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Abstract

This paper reports two attempts at estimating the magni-
tude of atrial flutter amplitude modulation caused by atrial
motion during heart contraction. The first approach con-
sists in analyzing the ECG of a patient in flutter with atrio-
ventricular block and an implanted pacemaker. These con-
ditions facilitate QRST cancellation, even in the presence
of time-varying flutter wave amplitude. The second ap-
proach is based on a computer model of atrial flutter em-
bedded in a torso model featuring predetermined motion
of the atria. The results suggests that this lead-dependent
effect is usually not large enough to preclude reasonably
accurate QRST cancellation or T-wave extraction.

1. Introduction

During atrial arrhythmia, ventricular contraction may
modulate the morphology of the atrial contribution to the
ECG by moving or constraining atrial geometry and by af-
fecting blood pressure. Ravelli et al. demonstrated that this
effect can cause fluctuations in atrial cycle length [1,2].
We hypothesized that ventricular contraction induces small
changes in atrial signal amplitude on the thorax.

Our aim is to estimate an upper bound for this effect as it
could affect the interpretation of QRST cancellation during
atrial fibrillation and flutter. If ventricle-induced changes
in atrial wave amplitude were large, they would limit the
ability to predict atrial signal in the QT segment from data
measured in the TQ segment [3]. QRST templates com-
puted using average beat subtraction algorithms would also
include some ventricular-contraction-dependent contribu-
tion from the atria.

Two approaches were investigated. The first estimate
was based on ECG in a patient in which QRST cancella-
tion was facilitated by the atria and the ventricles being
activated independently and at a different rate. The sec-
ond estimate was based on a simplified atrial model with
time-dependent geometry embedded in a torso model.
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2. Methods

2.1. Patient data

A patient in stable atrial flutter with complete atrio-
ventricular block and a pacemaker was selected. Three-
lead ECG was recorded during one hour at rest (Burdick
Holter, Model 6632). Electrode configuration was de-
signed to generate 3 pseudo-orthogonal leads X, Y and Z
(X'=V5vs Vér; Y = upper sternal vs LL; Z = V3r vs V9).
Sampling frequency was 500 Hz. All signals were band-
pass filtered (0.01-100 Hz). During ECG recording, the
pacemaker was programmed to deliver ventricular stimuli
at a fixed rate of 40 bpm. As a result, the atria and the ven-
tricles were both activated at a stable rate, but without any
causal relation between atrial and ventricular activation.

2.2.  Atrial signal extraction

Atrial and ventricular components of the ECG were sep-
arated using an average-beat subtraction method [4]. The
n-th beat of a lead of the ECG, that is, the segment between
the n-th and the (n + 1)-th R wave, is written as

ECGL(t) = Au(t) + Vu(t), t€[0,T,] (1)

where A,, and V,, are respectively the atrial and the ven-
tricular contribution, and T, is the ventricular pacing cycle
length. Since ventricular rate is fixed over a long period,
the morphology of the QRST complex is expected to re-
main stable:

Va(t) =o(t), te[0,T]. 2

Assuming that the atrial signal is also stable with an am-
plitude possibly modulated by the phase in the ventricular
cycle

Ap(t) =m(t) -alt —7,), te€][0,T,]. 3)

where m(t) is an amplitude modulation function, a(t) is
the atrial signal waveform (zero-mean periodic function of
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period 1), and 7, is the time shift between atrial and ven-
tricular activation at beat n.

The ECG averaged over N beats (after R-wave align-
ment) gives:

BOG() =+ 3 (Au(t) + V1) )

= vft) + m(t); Y alt — )

n

®

If the time shift 7,, is uniformly distributed between 0
and T, the atrial contribution vanishes:

1Za(t—7)~1/Taa(t—7)dT—0 (6)
N £ T o

so that the ventricular component can recovered by averag-
ing the ECG, i.e., ECG(t) = v(t). The atrial component
is computed as A, (t) = ECG,(t) — ECG(t).

2.3. F-wave amplitude

The modulation function m(¢) may be identified by tak-
ing the maximum over all the beats:

)

max A, (t) =m(t) max a(t — 1) = m(t) amaq -

This is an appropriate method for simulated signals. Sen-
sitivity to noise limits its applicability to clinical data.

To increase robustness, a min/max filter with window
length of one flutter period was applied to A, (¢) to com-
pute the upper envelope A" (¢) and lower envelope of the
signal A, (t). F-wave amplitude was defined as (A, (t) —
A; (t))/2. Mean and standard deviation (SD) of F-wave
amplitude averaged over the beats were computed as a
function of ¢ (time from the R peak).

2.4. Modeling framework

The goal is to create a modeling environment to esti-
mate the effect of heart motion on the atrial component of
the ECG. In order to provide a worst-case estimate, sim-
plifying hypotheses will be made:

o The torso is assumed to be motionless and with uniform
conductivity. The subject is relatively lean, so the heart is
close to the surface of the thorax.

« Respiration effects are not taken into account to isolate
the contribution of heart motion.

o The movement of the atria will follow a prescribed trans-
formation optimized for normal rhythm. This will overes-
timate the variations in volume and orientation when ap-
plied to macroreentrant atrial activity.

« Membrane currents are supposed to be unaffected by
stretch or contraction.

« A simplified model of atrial propagation will be used
(simplified geometry; uniform propagation).
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2.5. Model geometry

Magnetic resonance image (MRI) acquisition was per-
formed on a relatively lean, male healthy subject. Heart
rate was 80 bpm (750 ms). Using R-wave gated synchro-
nization, 50 time instants were recorded during the cardiac
cycle (one image every 15 ms). Images were segmented.
Atrial, ventricular and torso geometry was reconstructed as
low-resolution triangular meshes. An atrial mesh was se-
lected to create a higher-resolution higher-quality mesh ap-
propriate for numerical methods (reference mesh). Rigid
registration was applied by computing the optimal affine
transform f(§) = A(t)7 + b between the reference mesh
(7;) and the atrial meshes corresponding to other time in-
stants (& (t)). The following error function

(Abit) = min [[A(t)g; + b(t) - Z0O1° @

was minimized with respect to the 12 entries of the ma-
trix A and the vector b for each of the 50 time instants.
The MATLAB implementation of multidimensional uncon-
strained nonlinear minimization algorithm (Nelder-Mead)
was used. Torso geometry was assumed to remain un-
changed during the cardiac cycle.

2.6. Atrial activation

Flutter-like reentrant activation was simulated using the
monodomain equations in a simplified atrial geometry
with uniform conduction properties [5]. The evolution
of the transmembrane potential V,,, was governed by the
reaction-diffusion equation:

8 V;n

Cm ot =

BiV.oVV,

-1 on (9)
where C,, is the membrane capacitance per unit area of
membrane, (3 is the area of membrane per unit volume,
and o is the effective conductivity. No-flux boundary con-
dition was assumed. The ionic current flowing through the
membrane I;,, was described by the Courtemanche model
of membrane kinetics [6]. L-type calcium current was in-
hibited by 75% to reduce action potential duration and rate
adaptation and thus stabilize the reentry.

A cubic mesh (748,741 nodes, Ax = 0.33 mm, thick-
ness ~ 1.6 mm) was created to represent the atrial my-
ocardium [5]. Parameters were set to C,,, = 1 uF/cmz,
B = 2000 cm~!, ¢ = 4.2 mS/cm. Monodomain equa-
tions were solved using finite-volume discretization and
forward Euler numerical, assuming that the atrial geom-
etry was fixed. A flutter-like reentrant activation was initi-
ated using a programmed stimulation protocol [5]. Mem-
brane currents I;(t) flowing into the extracellular medium
(source current for the volume conduction problem) were
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Figure 1. Amplitude of flutter waves extracted from patient data as a function of the time in the cardiac cycle (for each
lead), mean (blue solid line) + standard deviation (dashed lines). The T and U waves are shown for reference (red curves).
RR interval (7},) is 1500 ms and atrial cycle length (7}) is 314 ms.

computed at each node 7 after 1 sec of stable reentrant ac-
tivity.
2.7. ECG computation and analysis

ECGs were computed in a homogeneous torso with a
two-step approach. First, the volume conduction medium

was assumed to be homogeneous and unbounded. In this
case, the potential at point Z' reads:

—7)

B 1 I(t
On(E6T) = oD

(10)

— 7

where I;(t) is the membrane current flowing into the extra-
cellular medium in the volume element located at Z; and
o is the extracellular conductivity. The parameter 7 is
the phase shift between atrial and ventricular electrical ac-
tivity. It corresponds to the variable 7,, in clinical signals
[Eqg. (3)]. The potential ¢, is computed at each vertex of
the mesh of the torso. Then, the effect of torso boundary is
taken into account using boundary element methods [7]:

0(E0) = 20020 — 5o [o@nan@s  an

where S is the surface of the torso, dQ(Z, 2) is the solid
angle subtended by the surface element located at & with
respect to the point Z. As a result, the body surface poten-
tial ¢ is a linear combination of the potentials ¢ .

Signals corresponding to the X, Y and Z leads were
computed in the time interval [0, 7)) for 7 varying from
0 to T, during simulated flutter-like activity. F-wave am-
plitude envelopes were extracted based on Eq. (7) where
the maximum was taken over all possible values of 7.
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3. Results

For patient data, the phase shift 7,, was computed from
the position of the largest positive peak of the cross-
correlation between flutter waves in the TQ interval of
the first and the n-th beat. The distribution of inter-
vals between R waves and flutter waves (7,,) was not sig-
nificantly different from a uniform distribution (p=0.28;
Kolmogorov-Smirnov test). As a result, most of the atrial
activity was suppressed by beat averaging, as illustrated
in Fig. 1 (red curves). Note that the U wave was kept in-
tact. Figure 1 shows that the amplitude of the envelope
of F waves as a function of the time in the cardiac cycle
remained relatively stable. Variations in average F-wave
amplitude due to heart motion were of the order of back-
ground noise and fluctuations caused by breathing.

Figure 2 shows signals representing the atrial contribu-
tion to the simulated ECG computed using a moving heart
geometry. The coefficient of variation (SD/mean) of the
envelope of F-wave amplitudes during the cardiac cycle
was 4.4%, 5.8% and 25% respectively for lead X, Y and Z.
Larger variations in lead Z were due to the small distance
between one of the electrode and the heart.

4. Discussion and conclusions

Modulation of atrial ECG morphology by heart motion
might deteriorate the performance of QRST cancellation
and T-wave extraction algorithms. In the clinical ECG, the
effect was found to be small. However, the patient had pre-
existing heart problems that necessitated pacemaker im-
plantation. This patient may therefore correspond to a
best-case scenario as far as QRST cancellation is con-
cerned. The influence of heart motion is expected to be
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Figure 2. Simulation of the atrial contribution to pseudo-orthogonal ECGs (lead X, Y and Z) for different phase shifts
between atrial and ventricular activation. One of the lines is thicker to emphasize signal morphology. Time from O to
750 ms represents a cardiac cycle from a R wave to the next one.

larger when the ventricles are healthier. Furthermore, uni-
form phase distribution is unlikely when ventricular acti-
vation is triggered by the atria.

The computer model was aimed at assessing the sensi-
tivity of the forward problem during atrial flutter with re-
spect to displacement of atrial geometry. Since atrial mo-
tion during normal rhythm was incorporated in the model,
the geometrical effect is overestimated, thus providing a
worst-case model. More sophisticated models [8] would
need to be developed to accurately describe these effects
and overcome the strong limitations listed in Subsect. 2.4.
Our simplified model may still be used for the identifica-
tion of electrode configurations that are least affected by
heart motion.
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