47].

ECGTI has been previously proposed to effectively recon-
struct the electrophysiological activity on the heart surface,
solving the spatio-temporal limitations of classical ECG, by
. . X . ) using a non-invasive recording of body surface potentials

One of the clinical goals in AF paFlents is to restore.m- (BSP) [7, 24]. ECGI combines both numerical modeling of
nus rhythm, usuall.y by ablatlgn. Main targets of ablation the bioelectric properties of the thorax and signal process-
are AF onset locations and drivers responsible for AF per- ing. However, the inverse problem of ECGI s ill-posed be-

Eetugtlon [22]. Adlthopdgh I??Vd 51gna'11 processing .method.s cause the propagation between the epicardium and the torso
as been proposed to identify rotor pivot points using opti- implies information loss [46], mainly due to signal attenua-

cal mapping [1], most studies suggested that stable sites of tion. Moreover, BSP are also blurred compared to the sig-
phase singularities (PS) are responsible for maintaining AF. nals on the hear; due to the laws of electromagnetic field the-
In previous human in vivo research, several clinical studies ory. Regularization methods are needed to obtain reliable
have proposed different strategies to locate AF drivers and and stable epicardial potential reconstructions [38, 53, 39
guide pulmonary veins isolation (PVI). On the one hand, by 29, 31], which, in turn allow us to identify dominant high:

performing an invasive mapp ng proce@ure [33’ 27, 34_]’ and, frequency regions [40], activation sequences [13, 42] or ar-
on the other hand, by performing a noninvasive mapping us- rhythmogenic substrates [48]

Atrial fibrillation (AF) is the most common type of ar-
rhythmia in clinical practice. AF affects more than 33 mil-
lion patients in the world [9]. Patients with this condition
have an increased risk of suffering embolism, cardiac fail-
ure, stroke and, in the worst of cases, death [19].

*Corresponding author The inverse problem of ECGI has been recently used to
“Principal corresponding author estimate and analyze irregular propagation patterns. For ex-
@ . . . A 4 4 . .
(<] miguelangel.camara@urjc.es ( Mlguel Angel Camara-Vazquez); ample’ phase mapping approaches have been proposed to an-
andreu.climent@gmail.com ( Andreu M. Climent); oscar.barquero@urijc.es ( . .. .
PO X alyze spatio-temporal characteristics of AF-related signals [46].
Oscar Barquero-Pérez) . X ”
ORCID(s): 8080-0002-1861-1585 ( Miguel Angel Camara-Vizquez) However, ECGI has not been validated during these irregu-

lar propagation patterns, and AF reconstructed patterns are
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usually simpler than complex patterns recorded directly in
the epicardium [12]. These results are partially related to the
smoothness imposed by regularization. Despite these limi-
tations, ECGI has been demonstrated as a promising tool to
identify AF drivers and guide ablation procedures [25].

During AF ablation procedures, several catheters are in-
troduced in the atrial chambers. Depending on the ablation
strategy, the number of recorded EGMs may vary from 8§ to
128 simultaneous signals [33]. Despite the number of in-
tracardiac signals, the complex atrial anatomy and the large
distance between catheter sensors (up to 1-2 cm) limits the
ability of intracardiac mapping systems to characterize the
global activity of AF [36].

Including any available a priori information during the
electrophysiological study (EPS) may improve the estima-
tion of electrical activity on the heart [38, 6, 50]. Further-
more, combining non-invasive and invasive recordings dur-
ing the ablation procedures may overcome some of the lim-
itations of each individual technique and lead to more accu-
rate identification of AF drivers. One of the main challenges
is to propose a method that is able to take into account in-
tracavitary measurements. In this work, we are proposing
a new Tikhonov-based formulation for inverse problem that
includes EGM-based intracavitary measurements obtained
from the endocardium, simultaneously to BSP.

The remaining of the paper is organized as follows. In
Section 2 we introduce the computational models and patient
data used for this study, the Tikhonov-based regularization
algorithms, and the performance metrics. Final results are
explained and discussed in Section 3 and, finally, in Sec-
tion 4 main conclusions are presented.

2. Methods

2.1. Computerized Models

Realistic 3D model for the atrial anatomy was composed
of 284578 nodes and 1353783 tetrahedrons (673.4+130.3um
between nodes). To simulate the electrophysiological prop-
erties of atria, and consequently the electrical propagation
patterns, a gradient was introduced into the atrial cell for-
mulation (Iy scgr» I, Ing» and I,y ). Fibrotic tissue was
modeled by disconnecting a certain percentage of nodes de-
pending on the pattern to simulate. The system of differen-
tial equations was solved by using Runge—Kutta integration
(using NVIDIA Tesla C2075 6G). Final computerized mod-
els were composed of N=2048 nodes for atria and M=659
for torso, under the assumption of a homogenous, unbounded,
and quasi-static conducting medium by summing up all ef-
fective dipole contributions over the entire model [44, 40,
18, 20].

e Right atrial appendage (RAA)-located driver model:
with a single functional re-entry located at the RAA,
which rotates at 5 Hz, while the remaining of the atrial
tissue is activated at 3.1 Hz.

e Two stable drivers (Two rotors, TR): a more compli-
cated computational model with two stable drivers in
Posterior Left Atrial Wall (PLAW) and in Superior
Right Atrial Wall (SRAW). This model also contains
two anatomical re-entries close to the left pulmonary
veins and the right inferior pulmonary vein. In this
case, the atrial tissue is activated between 6 and 7 Hz.

o Left superior pulmonary vein (LSPV)-located driver
model: with 50% of atrial cells under fibrotic condi-
tions and a single functional re-entry located close to
the LSPV, rotating at 7.8 Hz,while the remaining of
the atrial tissue is activated between 3 and 6.5 Hz.

2.2. Epicardial potentials estimation
We assume that the estimation of epicardial potentials
follows the following linear model:

y, = Ax; + €,

where € represents the model residuals. The goal of ECGI
problem is to estimate epicardial potentials x, using infor-
mation from BSP, y,, at time ¢, using the transfer matrix A.
This is an ill-posed problem, which is commonly addressed
with regularization.

2.2.1. Classical Tikhonov regularization (Tikh)

Tikhonov method is one of the most employed regular-
ization methods in linear inverse problems. Tikhonov reg-
ularization is commonly used in linear inverse problems to
stabilize the solution by penalizing its complexity. To esti-
mate epicardial potentials x, at time ¢, the function to mini-
mize is:

Iy, = Ax, |3 + Ay || Lxi|I; M

where A, is the global regularization parameter, and L
isa N X N matrix. The matrix L can take several forms. If
L takes the identity matrix form, the solution is constrained
in energy norm (zero-order Tikhonov, L,-norm of the so-
lution is minimized). However, if L takes the form of the
first (surface gradient operator) or second spatial derivative
(surface Laplacian operator), the solution is constrained to
have a smooth surface gradient (first-order Tikhonov) or cur-
vature (second-order Tikhonov), respectively [38, 6]. For
this study we used zero-order Tikhonov method, which is
the standard method and gives good results [18].Computing

This geometrical model considers a simplified single endocarcmnﬁ)-r each time instant does not improve significantly the

epicardium layer for the atrial tissue. Atria and torso models
were used to simulate four different types of propagation pat-
terns with a duration of 4 seconds, namely:

e Normal sinus rhiythm (SR): atrial tissue activated at 1.2
Hz.

results compared to using a global regularization parameter
for all the time instants, which needs much more computa-
tion time. [18].

The closed-form solution is:

-1
%, = (ATA+,11 LTL) ATy, ©)

M.A. Camara-Vazquez et al.: Preprint submitted to Elsevier

Page 2 of 12



Electrocardiographic imaging including intracardiac information to achieve accurate global mapping during atrial fibrillation

2.2.2. Constrained Tikhonov regularization
(Cons-Tikh)

In this work, we will take into account endocardial infor-
mation from intracavitary EGMs. We propose to incorporate
this information, as an additional constraint, in the Tikhonov
formulation, as:

2
Iy, = Ax, [} + 41 | Lx |3 + 4 | Dx,e = D[, 3

where D is a diagonal matrix with value equal to one for
nodes where the solution is forced to be be similar to the
selected measured endocardial potentials (allowing a con-
trolled error). The vector x,, » represents the EGM signals
recorded in the endocardium. Thus, this constraint controls
the size of the error between reconstructed potentials (x,)
and the known intracavitary signals (x,, ). The proposed
approach can be solved with a closed-form solution:

-1
% = (ATA+/11 LTL+/12DTD> (ATy,+3,D"x,,;) (4)

In contrast to Tikh, Cons-Tikh algorithm used in this
study is a first-order Tikhonov-based method, since it pro-
vides a better performance and lower dispersion than zero
and second-order ones [52].

2.2.3. Interpolation

By using endocardial recordings, an alternative approach
to estimate the electrical activity in the whole atrial surface
would be to interpolate intracavitary EGMs. In our study,
we used interpolation methods using measured endocardial
potentials (x,, ) as known information. This allows us to
establish a comparison against Classical Tikhonov and Con-
strained Tikhonov (Cons-Tikh). We used an approach based
on Laplacian interpolation, where the Laplacian is minimized
at all nodes [37]. This method uses the geometry of the mesh
to interpolate, while other cloud-point based methods are
only distance-based methods.

2.3. Performance metrics

To assess the performance of the implemented recon-
struction methods several metrics were used. Similarity be-
tween modeled and estimated X epicardial potentials and phase
maps is quantified by the relative difference measurement
star (RDMS) [30] and, Pearson’s correlation coefficient (CC),
both across all nodes [18, 21]. RDMS is computed as:

2
Xk Xy
— 5
Z (”x”z ||fc||2) ©

where k runs through all cardiac nodes.

We also computed Local Activation Times (LAT) for
each model, and computed both RDMS and CC metrics be-
tween ground truth and the different reconstruction meth-
ods [11].

RDMS =

2.4. Dominant Frequency Analysis

Spectral analysis of cardiac electrical activity, and specif-
ically the estimation of the dominant frequency (DF), has
been previously proposed as an useful clinical tool for driver
localization to guide ablation procedures [23, 2, 40]. To esti-
mate DFs in each node, Welch’s periodogram was computed
to perform a frequency analysis (2s Hamming window, 50%
overlap). Then, we used a signal preprocessing according to
the bandpass nature of the EGM spectral envelope [35, 3, 8].
We also corrected wrong determinations of second or third
harmonic peaks as DF [23].

2.5. Phase maps and Driver location

Phase maps are used to detect the core of the re-entrant
activity [22, 46]. In order to estimate driver position, we
computed phase maps by applying a Hilbert transform to the
epicardial potentials [18]. Phase maps obtained using re-
constructed epicardial potentials are compared with ground
truth using both RDMS and CC, similarly to epicardial po-
tential maps.

Phase maps were computed with the main aim of detect-
ing Phase Singularities (PS). A PS is defined as the point in
a phase map that is surrounded by phases from 0 to 2z. Only
those PSs that, at least, last two full rotations were consid-
ered [43]. Using this approach, for each point in the atria
it is possible to detect none, one or even more PSs for each
time instant.

However, PSs estimations have both technical and struc-
tural limitations [41, 32], since there are PSs that seem to be
primary drivers, and other PSs can be secondary drivers or
spurious effects of the analysis [44]. To identify areas where
PSs correspond to primary drivers, we only focus on those
PSs that appear on high DF zones [46, 45].

To evaluate PS locations into a certain time interval, we
used the PS Spatial Mass Function (SMF), which is a prob-
ability map of the position of PSs. To estimate the PS-SMF,
we counted the number of times that a PS appears in a cer-
tain node over a given time interval, and then computed the
subsequent probability over the whole number of time inter-
vals. Therefore, the higher the probability of finding a driver
in a certain node, the higher the probability of considering
that area as an AF driver.

Finally, to compare the position of PSs between ground
truth and estimations, we used the weighted under-estimation
and over estimation indicators (W UI and W OI, respec-
tively), which are weighted versions of the ones proposed
in [54], the correlation coefficient between the histograms of
the spatial mass function of the PS location (CCg,, ), and
the mode distance (M D), defined as the Dijkstra distance
between the modes of the ground truth and the estimated
SMFs [18].

2.6. Experimental set-up

The forward problem was solved by computing the M X
N transfer matrix A using the boundary element method [40,
4, 15]. Simulated BSP were referenced to the Wilson Termi-
nal Center, corrupted with additive Gaussian noise (SNR =
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Figure 1: Performance assessment of interpolation, Tikh and Cons-Tikh algorithms, with
different number of known nodes. 2 64-pole baskets-based distribution gives a similar
global performance as 128 uniformly distributed nodes in Cons-Tikh algorithm.

20 dBs) and filtered using: 4%-order bandpass Butterworth
filter (fc;=3 Hz and fc,=30Hz for AF models, fc;=0 Hz and
fc,=30Hz for SR) [40, 18]. To obtain regularization param-
eters for Tikh (4;) we used the L-Curve method [40, 53, 18,
44], while in Cons-Tikh (4, 4,), we used a 3D-generalization
of the L-Curve (L-surface) [5].

One of the main objectives is to study the impact of the
number of intracavitary known nodes in the reconstruction.
We compared results in a range of 8 up to 256 known nodes
(in powers of two), uniformly and equispaced distributed
across the atria. We also compared results with a more re-
alistic distribution of nodes based on a simulation of two
basket catheters with 64 poles, given a total of 128 known
nodes, realistically distributed. In both cases, intracavitary
electrodes are assumed to be in contact with the endocardial
surface.

2.7. Real data
We used data from one (EPS) available at the Experi-
mental Data and Geometric Analysis Repository (EDGAR).

The EPS was recorded at the Gregorio Marafion General
Universitary Hospital, Madrid, Spain, in collaboration with
the Universitat Politécnica de Valéncia, Valéncia, Spain. It
contains recordings from one male patient admitted for ab-
lation of drug-refractory paroxysmal AF, using an ablation
protocol approved by the Institutional Ethics Committee, and
the patient gave informed consent [40].

BSP signals were recorded simultaneously to right-atrial

endocardial recordings with high-resolution multipolar catheters.

To obtain atrial signals without ventricular activity, an adeno-
sine bolus infusion that blocked the atrio-ventricular node
was used. This dataset contains one adenosine episode of
7.5 seconds.

Both EGMs and BSP were detrended and filtered using
a 6th-order low-pass Butterworth filter (fc=30Hz). Inverse
problem was performed using the same methodology as pre-
vious models, and DFs were estimated after performing a
frequency analysis using a Welch’s periodogram (1s Ham-
ming window, 50% overlap). Finally, we computed the Root
Mean Square Error (RMSE) between the DF of the given
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Figure 2: Clinical distribution of 128 nodes (2 64-pole baskets) across the atria, with
reconstructed signals in a node used in the constraint of the Cons-Tikh algorithm (+) and
a node not used in the constraint of the Cons-Tikh algorithm (-), using SR, RAA, TR and
LSPV models.
Table 1
Epicardial estimation performance for SR, RAA, TR and LSPV models for SNR=20 dB
and two intracavitary baskets: mean and standard deviation for RDMS and CC with
interpolation, Tikh and Cons-Tikh methods.
SR RAA TR LSPV
RDMS CC RDMS CC RDMS CcC RDMS CC
Interpolation  0.57+0.45 0.74+0.38 0.80+0.39 0.60+033 093+041 048+039 123+034 0.19+0.38
Tikh 0.75+033 0.66+034 093+028 0.53+030 098+0.27 048+031 126+024 0.17+0.30
Cons-Tikh 041+030 087+020 063+027 0.76+0.18 0.74+0.29 0.68+024 1.16+031 0.28+0.34

EGMs and the corresponding inverse-problem reconstruc-
tions.

3. Results

3.1. Dependence on the number of known nodes

Epicardial potentials were estimated using interpolation,
Tikh and the proposed model Cons-Tikh, for each propaga-
tion pattern. Figure 1 shows the mean and standard devia-
tion of the CC (left) and RDMS (right) for different amounts
of known nodes. Performance of Tikh is independent on the
amount of intracavitary recordings available since it does not
employ this information for the resolution.

For a small number of EGMs (between 8 and 32) inter-

polation obtained higher RDMS and smaller CC values than
Tikh and Cons-Tikh, which use BSP information. It means
that interpolation yielded higher error when reconstructing
epicardial signals. Indeed, for 8 known nodes, Cons-Tikh
performed equal to Tikh, since the regularization parameter
for intracavitary information, which weights the constraint
effect for that information, is too small.

From 32 up to 256 known nodes interpolation and Cons-
Tikh obtained lower RDMS (higher CC) than classical Tikh.
Using 64 known nodes, interpolation performed as Tikh,
while Cons-Tikh started to give a significantly better perfor-
mance with 32 known nodes. Moreover, Cons-Tikh obtained
even lower RDMS and higher CC values than interpolation
of nodes, combining BSP and intracavitary information. Be-

M.A. Camara-Vazquez et al.: Preprint submitted to Elsevier
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Figure 3: Comparison of model and estimated epicardial potential maps using interpo-
lation, zero-order Tikh and first-order Cons-Tikh methods, in SR, RAA, TR and LSPV
models. Interpolation and Cons-Tikh reconstructions are computed with two intracavitary

baskets.

Interpolation Cons-Tikh

Interpolation

Figure 4: Comparison of error (assessed by RDMS, left) and similarity in the reconstruc-
tions (assessed by CC, right) maps across all nodes using interpolation, zero-order Tikh
and first-order Cons-Tikh methods, in SR, RAA, TR and LSPV models. Interpolation and
Cons-Tikh reconstructions are computed with two intracavitary baskets.

tween 32 and 256 known nodes, differences between inter-
polation and Tikh, and between interpolation and Cons-Tikh,
were statistically significant (p < 0.001). However, differ-
ences in performance were smaller in complex AF patterns
(like in LSPV model).

The same conclusion can be reached when using a clin-
ical distribution of nodes (two intracavitary baskets). Nu-
merical values for this scenario can be found in Table 1. Al-
though the number of nodes is close to 128, the non-uniform
distribution led to a slightly worse performance compared to
128 uniformly distributed nodes.

3.2. Performance with 2-64 pole basket-based
distribution

In this section, we used a basket-model of two 64-poles
intracavitary catheters. In such scenario, intracavitary in-
formation is restricted in some areas of the atria due to the
anatomical limitations of any catheter.

Figure 2 shows the atrial model with two intracavitary
baskets, with the EGMs obtained with interpolation and in-
verse problem solutions in different nodes for SR, RAA, TR
and LSPV models, respectively. One of the main advantages
of the proposed method is that, even in nodes not used as

M.A. Camara-Vazquez et al.: Preprint submitted to Elsevier
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Figure 5: Comparison of model and estimated DF maps using interpolation, zero-order
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Cons-Tikh reconstructions are computed with two intracavitary baskets.

Ground Truth

- &P
- @D
WP

Interpolation

LSPV

Tikh

Figure 6: Comparison of model and estimated phase maps using interpolation, zero-order

Tikh and first-order Cons-Tikh methods, in RAA, TR and LSPV models.

Interpolation

and Cons-Tikh reconstructions are computed with two intracavitary baskets.

a constraint, estimated epicardial potentials maintained the
high-frequency content of the original signal, reducing the
low-pass filtering behavior that Tikh imposes on the signal.
As the complexity of AF patterns increases, interpola-
tion and Cons-Tikh performance degraded, with signal am-
plitude and phase changes comparing with the original sig-
nal. However, Cons-Tikh tended to perform slightly better
than interpolation, since it uses both local and global in-
formation (endocardium and BSP). These conclusions were
supported with lower RDMS and higher CC, see Table 1.
Figure 3 compares model and reconstructed epicardial
potential maps. Interpolation and Cons-Tikh performed sim-
ilarly, but a higher definition is reached with Cons-Tikh. Prop-
agation patterns were better estimated with interpolation and
Cons-Tikh, both in SR, RAA and TR model. However, per-
formance degraded in LSPV epicardial potentials estimation
(mean RDMS was 1.23, 1.26 and 1.16, and mean CC was
0.19, 0.17 and 0.28 for interpolation, Tikh and Cons-Tikh,

respectively).

Nevertheless, it is essential to remark that the main ob-
jective of using this distribution of intracavitary signals is
to evaluate the performance of each method in atrial regions
that cannot be mapped with the intracavitary baskets, such
as the right atrial appendage. This is an atrial region where
it is common to find drivers [28]. Similar conclusions can be
drawn from Figure 4, where RDMS and CC maps are shown.
The error, in terms of RDMS, using Cons-Tikh and interpo-
lation, was lower than using the classical Tikh, while CC
values were higher, which was expected (mean RDMS was
0.80 and 0.63, and mean CC was 0.60 and 0.76 for interpo-
lation and Cons-Tikh for RAA model, respectively). More-
over, Cons-Tikh allowed us to diminish the error obtained
when using only interpolation. As stated before, this is espe-
cially important in areas where intracavitary electrodes are
unable to access. In the case of the RAA model, the error
obtained in the area of the right atrial appendage with inter-
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first-order Cons-Tikh methods, in RAA, TR and LSPV models.
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Tikh reconstructions are computed with two intracavitary baskets.

Table 2

Local activation times estimation performance for SR, RAA, TR and LSPV models for
SNR=20 dB and two intracavitary baskets: mean RDMS and CC with interpolation, Tikh

and Cons-Tikh methods.

SR RAA TR LSPV
RDMS CC RDMS CC RDMS CC RDMS CC
Interpolation 0.10 0.99 0.17 0.99 0.20 0.98 0.76 0.71
Tikh 0.13 0.99 0.40 0.92 0.34 0.94 0.70 0.76
Cons-Tikh 0.08 0.99 0.15 0.99 0.27 0.96 0.68 0.76

polation was bigger than with Cons-Tikh. This result is also
consistent with the RAA-model EGMs shown in Figure 2,
where signals were better estimated with Cons-Tikh. Simi-
lar conclusions are obtained with TR model. If we focus on
the areas that are not covered by intracavitary electrodes, the
error using Cons-Tikh is also lower than using interpolation.

On the other hand, in the LSPV model, due to the higher
complexity of the model, the areas where the error was mini-
mal corresponded to zones close to the position of the known
nodes, for both interpolation and Cons-Tikh.

Table 2 shows mean RDMS and CC of Local Activation
Times (LAT) obtained with interpolation, Tikh and Cons-
Tikh methods. Cons-Tikh provided reconstructions with lower
RDMS (higher CC), suggesting better LAT estimations.

Figure 5 shows DF maps. Classical approach using Tikh
led to poor estimations in some areas. In simple AF prop-
agation patterns (RAA), DF estimation performance using
both interpolation and Cons-Tikh was very similar. Cons-
Tikh also allowed to reconstruct the DF map with high pre-
cision in the more complex LSPV pattern. It seems that the
combination of intracavitary and BSP information allows to
provide enough information to reconstruct high and low DF
regions, even in TR model.

Figures 6 and 7 show phase and RDMS-CC phase maps,
respectively. Since phase estimation relies mainly on the
morphology of the signal, Cons-Tikh tended to provide bet-
ter results (lower RDMS and higher CC), mainly in simple
AF propagation patterns. Intracavitary information forced

the solution to take into account high frequency content in
the EGMs, leading to a more accurate phase reconstruction.

3.3. Driver detection in a realistic scenario

One important clinical application of cardiac mapping is
to locate sites of phase singularities (PS). Figure 8 shows the
spatial mass function (SMF) of the PS location (i.e. prob-
ability map of the position of PSs). For every AF propa-
gation pattern, interpolation was unable to obtain an accu-
rate probability map of the position of PSs, underestimat-
ing both probabilities and areas where the driver could be
found. Cons-Tikh was able to obtain a narrower and accu-
rate area with high probability of finding a PS, compared to
both interpolation and Tikh. In the case of RAA model, this
result is consistent due to the lack of capability to correctly
map electrical activity at the RAA. Moreover, in TR model,
Cons-Tikh was able to estimate the presence of a primary
driver (area with a higher probability of finding an PS) and a
secondary driver (lower probability area, below the primary
driver).

Table 3 shows the PS-detection performance metrics. Cons-

Tikh yielded to smaller WUI and WOI than interpolation and
Tikh methods, mainly in complex propagation patterns (with
WUI = 35,46% and 30.03%, and WOI = 12.64% and 19.39%
for TR and LSPV models using Cons-Tikh, respectively).
Therefore, reconstructions with Cons-Tikh led to lower rate
of false negatives and false positives. In terms of MD, Cons-
Tikh gave lower values, namely in LSPV model. This result
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Figure 8: Spatial mass function (SMF) of the PS location, in RAA, TR and LSPV models
using original model, Tikh and Cons-Tikh. Interpolation and Cons-Tikh estimation are
computed with two intracavitary baskets.
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Table 3

PS estimation performance for RAA, TR and LSPV models for SNR=20 dB and two intra-
cavitary baskets: correlation coefficient of spatial mass function of PS location (CCg,,f),
WUI (%), WOI (%) and mode distance (MD).

RAA TR LSPV
CCgyr WUl WOl MD CCs,r, WU WOl MD CCgqyr WU WOl MD
Interpolation 0 100 100 1639 052 4880 4879 050 039  59.82 4464 090
Tikh 011 470 9579 098 062 4434 1358 0 0 100 100  15.88
Cons-Tikh 024 470 9233 098 072 3546 1264 0 086 3003 1939 0

is also consistent with CCyg,,r metrics, where Cons-Tikh
SMF correlation with the ground truth was higher than both
Tikh and interpolation (0.24, 0.72 and 0.86 for RAA, TR
and LSPV models using Cons-Tikh, respectively). In the
case of RAA model, where the driver was in a area difficult
to map with intracavitary basket, all reconstruction methods
worsened, but Cons-Tikh was still the best method to find the
driver location (higher CCg,r, and lower WUI, WOI and
MD), showing that the combination of intracavitary infor-
mation and BSPs information allowed to enhance the elec-
trical map estimation, and allowed to better estimate clinical
targets.

3.4. Patient data

Figure 9 shows DF maps for a real patient recording. The
classical Tikh method led to a more smooth DF map than
Cons-Tikh, which is in agreement with previous results in
computerized models. We can compare DF estimations us-
ing the recorded EGMs. As expected, Cons-Tikh obtained
DF estimations closer to the intracavitary estimations than
Tikh in terms of mean root mean square error (NRMSE),
namely mRMSE = 0.90 Hz for Tihk, while mRMSE = 0.65
Hz using Cons-Tikh.

We have performed a simple experiment in which we

randomly removed one electrode from the constraint in Cons-
Tikh. After that, we could estimate DF difference comparing
with an intracavitary EGM which was not used in the recon-
struction as a prior information. This allowed us to provide
a more fair estimation of the DF error. We repeated the ex-
periment 100 times. In this experiment, Cons-Tikh was bet-
ter estimating DF with a mRMSE = 0.85 Hz (0.90 Hz with
Tikh).

There still are some issues that have to be addressed in
real data, namely different reference signal for intracavitary
and EGMs and BSPs, or the selection of regularization pa-
rameters using L-surface and L-curve.

4. Discussion and conclusions

In this work, we propose a new method to include intra-
cavitary information from endocardial EGMs into our ECGI
inverse methodology. That is, we have included this infor-
mation as a second constraint on the Tikhonov regularization
method.

Using multiple constrains on the spatial and temporal be-
havior has been previously proposed to improve epicardial
potentials reconstruction [38, 6]. In [51], a Bayesian-based
approach to incorporate a priori information was analyzed
with good results, but in a different clinical scenario, i.e.
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Figure 9: Comparison of estimated DF maps using zero-order Tikh (left) and first-order
Cons-Tikh (right) methods in one real patient record. Left and right atria are denoted as
LA and RA, respectively. Red dot points represent the position of the electrodes recording

the intracavitary EGMs.

ventricular paced beats. In that work, authors included prior
information by estimating the covariance matrix of epicar-
dial potentials. This Bayesian approach has been studied in
AF models with good results, but in order to estimate prop-
erly the covariance matrix all the intracavitary information
was used (= 2000 nodes) [18]. The method we propose was
able to obtain more accurate reconstructions in AF with few
nodes (64 nodes), see Figure 1.

Specifically, the proposed model improved the estima-
tion of epicardial potentials by using first-order Constrained
Tikhonov method, which is able to reproduce high frequency
components in the solution. Therefore, this method over-
comes the low-pass filtering behavior of the classical Tikhonov
approach. Furthermore, Cons-Tikh clearly outperforms in-
terpolation of nodes when we have less than 128 available
nodes, obtaining lower RDMS (higher CC) values, although
the epicardial potential estimation degraded severely for all
the methods as the complexity of AF increases.

The proposed method has two free regularization param-
eters to be estimated, which makes it very computationally
expensive. We diminished the computational cost by using
an iterative method based on computing the optimal parame-
ter by iterating on an under-sampled A parameter array. Once
the highest L-surface curvature area is found on the current
iteration, the corresponding optimal A section is found and
up-sampled for the next iteration, forcing the algorithm to
look for the optimal values only on that up-sampled section.
This iterative algorithm stops when the difference between
optimal A values on consecutive iterations is below a certain
threshold. For example, for 50 iterations and a threshold of
102, computation time can be diminished from approxi-
mately 8 hours from the method used in [52] to 10 minutes.

In our results, L-surface method to estimate regulariza-
tion parameters gave a higher weight to intracavitary mea-
surements than BSP, although regularization parameter for
Tikhonov constraint (4;) were similar in our approach and
the classical one. We expected this result, as we are using the
same intracardiac measurements used to compute the BSP as
a priori information for the Cons-Tikh algorithm in comput-
erized models. Therefore, one limitation of computerized
model analysis is that it describes a simplistic scenario.

On the other hand, it is essential to remark that the scope

of this paper is to assess the performance of this new al-
gorithm in a controlled simplified environment. However,
endocardium-epicardium bi-layer model approximations and
model mismatch are issues that should be taken into account
in further studies to obtain better performance in real situa-
tions. There are some studies that addressed endocardium-
epicardium conduction, e.g. [50, 17], and model mismatch [6].

Moreover, in the case of patient data, further research is
necessary, mainly by assessing new adapted methodologies
to select both A values in real data, facing the reference mis-
match between BSP and intracavitary EGMs, and validating
the proposed methodology on a higher number of real pa-
tient datasets. Regarding patient signal recording, combined
BSP-EGM measurement could be easily achieved in a real
environment, since several studies simultaneously recorded
BSPs and endocardial EGMs [23]. Therefore, it is possible
to integrate both types of signals in the proposed formulation
in a clinical setting.

Finally, another important point to discuss is the number
of electrodes needed to improve classical zero-order Tikhonov
regularization (without including intracardiac information).
Currently, in clinical practice the number of endocardial elec-
trodes is still small, e.g. PENTARAY™ catheter (Biosense
Webster) composed of 20 poles [10]. However, the trend
is to use catheters with a higher number of electrodes, i.e.,
Constellation™ [33] and Intellamap Orion™ (BostonScien-
tific) [49] or FIRMap™ (Abbott Electrophysiology) [27], all
of them with 64 poles. This trend would eventually allow
obtaining reliable reconstructions using the Cons-Tikh ap-
proach, making this approach more attractive.

In summary, since the number of patients suffering from
AF is constantly increasing, and the success of classical pul-
monary vein isolation is failing in achieving long-term AF
freedom, novel technologies to characterize AF continue be-
ing a clinical need. Our study demonstrates that the com-
bination of intracardiac recordings and non-invasive ECGI
mapping is a potential tool for a global detailed mapping of
AF drivers.
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