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Absiract

The purpose of this paper is to apply system identifi-
cation methods to study spatial and temporal propa-
gation of atrial activation along coronary sinus (sit-
uated in the posterior left part of the heart, in the
groove between left atrium and left ventricle) dur-
ing paroxysmal atrial fibrillation (PAF) using data
recorded catheter from 7 different patients. Further-
more, interatrial mechanisms of impulse conduction
can bhe derived due to the pesition of corenary si-
nus. This study demonstrated consistency in elec-
trical activity propagation during atrial fibrillation
(AF) along coronary sinus in five patients out of
six included. Nevertheless, results on direction and
apeed of propagation depended on the patient. For
reference purposes, the method was tried out dur-
ing sinus rhythm (SR) obtaining the expected high
consistency in propagation direction and speed.

Introduction

Despite the fact that atrial fibrillation is one of
the most common cardiac arrhythmias in man, the
mechanisms maintaining this arrhythmia have not
vet been satisfactorily clarified. In 1962, Mce pre-
sented his ‘multiple wavelet hypothesis’ to explain
the characteristics of atrial fibrillation [1]. Accord-
ing to this hypothesis, atrial fibrillation is main-
tained by the coexistence of a number of independent
activation waves, called wavelets, that travel ran-
domly through the atrial myocardium around multi-
ple islets or strands of non-excitable tissue.

By endocardial activation mapping, Allessie and co-
workers have confirmed Moe's hypothesis as a basis
of acetylcholine-induced atrial fibrillation in isolated
canine hearts [2,3], [5]. They identified three types
of right atrial activation patterns, characterized by
different properties of the intra-atrial re-entrant cir-
cuits.
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Cox et al. included epicardial activation mapping
of electrically induced atrial fibrillation both in dogs
with created mitral regurgitation and in patients
with Wolff-Parkinson-White syndrome [4], [5]. The
whole epicardial surface of both the right and the
left atria was mapped using 208 electrodes in the an-
imal set-up and 160 electrodes in the clinical set-up.
The study demonstrated that multiple wave fronts,
nonuniform conduction, bidirectional block and large
re-entrant circuits occurred during induced atrial fib-
rillation.

Temporal averaging as well as characteristization of
the individual beats and atrial activations have been
developed applying a state-space realization tech-
nique in order to fit a multivariate impulse response
model to data from multiple simultaneously acquired
atrial electrograms [6,8,9]. Although the methods
{6,8,9] have proven to be reliable tools for identifying
atrial areas with consistent activation during fibril-
lation and electrograms have been locally and suc-
cessfully predicted [8], it remains a relevant issue to
evaluate spatiotemporal organization of arrhythmia.

During direct impulse conduction, using cardiac
catheters and electrical stimulation technique, we
observed that patients prone to attacks of atrial fib-
rillation often had evidence of delayed impulse con-
duction between the right and the left atrium, the
mechanisms causing this delay being unknown [7].
As the catheter is placed in the posterior left part
of the heart, in the groove between left atrium and
left ventricle, with one pole in the orifice of coronary
sinus inside right atria, mechanisms of impulse con-
duction between right and left atria can be derived.

The purpose of this paper is to present results on
spatial and temporal propagation of atrial activation
along coronary sinus during paroxysmal atrial fibril-
lation in different patients.



Materials and Methods

Seven patients with paroxysmal atrial fibrillation
(PAF) were included in the study, six of them mea-
sured during PAF and one measured during sinus
rhythm (SR). The clinical characteristics of the pa-
tients are shown in Table 1. No anesthesia was
used except Diazepam 2.5-bmg intravenous injec-
tion when needed. Endocardial electrograms were
simultaneously acquired with a commercially avail-
able standard 10 polar catheter placed in the coro-
nary sinus (cs). The closest pole to right atrium is
in the orifice of coronary sinus {Pole number 10).
This catheter was always motivated by the clinical
procedure. A DAIG 6F Decapolar CSL catheter (cat-
alogue number 401400) was used in the first 6 pa-
tients, measured during PAF. Each pole was 1 mm
wide and the distance between the electrodes 5 mm.
Therefore, the average distance between electrodes
was considered 6 mm. For Patient 7, measured dur-
ing SR, a BARD 6F Decapolar Dynamic XT (cata-
logue number 201101) was used, with electrode av-
erage spacing 2, 5, 2 mm alternatively.

Also, 12-lead body surface recordings (surface-ECQ)
were made using commercially available standard
ECG electrodes. Only lead V1 was used in this study
as a reference to distinguish ventricle and atrial acti-
vation in endocardial electrograms. Each recording
congisted of 10 unipolar electrograms from cs and
lead V1 surface-ECG, simultaneously acquired with
a sampling rate of 1 kHz, unfiltered and A/D con-
verted with a resolution of 12 bits. The catheter was
connected to the BARD Cardiac Mapping System
for data acquisition (Table 2). First three patient
recordings were acquired with the following proto-
col: the first 30 seconds and the last 30 seconds were
obtained with no artificial pacing but the remainder
30 seconds in between were measured while artifi-
cial atrial pacing performed at a pacing rate of 25
ms less than the mean interval of atrial fibrillation
(measured during one minute) using two poles (1-2,
5-6 or 9-10) of the coronary sinus catheter connected
to an external heart stimulator. Recordings during
pacing were not used in this study. Recordings from
Patients 4, 5 and 6 were acquired without any arti-
ficial pacing.

After visual analysis of each data set, some intervals
of data have been manually discarded due to satu-
rated signals when pole-tissue contact is not com-
plete. Moreover, data very close to the end of the
artificial pacing has also been rejected during the
interval that signals from pacing poles did not reach
their mean value. Besides, removal of a 50 Hz dis-
turbance component emanating from power supplies
was applied.
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TFable 1: Clinical Characteristics of the patients.

Patient Sex Age Cardial
M/F (yvears) Rhythm

1 M 52 PAF

2 M 22 PAF

3 M 56 PAF

4 M 48 PAF

5 M 46 PAF

6 M 50 PAF

7 F 58 SR

PAF= Paroxysmal Atrial Fibrillation.

Correlation analysis on complete signals
We computed the correlation function among signals
along the coronary sinus catheter, the correlation
function hetween two signals being defined as

Ciy(7)

[Cee(T)VICyy(7)]

The time shift 7 ms considering sampling rate equal
to 1 kHz The sample covariances are defined as

,T=-n,...,—~1,0,1,...,n

N-1
Coy(7) = N3 Z (%irr — Fraen ) (v — F1v-1)7 (1)
=1

and the sample means

N-1
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i=1

N
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where:
N= total number of samples
7= time shift in ms.

Next, the maximum of the correlation function is

Tmax = arg :nax(p(t)), Prmozx = P(Trmazx) (2)
where Tpqy gives the time shift (in miliseconds)
where both signals are most correlated, i.e., major
similarity between these two signals is found when
one of them is shifted r ms. and p,,,, gives the max-
imum correlation coefficient in a range from zero to
one which means that correlation between signals is
low or high, respectively.

Excitation direction and velocity component

All signals were analyzed in order to find the refer-
ence signal as the one that presented first activation
by means of resulting positive time shifts in the max-
imum of the correlation function. coronary sinus can
be extracted. The excitation direction can be inferred
from the sign of 7n4y. A positive time shift indicated



Table 2: Characteristics of recordings for each patient.

Fatient Poles Pacing Duration
included poles NP+ P

(seconds)

1 all 1.2 58+32

1 all 5-6 60+31

1 all 9-10 60+30

2 all 1.2 66+29

2 all 5.6 61+30

2 all 9.10 60+30

3 all 1-2 62+31

3 all 5-6 62-+31

4 - 4,6,8,10 none 42+0

5. 1,4,6.8,10 none 11+0

5 1,4,6,8,10 none 28+0

6 1,4,6,8,10 none 14.+0

7 all nene 64+0

7 all nene 656+0

NP= Time (s) of recordings without artificial pacing.
P= Time (s) of recordings during artificial pacing between
electrodes shown in column "Pacing Poles’.

propagation from the reference pole to the other pole
used to calculate the correlation function, whereas a
negative time shift denotes propagation towards the
reference signal. The excitation speed can be esti-
mated from the absolute value of Thax.

_ Blx—r m
(Tmax)rc 8

r = index of reference pole

x = index of second pole in correlation function
(Tmoz )rx = maximum in the correlation function bet-
ween signals from poles r and x.

(3)

Vrx

Substitution of ventricle response by a linear
interpolation in all CS catheter signals
Considering that ventricular excitation affected our
signals with higher amplitude than atrial excitation,
previous results could be distorted by ventricular ac-
tivity. Since we are only interested in atrial electrical
activity, substitution of ventricle response was per-
formed calculafing its start and end as the limits of
the QRS complex in lead V1 surface-ECG. Interpre-
tation of ECG recordings traditionally classify the
signal morphology in terms of P-wave (atrial acti-
vation) followed by a QRS complex (ventricle acti-
vation), Accurate estimation of QRS start and end
was not necessary as long as the high magnitude of
ventricle impulse is removed from the coronary si-
nus signals. Afterwards, a linear interpolation was
calculated in between beth estimated lmits. An ex-
ample of this substitution is presented in Figs.1 and
2 during one heart beat. Large difference in mag-
nitude of ventricle and atrial response can be recog-
nized,
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Figure 1: Real signals during one heart beat in Patient
3. Lead V1 surface-ECG (black) and coronary
sinus signals from Poles 1-3 (colored).
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Figure 2: Signals with ventricle response removed dur-
ing one heart beat in Patient 3. Lead V1
surface-ECG (black) and corenary sinus sig-
nals from Poles 1-3 (colored).

System identification for cross verification
Considering as inputs the closest poles to the cutput
electrode, a simple linear model was fitted to data
using least-squares method. The input-output delay
was given by the results obtained from the correla-
tion analysis. Our linear regression analysisis based
on the model

N N
Z biyr-is-1+ Z CiYb-isr1t ek

N
AiYe—iza +
= i=d; i=dy
{4}

=1

Yis =

where:

s = space (number output pole)

k = time (sample instant)

d; = delay between y; and y;.; given by previous
results in correlation analysis

dy = delay between y, and y,4; given by previous
results in correlation analysis

er = additive errors are assumed to have the form:

El{e)} =0, Elee;) =025 Vij (5)



In ARX form

A(q)ys(t) = B{@)ye-1(t — d1) + C(q)ys+r(t —- d2) {6)

Model validation was quantitatively computed in
terms of percentage 'Variance Accounted For’ (VAF)
and qualitatively by cross validation between real
and estimated output.

(P~ Fw)* (P =~ Fv)

VAF=(1- ViV

) x 100% (7)

The VAF score is a simple test quantity which gives a
measure of the correctness of a model by comparing
the estimated output of the model and output data.
Cross validation was made applying input data not
previously used in identification to investigate the fit
of model and data.

In summary, the procedure used involved 1) prepro-
cessing and QRS cancellation 2) correlation analysis
and 3) lead ordering with estimation of delays and
speeds.

Results

Results in correlation analysis showed consistent
patterns in spatial and temporal propagaticen dur-
ing atrial fibrillation in five patients out of six. Two
wave fronts meeting somewhere inside the coronary
sinus were identified in Patients 1 and 2. For ex-
ample, Fig. 8 presents the correlation function for
Patient 2 where the maximum spreads out in space
{1st to 8th Pole in the catheter) increasing time shift
from 0 to 45 ms and then decreasing again (from 8th
to 10th Pole). Consequently, two different excitation
directions were obtained confronting in Pole 8. A
unique consistent wave was found in Patients 3, 4
and 5. Fig. 3 shows results for Patient 3 where only
one propagation direction appeared from Tth to 1st
Pole increasing time shift from 0 to 33 ms. No con-
sistent spatial propagation was obtained for the last
AT Patient.

Direction and speed of propagation resulted depen-
dent on the patient (Table 3}. During sinus rhythm,
the case presented higher values in the maximum of
the corretation function than during AF and a unique
wave as it is shown also in Table 3.

The models obtained exhibited high accuracy and low
order (model order 4-6). Results of typical experi-
mental data and cross-validation simulation are pre-
sented in Fig. 4 (Patient 3, AF, 1 wave front, VAF=
83,4%) and Fig. 5 (Patient 7, SR, VAF= 97,9%).
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Figure 3: Correlation function (Upper graph: Patient 2,
interval 1, between firat pole as reference and
all the others.) Correlation function {Lower
graph: Patient 3, interval 3, between 7th Pole
and ail the others.) The maximum of each
correlation function is shown as a * over the
function and also its projection. X axis repre-
sents space: 1st to 10th Poles in the catheter.
Y axis represents time shift and Z axis gives
the value of the correlation coefficient.

Discussion

This study demonstrated consistency in electrical
activity propagation during atrial fibrillation along
coronary sinus in all cases with one exception.

The findings regarding to two wave fronts in first
two patients are compatible with excitation that
follows the same patterns as expected during SR,
i.e., one wave front propagating from the roof of
the left atrium and the other one coming from the
right atrium by inferoposterior interatrial connec-
tions running in bundles or in the wall of coronary
sinus. This is evidence of left atrial activation from
right atrium during PAF. In any case, all results can
be used to derive mechanisms of impulse conduction
between right and left atrium due to the position of
coronary sinus.

However, speed calculations were not conclusive due
to signals being spatially limited to one dimension
but no information is acquired from the other two



Table 3: Maximum correlation coefficient range, excitation direction and speed in each data interval.

Patient/ Interval Prmax Excitation Excitation
Data  Duration range direction speed

interval {ms) (m/s)
/1 30840 091lto05 1«2-3=8-9«10 X/115/X
1/2 12014 0.93 to 0.45 1<2-3=8-9«10 X/1.11/X
1/3 15801 095t0055 1<2-3=27«8-9-10 X/15/X
1/4 24401  0.96 to 0.49 1-2-3=27«10 1.1/0.82
1/5 6501 0.95 to 0.23 1e2-3=T7«10 X/12/09
2/1 33701  0.68 to 0.08 1=28«10 0.93/0.63
2/2 8601 0.63 to 0.07 1=8«9-10 0.78/X
2/3 29800 0.52t00.156 1=7<9-10 1.16/1.33
2/4 8564 0.51 to 0.06 1=26—-7«10 0.94/1
2/5 28752 0.59 to 0.11 157-8% 0.78
3/1 23201 0.53t0 0.3 1«5 0.92
3/2 18251 0.54 to 0.16 1«5 0.6
3/3 29500 0.7t6 02 1-2«&«T7-8 1.08
3/4 24960 0.76 t0 0.16 le=T7-8 0.77
4/1 19801  0.16 to 0.08 4<10 09
4/2 19701 0.22 to 0.07 6 <10 0.92
5/1 5000 0.32 4=8 08
5/2 9464 0.23 4=6 0.92
6/1 11775  0.86 to 0.11 no patterns X
6/2 28287 0.9 to 0.26 no patterns X
7/1 19851 091t0 06 1<8-9-10 0.71
/2 20001  0.94 to 0.65 1<8-9-10 0.71
7/3 23993 0.94 to 0.66 1<8-9-10 071
7/4 20001 0.95 to 0.66 1=8-9-10 0.71
7/5 28001 0.93 to 0.65 1<8-9-10 0.71
7/6 6866 0.95 to 0.68 1<8-9-10 0.74

Numbers 1 to 10 denote pole numbers in the coronary sinus catheter;
<, = : give the consistent direction patterns in propagation;
x-y ‘ne time shift between x and y electrodes or smaller than 3 ms.
speedl/speed2 :each speed corresponds to each previous direction (arrow);
X:speed calculation impossible; *; Poles 9 and 10 saturated,

dimensions in space. Therefore, electrical activity
propagating in an oblique directicn towards coro-
nary sinus will produce an erroneous speed calcu-
lation. Interesting future work could be done apply-
ing the same procedure on signals spread out inside
the atria in two and three dimensions, which was
infeasible at the moment of the study due to lim-
itations in available catheters. The validity of the
method was enhanced looking into the results dur-
ing sinus rhythm. The normal cardiac rhythm is
initiated from sinus node, close to the entrance of
the superior caval vein into the right atrium, then
it propagates along the entire myocardium. The
direction and speed of excitation obtained in our
study confirmed the expectations from previous stud-
ies [7,10,11]. Furthermore, elevated magimum cor-
relation coefficients, compared to those obtained dur-
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ing AF, showed high consistency in propagation, as
it is known during sinus rhythm.

High accuracy in resulting models manifested lin-
ear relation among signals in the coronary sinus
catheter. In addition, cross validation simulation
showed our system, electrical propagation among
electrodes, was time invariant during intervals be-
longing to the same data set and patient. The
manifested linear and time invariant relation among
unipolar signals could stimulate future research in
building models of electrical activity inside the heart
during different basal rhythms.
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Figure 4: Accuracy of cross validation, Patient 3, AF.
Qutput: 7th Pole, Inputs: 6th and 8th Poles,
order=5, VAF= 83,4%.

Conclusions

Despite the fact that different wave front directions
have been found, depending on the patient, we have
demonstrated consistency in electrical activity prop-
agation during atrial fibrillation along coronary si-
nus in all cases with only one exception. This could
lead to future interpretations and werk applying the
same procedure on signals spread out inside the
atria, ideally in three dimensions, where no ventricle
response can distort atrial activations for analysis.
However, we have tested our procedure on signals
during sinus rhythm obtaining the expected results
in speed and direction of excitation as well as high
consistency in patterns.
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