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Evaluating Epicardial Mapping Electrogram by the Method of
Dominant Frequency and Lorenz Plot

Ligian Sun, Yanlei Wang, Cuiwei Yang*, Ying Chen, Zhong Wu, Jianguo Yu

Abstract—The methods of dominant frequency and Lorenz
plot are used in this study to evaluate the activation rate and the
activation rate variability of cardiac signals during atrial
fibrillation. An epicardial mapping system was applied to
acquire the atrial electrogram of mongrel dogs. The dominant
frequency and Lorenz plot of each signal from various
myocardial regions of the atria were analyzed. Our results show
that both a frequency gradient and a variability gradient exist in
the atria and the roots of pulmonary veins. The dominant
frequencies of the anterior atria are higher than the posterior
ones and the activation variability of both atria was higher than
those of the pulmonary veins. A combination of these two
methods may provide a more comprehensive understanding of
the electrophysiology mechanism associated with atrial
fibrillation.

I. INTRODUCTION

To date, the electrophysiological mechanism of atrial
fibrillation (AF) has not been clearly elucidated. The widely
accepted multiple-wavelet hypothesis of AF postulates that
AF is sustained by numerous coexisting wave fronts of
electrical activity that propagate randomly throughout the
fibrillating atria -*'. In recent years, dominant frequency (DF)
analysis has become an important approach to estimate
activation rate of AF signals "\, Certain regions of the atria
have been demonstrated to have higher activation rate than
other regions, suggesting that these areas may be the drivers
that maintain AF and could be the targets of ablation therapy
(691 However, DF seems to lose the information about the
variability of activation rate for multi-rhythm signals. As a
conventional method to evaluate heart rate variability (HRV),
Lorenz plot (LP) can just make up for the shortfall """

In this study, DF was used to evaluate the activation rate
of atrial electrogram (AEG) while LP was used to analyze the
variability of activation rate of AEG. To evaluate the
variability of activation rate more digitally, we proposed a
method using evaluation index based on LP. The aim of this
study was to evaluate the activation rate and the variability of
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activation rate of AEG in various parts of the atria and the
roots of pulmonary veins (PV) underlying AF.

II. METHODS

A. Fibrillation and Mapping

Eight mongrel dogs (weight 13.4 £ 2.9 kg) were studied in
vivo. AF was induced by rapid pacing (>1000 bpm) of the left
atrial appendage (LAA) or the right atrial appendage (RAA) of
the canine heart with an intravenous injection of acetylcholine.
128 unipolar electrodes were placed on eight flexible patches.
All patches were attached to the epicardial surface of both the
atria and the roots of PVs; their distribution is shown in Fig.1.
The horizontal and vertical spacing between the electrodes on
different patches are as follows: A: 3.5 mm, 3.5mm; B: 3.5
mm, 3.5mm; C’: 4mm, 4mm; C: 4 mm, 4mm; D1: 3 mm, 2
mm; D2: 3 mm, 2 mm; D3: 3 mm, 2 mm; D4: 3 mm, 2 mm. All
of these electrodes were connected to the epicardial mapping
system (model: FDEMS-2) our lab has developed 'Y, AEG
were filtered between 3.5-600 Hz, and the sampling frequency
was 2 kHz.

B. Pre-processing and Characterization

Our hardware system conducted the signal conditioning
work, which included amplifying and filtering. Software
pre-processing mainly solved the problem of the ventricular
artefacts (mainly due to problems of electrode contact). A least
mean square (LMS) adaptive filter with noise canceller model
was introduced "> "¥. We employed the reference signals from
the apex of the heart (located in the left ventricle) as input
signals to our adaptive filter, while contaminated AEG as
additional input signals. Consequently, the error signal of the
filter provided an optimum estimate of the desired AEG.

Activation time was defined as the time corresponding to
the apex of activation waveform. In this study, a method
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Figure 1. An atrial epicardial mapping schematic diagram. A: anterior left
atrium (ALA), B: anterior right atrium (ARA), C’: posterior left atrium (PLA),
C: posterior right atrium (PRA), D1: left superior PV (LSPV), D2: left inferior
PV (LIPV), D3: right superior PV (RSPV), D4: right inferior PV (RIPV),
superior vena cava (SVC), interior vena cava (IVC). The areas shaded in gray
represented the mapping regions. The numbers in the shaded areas represented
the numbers of unipolar electrodes in the regions.
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proposed by JiaPu Pan was used to characterize the activation
times of the AEG ",

C. Dominant Frequency

The method of DF was used to estimate the activation rate
during AF P?! The DF can be denoted on the magnitude
spectrum as the frequency with the highest peak. For local
electrograms, recordings always have a sharp biphasic
waveform corresponding to rapid depolarization; this
morphology prevents a single sinusoid with a frequency equal
to the activation rate from “fitting” the signal. Thus, band pass
filtering (at 40-250 H6z]) steps were used for our AEG before

Fourier transform !> ¢,

D. Lorenz Plot

Conventionally, LP was generated for ECG RR intervals,
which plotted the nth ECG RR interval on the horizontal axis,
and the n+1th ECG RR interval on the vertical axis. In this
study, ECG RR intervals were replaced with AEG activation
intervals.

Conventional indexes based on LP including long axis,
short axis and their ratio have a poor anti-jamming ability of
occasional arrhythmia The nearly circular LP
distribution of arrhythmia ECG has introduced the analysis of
the correlation between the radius size of the circle and the
HRYV, which has been proved with academic logic "**!. In our
study, radius size normalized by average activation interval
was used as an evaluating index to calculate the activation
variability of AEG. As shown in Fig.2, the steps were as
follows: 1) Calculate the average horizontal and vertical axis
values and denote it as the centre of LP distribution, denoted

as A(x,y), in which, x=3,x,/N, y=3,,/N, N was the

total number of points in the LP; 2) Calculate the distance
from each point in the LP to the centre and get the average

distance, denoted as d , in which, d = >d; /N ; 3) d
normalized with the average activation interval (A_]) worked
out the final index, termed equivalent radius (ER = d/ A1 ).

III. RESULTS

Sustained AF was induced in live canine hearts with the
method mentioned above. For each episode (20 seconds long),
AEG from 8 patches were analyzed and compared to
demonstrate the DF and ER distribution of various parts in
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Figure 2. Schematic diagram associated with the ER value calculation. Point A
was the geometric centre; d was the average distance; A4/ was the average

activation interval; ER was the final evaluating index (ER = d/Al )

atria during AF. Altogether, 72 episodes of AF were analyzed
from 8 experiments. Rank sum test was used to estimate the
p-values.

A. Dominant Frequency Distribution during AF

In Fig.3-a, we presented the mean DFs of different parts in
atria. Please refer to Fig.1 for the abbreviation of various parts.
DFs of each part were normalized to the ALA DF and the ratio
was shown in Fig.4-a. AEG from the ALA had the highest
activation rate, with a DF of 14.60Hz while AEG from the
PRA had the lowest activation rate, with a DF of 6.51Hz. For
both atria, the DFs of anterior part were higher than that of
posterior one. For the right atrium, there was an obvious
anterior-posterior gradient of DFs (P<0.005). The difference
between the mean ARA and PRA DFs was 6.39Hz. For the
four PV roots, DFs of the left PV were a bit higher than that of
the right one. No inferior-superior gradient of DFs exist in the
roots of PVs. However, there was a gradient between the atria
and the roots of PVs (P<0.01).

B. Equivalent Radius Distribution during AF

In Fig.3-b, we presented the mean ERs of different parts in
atria. ERs of each part were normalized to the ARA ER and
the ratio was shown in Fig.4-b. The variability of activation
rate of AEG from the ARA was the largest, with an ER of
0.459 while the variability of the LSPV was the smallest, with
an ER of 0.226. The variability of activation rate in right
atrium was larger than that in left atrium both anterior and
posterior ERs. For the four PV roots, ERs were close to each
other and a gradient exists between the atria and the roots of
PVs (P<0.01).

IV. DiscussION

The Fourier transform reveals that continuous signals can
be decomposed into a sum of weighted sinusoidal functions.
Frequency with greater weight has greater influence on the
rhythm of the signal. Three 4-second-long AEGs chosen from
ARA, ALA and RSPV were demonstrated in Fig.5 with their
corresponding FFT. AEG from ARA has both a higher DF and
a larger ER; AEG from ALA has a higher DF while a smaller
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Figure 3. DF and ER distribution in atria and roots of PVs during AF. a, DF
maps of epcardial surfaces of ALA, ARA, PLA, PRA and four roots of PVs.
Areas of frequency maps indicated mapping field. b, ER maps of epicardial

surfaces of the same parts as DF maps.
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Figure 4. Gradients of activation rate and activation rate variability. a,
Gradients of DF distribution. DFs was normalized to ALA DF at different
locations and displayed in descending order. b, Gradients of ER distribution.
ERs was normalized to ARA ER and displayed in descending order.

ER; AEG from RSPV has both a lower DF and a smaller ER.

As shown in Fig.5, the DF of ARA was 13.01Hz. However,

apart from the maximum frequency, there were another two
secondary large frequencies (7.93Hz and 14.12Hz) whose
magnitude weight was greater than 0.8 in the FFT spectrum.
Under the control of at least three frequencies, the activation
rate variability of ARA signal was hard to be small. As shown
in Fig.3-b, the ER of ARA was the largest one among the
various parts of atria. For AEGs of ALA and RSPV, although
they had different DF values, only one major frequency exist
in their FFT spectrum. Single regular rhythm led to a smaller
variability of activation rate. Hence, the ERs of these two parts
were smaller than that of ARA as shown in Fig.3-b. Higher DF
reflects more rapid activity of AEG while smaller ER reflects
more regular activity of AEG. A combination of these two
methods can provide more complete information about the
activity of AEG.

Sites with high DFs have been guiding targets in current
radio frequency ablation surgery > **. However, Berenfeld et
al observed multiple DF sites in a given individual, and
although ablation at each site resulted in the slowing of the AF
process, termination was observed at other sites in addition to
the maximal DF site '%. This situation may be related to signals
with multi-rthythm. Only one frequency was regarded as DF
while other greatly weighted frequencies were neglected.
Taking the activation rate variability into consideration may
make up for the shortfall. LP, as a common method to analyze
the ECG HRV, may be appropriate for analyzing activation
rate variability of AEG. A combination of DF and LP methods
may provide a more comprehensive understanding of the
electrophysiology mechanism associated with AF.
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Figure 5. AEG from (a)ALA, (b)ARA and (c)RSPV with their corresponding
FFT. AEG from ARA was a multi-rhythm signal, for its magnitude spectrum
had another two secondary large frequencies except the maximum one
(14.12Hz). AEG from ALA and RSPV were single thythm signal with only
one frequency of large weight.

V. CONCLUSION

DF is an effective tool to estimate activation rate of AF
signals while LP is appropriate to evaluate the activation rate
variability of AF signals. There are gradients of both
activation rate and activation rate variability in the atria and
the roots of PVs during AF. A combination of these two
methods provides more complete information about the
activity of AF signals.
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