Computing in Cardiology 2019; Vol 46

Local Activation Time Annotation in Atrial Electrogram Arrays
Using Deconvolution

Bahareh Abdi!, Richard C Hendriks!, Alle-Jan van der Veen', and Natasja MS de Groot?

! Circuit and Systems, Technical University of Delft, Delft, The Netherlands
2 Department of Cardiology, Erasmus University Medical Center, Rotterdam, The Netherlands

Abstract

An electrogram array can be modeled as a spatial con-
volution of transmembrane currents generated by each
activated atrial cell, with an appropriate measurement-
function that depends on the cells’ distance to the elec-
trodes. Compared to electrograms, transmembrane cur-
rents suffer less from the superposition of far-field atrial
activities as they are not affected by the spatial convo-
lution. As a result, transmembrane currents represent
more local information and estimation of the local acti-
vation time using the steepest deflection will be more ac-
curate than when using fractionated electrograms. How-
ever, transmembrane current estimation from electrogram
array recordings is an under-determined problem, having
infinite solutions, among which the desired solution. To
constrain the solution space, additional prior information
can be used. As the temporal derivative of transmembrane
currents are typically sparse, we use this as prior informa-
tion. We use a Split Bregman method with a quick conver-
gence rate to iteratively solve the problem. Our implemen-
tation of circulant operations in the formulation of the so-
lution of each step, makes it possible to perform them very
fast using FFTs. Using simulated electrograms, we show
that the proposed approach outperforms the conventional
approach of annotating the steepest deflection of electro-
grams as the activation time.

1. Introduction

Atrial fibrillation (AF) is the most common age related
cardiac arrhythmia and is characterized by rapid and ir-
regular electrical activity of the atria. Atrial electrograms
play an important role in the analysis of AF and examining
the level of electropathology in human tissue [1]. Wave-
front activation maps, estimated from electrogram arrays,
are the most common tool for interpretation and diagnosis
of AF. However, the accuracy of such analyses are limited
by the accuracy of the local activation time (LAT) estima-
tion in the recorded electrograms.
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In addition to the cells directly under the electrode, an
electrode also measures the potential of cells in its direct
surrounding. The electrode has therefore not only a lo-
cal view on the cell potential, but experiences a superpo-
sition of distant atrial excitations. This can hamper the
exact LAT estimation. The main goal of this paper is to
introduce a fast and efficient approach to solve the decon-
volution problem in order to estimate the transmembrane
current and subsequently to improve LAT estimation. First
we constrain the under-determined deconvolution problem
by adding an appropriate constraint. This reduces the solu-
tion space. To do so, we constrain the first temporal deriva-
tive of the estimated transmembrane currents to be sparse.
The problem formulation is solved using the Split Breg-
man method [2] with a quick convergence rate to solve the
problem iteratively. Moreover, unlike traditional deconvo-
lution approaches, the proposed approach diagonalizes the
underlying operators even if some electrogram recordings
are missing. This enables the fast implementation of these
operations using FFTs.

2. Electrogram Model

We use ¢[z,y,t] to denote an electrogram recorded on
an assumed 2D uniform grid of modeled atrial cells where
x € {1,2,..,7.} is the row index, y € {1,2,..,¢c.} is
the column index and ¢ € {1,2,..,T} is the time sam-
ple index. As shown in literature [3], an electrogram can
be modeled as a spatial convolution of per cell transmem-
brane currents I[z,y,t] with a specific distance function
Ro[z,y], that is

(ZS[CC,yﬂf] = So[m,y](RU[m7y] **I[m,y7t])7 (1

where s is the 2D spatial convolution operator. In the
model, we included Sp[z,y| as a sampling function (or
masking function) that equals 1 at specific coordinates
where an electrode is positioned and O otherwise. These
coordinates with no available electrograms can be the
added cells at the boundaries of the electrode array or
faulty electrodes recording no useful data. This is demon-
strated in Figure 1. The main electrogram array of size
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Figure 1. The 2D grid of modeled cells (in pink and white)
as well as the distance function in the left bottom corner
(in blue). The cells with no available electrograms are de-
noted by white color. These can be the cells at the extended
boundary, the four electrodes in the corners that are used
for different measurements, and defect electrodes.

9 x 15 is shown by the light red color, the distance func-
tion Ry of size (2b+1) x (2b+ 1) at the left bottom corner
is denoted by the blue color. For a proper convolution, the
boundaries of the electrode array is padded with b rows and
columns of cells on each side. As you can see in Figure 1,
the electrogram array and the modeled cells are sampled
on the same grid. However, in practice it might be more
appropriate to use finer grid for cells than electrograms.
We can then use Sy to only sample cells with available
electrograms as before.

3. Methods

3.1. Problem formulation

Given the model in Equation 1 we aim to deconvolve
the electrograms with the distance function Ry and esti-
mate the trans-membrane currents . However, this decon-
volution problem is under-determined and has an infinite
number of solutions. A typical approach to reduce the so-
lution space, is to add prior information as a constraint.
As the temporal derivatives of transmembrane currents are
typically rather sparse, we use this as prior information
and constrain the first temporal derivative of the estimated
transmembrane currents I’ (x, y, t) to have a few non-zero
values, i.e., to be sparse. These sparse non-zero values rep-
resent the sharp variations in the electrogram that are also
important for the further analysis of the data, because they
appear when an activation wave reaches an electrode or its
surrounding. Using sparsity, imposed through the /;-norm,
will help to maintain these variations. Therefore, the con-

straint deconvolution problem is

mIinzzzt:H’[m,y,tH s.t.
¢[$7y,t] :SO[:EvyKRO[l.ay] **I[l’7y,t]), (2)

where the objective represents the aforementioned [;-
norm. To develop a systematic approach to solve the prob-
lem formulation in Equation 2, we need to rewrite it as a
system of linear equations, that is,

min || Dsil|; st. ¢ =SRi (3)

where vectors ¢ € RMT and i € RV are the vectorized
form of all electrograms and trans-membrane currents, re-
spectively. N = r,. X c. the total number of modeled cells.
We have also introduced three new matrices: S as the ap-
propriate masking matrix of size N x N, R as the appro-
priate block circulant with circulant block (BCCB) matrix
that performs convolution as a matrix multiplication (with
periodic boundary condition), and Dy as the first temporal
derivative operator. Notice that these new matrices (D¢, S
and R) and notation are introduced to develop a systematic
framework for solving the problem. While, in practice, we
do not require to construct them as we can do the opera-
tions more efficiently in a transformed domain due to their
special properties (see Section 3.2).

3.2.  Split Bregman algorithm

We use the Split Bregman algorithm to reformulate
Equation 3 and solve the problem formulation numerically.
This algorithm converges very quickly, especially for prob-
lems with /1 -norms [2]. First we make Equation 3 into an
unconstrained problem

. . A =,
mimHDtlHl+§||¢—SR1H§. )

Next, we introduce two splitting variables z; = D.i and
zo = Ri and two Bregman iterative parameters by and bo
and reformulate Equation 4 into

min  fzafly + 5 20— Ded — b3

i,2z1,z2,b1,b2

A 5
+51¢ = Szal3 + llze ~ Ri-baf3, (5)

where ;1 and po are the penalty parameters. The Split
Bregman algorithm solves Equation 5 by iteratively solv-
ing simple subproblems that minimize over one variable
at a time. The subproblems at iteration k£ + 1 and their
solutions are listed below.
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1) Minimizing over i: In the first step, variable i is esti-
mated by solving the following optimization problem,

i**1 = arg min %Hz’f —D,i—b¥|3
i

M2 : = .
+ 5 175 — Ri = b33, ©)
which can be shown to have the following solution,

i**1 =[uD!'D; + poRTR] 11D/ (2} — bf)
+ 1oR” (25 — b)), 0

Since R” R and DY D, are both BCCB, we can efficiently
calculate i**1 using FFTs and avoid the costly matrix in-
version.

2) Minimizing over z,: In the second step z; is esti-
mated by solving the following optimization problem,

2"+ = arg min Hz1||1+%||z1—Dtik“—b’fng, 8)
Z1
which is given by [2]
1
281 = shrink(D,i* 1 + bk, =), 9)
M1

where shrink(a, 8) = Tal max(a — 3,0) is the shrinkage
operator.

3) Minimizing over z,: In the third step z, is estimated
by solving the following equation

)\ ~
A7 = argmin 316~ 3+12 o RiF b3
Z2
(10)
The solution to this equation is
251 =[ASTS + pol] ' [ASTP + o (RiMF! + b)),
(11)

where matrix STS + I is diagonal and can be easily
inverted.

4) updating b, and b,: Finally, b; and b, are updated
as

bi™h =bf — 2T + D,i". (12)
bATl = bk — 251 L RiFHL (13)
4. Results

We use simulated two-dimensional tissues to generate
electrograms and to compare the performance of our pro-
posed method in LAT estimation, denoted by SDy,¢, with
the conventional method, denoted by SDegr,. We use zones

(b)
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Figure 2. (a) The conductivity map of a simulated tissue,
the red dots show the electrode array location. (b) The re-
sulting activation map. (c) 9 representative simulated elec-
trograms.

of slow conduction in tissue, introduced in [4], as a mech-
anism for generating fractionated electrograms. Figure 2
shows an example of the tissue’s conductivity map with
randomly distributed zones of slow conduction. The red
dots show the location of electrodes on the tissue. The
temporal resolution of electrogram recording is 0.2 ms.
The cell-to-cell distance on the tissue is 0.66 mm, while
the electrodes are sampled on a coarser grid where the
electrode-to-electrode distance is 2 mm. This makes the
ratio of available electrograms to the total number of cells
in the recording area 1 to 9. We then use S to set the
value of cells with no available electrograms to zero. In to-
tal we simulated 10 tissues and generate 1350 electrograms
including 51 fractionated electrograms (electrograms with
more than one distinctive descents) .

The proposed deconvolution algorithm (from Section 3)
was used to estimate the transmembrane current. First, the
simulated electrogram arrays were normalized to have a
maximum amplitude of 1. Vector i was initialized with
the zero padded electrogram array. Parameters A = 7 x
1075, 1 = 0.01, and o = 0.01 were heuristically ad-
justed based on visual inspection of the estimated trans-
membrane current estimation and a small LAT estimation
error. For faster convergence, we also update 11 and o in
each iteration, based on the approach proposed in [5]. The
algorithm stops after 100 iterations.
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Figure 3. The histogram of absolute errors (larger than 1
ms) in LAT estimation using SDegr, and SDyy,c on simu-
lated fractionated electrograms.

Finally SDyp,c and SDegr, were used to estimate the
LATs. SDyy,. annotates the timing of the steepest de-
scent of the estimated trans-membrane currents as the LAT,
while SD.g, annotates the timing of the steepest descent
of the electrograms [6]. Figure 3 shows the histogram of
the absolute error between the ground truth LAT and the
estimated activation time using SDegm and SDyy, of all
electrograms with absolute errors larger than 1 ms. As
can be seen, the reference algorithm SDgp, produces much
larger errors (up to 13 ms). These large errors usually be-
long to areas with a large delay and abrupt change in LAT
which might be an indicator of electropathology. On the
other hand, the SDg,,, ignores these large delays and pro-
vides a more regular, but less correct, map.

5. Conclusions

A fast approach for estimation of transmembrane cur-
rents from an electrogram array through a constraint de-
convolution problem, was proposed. The approach uses
l1-norm to penalize solutions with a non-sparse temporal
gradient. The timing of the steepest descent in the result-
ing transmembrane currents (instead of the electrograms)
can then be used as the LATs. We showed, by using sim-
ulated data, that the estimated trans-membrane current can
be used for a better estimation of LATs.

Acknowledgments

This research has been made possible by the Dutch
Heart Foundation and the Netherlands Organization for
Scientific Research (NWO), as part of their joint strategic
research program: “Earlier recognition of cardiovascular
diseases”. This project is partially financed by the PPP
Allowance made available by Top Sector Life Sciences &
Health to the Dutch Heart Foundation to stimulate public-
private partnerships.

References

[1] de Groot NM, Houben RP, Smeets JL, Boersma E, Schotten
U, Schalij MJ, Crijns H, Allessie MA. Electropathological
substrate of longstanding persistent atrial fibrillation in pa-
tients with structural heart disease: epicardial breakthrough.
Circulation 2010;122:1674-1682.

[2] Goldstein T, Osher S. The split bregman method for 11-
regularized problems. SIAM journal on imaging sciences
2009;2:323-343.

[3] Chouvarda I, Maglaveras N, de Bakker JM, van Capelle FJ,
Pappas C. Deconvolution and wavelet-based methods for
membrane current estimation from simulated fractionated
electrograms. IEEE transactions on biomedical engineering
2001;48:294-301.

[4] Jacquemet V, Henriquez CS. Genesis of complex fraction-
ated atrial electrograms in zones of slow conduction: a com-
puter model of microfibrosis. Heart rhythm 2009;6:803-810.

[5] Simoes M, Almeida LB, Bioucas-Dias J, Chanussot J. A
framework for fast image deconvolution with incomplete ob-
servations. IEEE transactions on image processing 2016;
25:5266-5280.

[6] Spach MS, Kootsey JM. Relating the sodium current and
conductance to the shape of transmembrane and extracellular
potentials by simulation: effects of propagation boundaries.
IEEE transactions on biomedical engineering 1985;10:743—
755.

Address for correspondence:

Bahareh Abdi

Faculty of Electrical Engineering, Mathematics and Computer
Science, Technical University of Delft, 2628 CD Delft, The
Netherlands.

b.abdikivanani @tudelft.nl

Page 4

Authorized licensed use limited to: TU Delft Library. Downloaded on September 30,2022 at 09:51:01 UTC from IEEE Xplore. Restrictions apply.



