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Abstract

Ablation of the slow pathway is the treatment standard for typical atrioventricular nodal reentrant tachycardia
(AVNRT). However, the risk of complete heart block due to ablation of the fast pathway remains approximately 1%.
Spectral analysis of the atrial components of ablation catheter signals during slow pathway ablation can provide
additional information for precisely defining ablation sites. A retrospective study of the atrial components of
70 ablation catheter signals obtained from 20 patients was performed. Signals immediately prior to ablations were
analyzed. The signals were divided into two groups: “good” (desired ablation answer) and “bad.” MATLAB software
was used to analyze the signals. The amplitude spectrum received most attention. Afterwards, we compared similarities
between “good” and “bad” signals from one patient using cross-correlation. The study population consisted of
20 patients. Each patient had one “good” signal and two or more “bad” signals. The mean frequency of the “good”
signals was 13.37 + 6.78 Hz and of the “bad” signals was 15.79 £ 6.82 Hz (p = n.s.). The relationship between “good”
and “bad” signals was 0.73 + 0.19. The amplitude spectrum of the atrial components of ablation catheter signals did
not provide any useful differentiation for improving ablation accuracy.
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Introduction pathway remains approximately 1% [2]. In many cases,
it is difficult to determine the precise ablation site,
although, there are several guidelines for determining

Radiofrequency ablation (RFA) of the slow pathway the approximate location [3]. An appropriate signal on
has become the gold standard in the treatment of the ablation catheter or emergence of a junctional
atrioventricular nodal reentrant tachycardia (AVNRT). rhythm, during RFA, is a marker for a successful

The success rate of this method is greater than 95% catheter ablation [4]. We hypothesized that the signals
[1]. However, the risk of complete heart block due to from the slow pathway could have a slightly different
ablation of the compact portion of the AV node or fast spectral analysis compared to signals from the
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surrounding area. If there were differences between
them in the time domain, then it might be impossible to
recognize them visually. A cross-correlation, which is
a more sensitive method than visual assessment alone,
was used to calculate the similarity between signals.
The second step was a spectral analysis of the signals.
We postulated that a spectral analysis of the atrial
components of ablation catheter signals could provide
additional information for precisely defining each
ablation site.

Patients and Methods

Patients

Patients presenting with a typical (slow-fast) form of
AVNRT were recruited from January 2012 to October
2013. A retrospective study of the atrial components of
ablation catheter signals was then performed. Seventy
signals obtained from 20 (15 women, 5 men, average
age 57) patients were studied.

The study was approved by the local Ethics
Committee and written informed consent was obtained
from all patients. Prior to the electrophysiological (EP)
procedure, all patients were documented as having
supraventricular tachycardia that was presumed to be
AVNRT based on a 12-lead ECG and the presentation
of typical symptoms. Venous access was achieved
using the right femoral vein. A 10-polar (deca-polar)
catheter (Dynamic, BARD, USA) was inserted into the
coronary sinus (CS) and a quadripolar catheter (Viking,
BARD, USA) was inserted on the Bundle of His.
Additionally, a 4 mm non-irrigated ablation catheter
(Alcath, Biotronik) was inserted into the right ventricle.
At the beginning of the EP study, the presence of an
accessory pathway was excluded using as set of well-
described maneuvers (i.e. the activation pattern in the
CS during ventricular stimulation and decremental
retrograde VA conduction). After this procedure was
complete, programmed atrial stimulation was perfor-
med. It is common practice in electrophysiology labs to
induce AVNRT. When typical AVNRT was not
inducible, the presence of an A-H jump (a prolongation
of the AH interval > 50 msec) and an atrial echo, with
a documented history of supraventricular tachycardia
compatible with AVNRT, were sufficient to start the
ablation procedure. Between ablations we tested whet-
her AVNRT was still inducible or whether an echo and
jump was present. At the end of the procedure all
patients were without inducible AVNRT and had no
atrial echo.
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Only patients with typical (i.e. slow-fast) AVNRT
were included in the study; if it was possible to induce
an atypical form of AVNRT, the patient was excluded
from the study. AV node parameters (AH and HV
intervals, and the Wenckebach point) were measured
prior to and following ablation. Patients with decreased
AV conduction (i.e. suspected fast pathway ablation
damage) were also excluded.

Mapping and ablation

The estimated slow pathway area was assessed using
an electro-anatomical approach. The initial target zone
for mapping was the isthmus of tissue between the
tricuspid valve annulus and the CS os [3]. The ablation
catheter was inserted into the right ventricle and then
moved inferiorly and medially so that it laid anterior to
the CS os. It was then withdrawn toward the tricuspid
annulus until the distal pair of electrodes recorded
a small atrial deflection and a large ventricular deflect-
tion with an A/V ratio, on the distal part of the
electrode, between approximately 1/10 and 1/3. The
objective was to visualize multiple components of the
atrial electrogram [3]. If appropriate signals were not
found in these anatomical locations, the area between
the tricuspid annulus and coronary sinus ostium was
mapped until the aforementioned signals were found.
The specific slow-pathway signals, previously
described by Jackman and Haissaguere, were not
specifically mapped [5, 6].

When suitable signals were found, RF energy (using
a Stockert EP shuttle) was delivered using the
temperature-controlled mode. The power output (30—
50 W) of the radiofrequency generator was adjusted
according to temperature (50 °C maximum). Energy
was supplied based on the ablation response; the
expected response was either a junctional rhythm or
frequent junctional extrasystoles. If such a response did
not occur within approximately 20 seconds, energy
delivery was stopped. If the expected response was
achieved, the energy delivery was prolonged for a
maximum of 60 seconds. Afterward, AVNRT and the
presence of an atrial echo and jump were assessed. The
procedure was concluded if conduction duality was not
present 15 minutes after the last ablation, which was
tested with and without isoproterenol.

A LabSystem Pro (Bard, Inc.) was used to record
surface ECGs and intracardiac signals. The sampling
frequency was 2000 Hz for all analyzed signals. Each
signal was filtered with a 0.1-100 Hz band pass filter,
which was proposed by Bard.
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Signals and statistical analysis

The signals from the ablation catheter were recorded
before each ablation. The analysis was done offline
after the ablation procedure. The recorded signals were

in the same area that were not associated with these
two characteristics were categorized as “bad” signals.
Each patient had, at least, one “good” signal and one
(or more) “bad” signals. With regard to “good” signals,
only those signals measured before the first successful
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Fig. 1: Activation wave detection using thresholding. Atrial component of the signal in front of
the ventricle far-field is selected for further analysis.

divided into two groups: “good” and “bad” according
to the effect of the energy application. Signals obtain
before ablation were analyzed. “Good” signals (i.e.
signals from each slow pathway) were characterized by
1) a typical junctional rhythm (about 60 bpm) or
frequent ectopic beats during RF energy application,
and 2) the absence of an atrial echo and jump following
a particular ablation. Both conditions had to be met
prior to the signal being categorized as “good.” Signals

ablation (when two ablations were done on the same
spot the signals before the second ablation could be
influenced by the first) were analyzed. In recurrences
of slow pathway conduction following a successful
ablation, no additional “good” signals were analyzed,
which excluded possible signal changes due to edema
associated with repeated ablations.

MATLAB R2013a was used for signal processing.
Software with a graphical user interface (GUI) for
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Fig. 2: Detected atrial components from one signal before ablation that was classified
as good. Atrial components were synchronized by minimas.
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Fig. 3: Mean wave calculated from the detected atrial components. Left picture is calculated from the atrial
components showed on the Fig. 3 and the mean wave is for good signal. Right picture is for bad signal.
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signal analysis was created for this project. Thanks to
the program, we were able to load data from “text”
(txt) files exported from the LabSystem. A 1-minute-
long signal measured before the start of ablation was
exported from the BARD system. Once the “text” files
were loaded into the GUI, we chose signals, for
analysis, having a duration of four or six seconds,
immediately prior to ablation (Fig. 1). During this
period, we detected about 5 contractions depending on
patient and their current heart rate. We focused on the
atrial component of the signal and therefore had to
detect the ventricle far-field using thresholding. All
detected ventricle far-fields were checked visually. The
signal section before the ventricle far-field was used
for further analysis (see Fig. 2). The part of the signal
before the ventricle far-field was chosen manually
based on our experience that there was a brief isoline
between the atrial component and ventricle far-field.
All atrial components from one patient and one signal
had the same length. The minimum of each detected
wave was found, and all activation waves were sorted
according to the minimum. In order to reduce random
events, the program calculated a mean activation wave
from the sorted signals (see Fig. 3). Therefore, we had
for each period before the ablation the mean wave for
further processing. The next step was to obtain the
amplitude spectrum of the mean wave. A fast Fourier
transform was used to transform the mean wave into a
frequency domain (see Fig. 4). Each mean wave was

padded with zeros (zero padding) to signal length 2". In
our case we obtain 2048 samples. It is customary to
pad each segment with zeroes in order to determine the
spectral peak location more precisely.

Finally, “good” and “bad” signals were compared
using a cross-correlation in the time domain. The cross-
correlation was calculated using the Matlab function [c,
lag] = xcorr (good signal, bad signal, ‘coeff’).
Parameter ‘coeff’ means that the resulting sequence
was normalized from —1 to 1. The correlation function
was normalized to “1” meaning that signals were
identically equal or “0” meaning that signals were not
dependent. The correlation coefficient was calculated
using the Matlab function R = corrcoef (good signal,
bad signal).

Statistical analysis was done using SigmaStat 3.5
software (Systat Software, Inc.). Data were tested for
normal distribution using the Kolmogorov-Smirnov
test. Differences in the mean value of maximum signal
frequency between “good” and “bad” signals were
tested using the t-test. Normality and equal variance
was passed. P value for significance was 0.05.

Results

Twenty patients (15 females) with typical AVNRT,
undergoing RFA of the slow pathway were included in
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Fig. 4: An example of amplitude spectrum of one signal (above for good signal,
below for bad signal). The arrows show the dominant peak. Amplitude spectrum was

calculated using fast Fourier transform.
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the study. An example of the detected atrial component
used for analysis is shown in Fig. 2. An example of the
amplitude spectrum of a typical signal is shown in
Fig. 4.

Seventy signals were recorded and analyzed: 20 were
categorized as “good” signals and 50 as “bad” signals.
The mean number of “bad” signal was 2.5 + 1.9 (range
1-7). The dominant peak in the amplitude spectrum
was observed. For each patient, the dominant peak in
the amplitude was determined (see Fig. 4). Among the
“good” signals, the mean dominant peak in the
amplitude spectrum was 13.37 + 6.78 Hz. Among the
“bad” signals, the mean dominant peak was 15.79 +
6.82 Hz. There was no statistically significant
difference between the two groups (P =0.185). The
relationship between “good” and ‘“bad” signals
expressed using the cross-correlation (expressed as the
maximum value calculated by xcorr) was 0.73 £+ 0.19
(see Fig.5). The correlation coefficient between
“good” and “bad” signal was 0.65 + 0.20.

1

Although the specific slow pathway signal has
been described by Haissaguerre and Jackman [5, 6],
most electrophysiologists use the electro-anatomical
approach. This approach consists of looking for small
atrium and large ventricle signals on the ablation
catheter with a high frequency, small amplitude, and a
multiple-component atrial component in the area
between the tricuspid annulus and CS os. Usually, this
postero-septal or mid-septal region is mapped. Slow-
fast AVNRT typically uses the right anterior extension
as an antegrade limb, which lies in the bottom part of
the triangle of Koch, and despite inter-patient
anatomical differences, the fast pathway rarely lies in
this area [7]. The presence of ectopic junctional beats
during delivery of RF energy to the site presents a
positive signal, and is associated with a high likelihood
of AVNRT elimination [8]. Using the electro-
anatomical approach, slow pathway signals were not
specifically mapped. However, in both electrogram-
based and anatomical approaches, small, wide, or
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Fig. 5: The result of cross-correlation calculated using Matlab function xcorr. On the figure
is result for the bad and good sinal showed on Fig. 3. The maximum of this function was 0.92.
Correlation coeficient was 0.93.

Tab. 1: Baseline information about patients

Number of patients 20 (5 males, 15
females)

Average age 57+17 (18-83)

Number of good 1

signals per patient

Average number of 2.5+1.9(1-7)
bad signals per patient
Mean heart rate during | 158 £ 27 (120-210)
AVNRT
Discussion

A spectral analysis of the atrial component of signals
prior to RF ablation did not result in a successful
differentiation of “good” and “bad” signals.
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fragmented atrial signals should be present on the
ablation catheter [9]. In case of a slow pathway, the
atrial component should be longer than 40 ms [10].

The slow pathway potential described by
Haissaguerre was present shortly after the atrial
component, and delayed more to the ventricular
component during faster atrial pacing [6]. In high
frequency, multi-component atrial signals, the terminal
portion might contain the slow pathway potential. On
the other hand, the slow pathway potential can be
recorded easily in the right atrial postero-septal region
with detailed mapping; however, the presence of this
signal on the ablation catheter does not specifically
predict ablation success [8].

The slow-pathway potential, as described by
Haissaguerre et al., was not specifically mapped in our
study. Other approaches for typical AVNRT ablation
with similar success rates have been described
[9, 11, 12]. There are approaches that are more simple,
for instance Femenia described an anatomical approach
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using two catheters with no precise signal mapping on
the ablation catheter. Despite this, very good long-term
results have been recorded [13]. On the other hand,
there are approaches based on very careful mapping of
slow pathway potentials. Potentials were obtained
conventionally by Haissaguerre [6] and Jackman [5],
however, more recently, 3D mapping of the Koch
triangle has become possible, as well as recording
signals from this area. This allows for a much more
targeted ablation [14].

The electrogram-based approach is precise and
apparently reduces the length and power of applied RF
energy through better localization of the ablated site
[14]. However, not even detailed mapping produces
100% success rates, while also avoiding damage to
anything but the slow pathway.

During detailed mapping, the slow pathway potential
can be recorded easily in the right atrial postero-septal
region. Hirao et al., tried to determine the difference
between successful and unsuccessful sites of slow
pathway ablation. They performed RF ablations in
patients with typical AVNRT, but only at sites with
slow pathway potentials. Sixty-six sites (38 successful
and 28 unsuccessful) with pre-ablation slow pathway
signals were analyzed. The ablations performed more
anteriorly, or with longer intervals from the atrium to
the slow pathway potential, were associated with
higher rates of AVNRT elimination [8]. In our study,
the results of spectral analysis of “good” and “bad”
signals (i.e. either associated or not associated with
successful ablations) were very similar and could not
be wused to differentiate signals associated with
successful ablations. Thus, our findings are similar to
those of Hirao, who did not use spectral analysis. The
signals appear to be visually the same for both
successful and unsuccessful ablations. A cross-
correlation showed that “good” and “bad” signals, from
a single patient, in our study, were very similar, and we
were unable to find any significant difference between
them.

Based on the results of our study, it appears that the
atrial component on the ablation catheter is very
similar to the ideal ablation position (positions in
which ablation leads to eclimination of the slow
pathway and AVNRT) compared to those areas that are
close to the slow pathway, but where ablation did not
lead to the elimination of AVNRT (and the signals here
could be very close far-field). Another explanation for
the similarity of signals could be the use of the left
inferior extension of the AV node in our unsuccessful
cases. However, the similarity between “good” and
“bad” signals would seem to favor the first explanation.
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Limitations

Small sample size; and we did not carry out a spectral
analysis of the slow pathway potentials. Also, we did
not measure contact forces.
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