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ABSTRACC

Backgrouwmn of drivers maintaining Atrial Fibrillation (AF) has been demonstrated
iv

rapy. Drivers in the form of rapidly-activated atrial regions can be non-

as an effe

invasiv ized to either left or right atria (LA, RA) with Body Surface Potential Mapping

(BSPM) syste his study quantifies the accuracy of Dominant Frequency (DF)
measu m reduced-leads BSPM systems and assesses the minimal configuration

required for ablation guidance.

Methods:hiformly distributed lead sets of 8 to 66 electrodes were evaluated. BSPM

e regi

patients. D vity was analyzed on the surface potentials for the 9 leads configurations,

and the ns—invasive measures were compared with the EGM recordings.

Resu/tsw measurements presented similar values than panoramic invasive EGM

signals w ered simultaneously with intracardiac electrocardiograms (EGMs) in 16 AF

recording$? g the highest DF regions in corresponding locations. The non-invasive DFs
measures gh correlation with the invasive discrete recordings; they presented a
deviatio z for the highest DF and a correlation coefficient >0.8 for leads

configura ith 12 or more electrodes.
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Conclusions: Reduced-leads BSPM systems enable non-invasive discrimination between LA

versus RA dominant frequencies with similar results as higher-resolution 66-leads system.

1

Our fin

planning g @ es for AF ablation.

jbrillation; dominant frequency; lead distribution; electrocardiography;

nstrate the possible incorporation of simplified BSPM systems into clinical

P
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Abbreviations

AF: Atrial Fibrillation

{

BSPM: Bo ce Potential Mapping

DF: Domi ncy

[ |
ECG: Electgocardiogram

EGM: Elecifog

C

HDF: Highes minant Frequency

S

LA: Left AtGi

PSD: Power Spectral Density

tl

RA: Right A
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INTRODUCTION

Several studies have demonstrated the maintenance of atrial fibrillation (AF) by discrete

o

atrial drivérs whose ablation is associated with a favorable outcome [1-3], making the

identificatiio ddlocalization of these drivers the goal for AF mapping [2,4]. Emerging

@

technologle ave used Body Surface Potential Mapping (BSPM) systems to non-invasively
identify th@se atrial drivers, either by locating reentrant patterns [3,5,6] or high Dominant

Frequenuwltes [7]. Although these preliminary results seem promising, the high

burden an f deploying the BSPM systems impedes their wide spread utilization.

The aim owdy is to determine the minimal configuration of body surface leads
necessary sinvasively identify the atria presumably driving AF to facilitate the
incorporatj e non-invasive BSPM approach into the clinical practice. Previous studies
have alre tigated how the selection of different leads’ sets affects the ECG
wavefornE

electrode mmcrease the signal reconstruction accuracy [11]. However, the ability of

these lea

nd have concluded that for AF signals, systems with more than 32

characterize the nature and position of possible AF drivers has not been

resent study demonstrates that a BSPM system with an approximate uniform

distributi or more electrodes over the torso surface is capable of maximal DF

identification and localization in the left versus the right atrium.
METHOD

Patients

We studl al of 16 patients admitted for ablation of drug-refractory paroxysmal
(N=11) an@ persistent (N=5) AF and various numbers of ablation procedures (0-2) [6]. All
patients ﬁlve mf,med consent and the protocol was approved by the Institutional Ethics

Commltte

Electroph al study and EGM recordings
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The electrophysiological study was performed under general anesthesia and periodic

heparin bolus administration. Intracardiac electrograms (EGM) were obtained in 14 patients

L

fromb ring the procedure by using the following catheters introduced via the

right femg @ : (1) a standard tetrapolar catheter in the right atrial (RA) appendage; (2) a
deflectabl&™ apping catheter (Marinr; Medtronic Inc., Minneapolis, MN) in the distal

[ |
coronary sinus; (3

~

a decapolar circular mapping Lasso catheter (Biosense-Webster,
Diamond Bar, used to map the PV-left atrial (LA) junctions; and an ablation catheter
(Navistar @goledip catheter, Biosense Webster, Inc, Diamond Bar, CA). In those 14 patients

a sequent ing of both atria (106.4 £ 65.8 points mapped, 25 minimum and 231

o

maximum was performed to determine the highest DF site and the preservation of

the DF after a sé@ond acquisition was required. Then, the ablation catheter was positioned

Ul

at the hig site [7]. In two additional patients, body surface recordings were obtained

simultane@usly with a 64-pole basket catheter (Constellation, Boston Scientific, Natick, MA)

f

located sequentially on the right and left atria. The geometry from left and right atrium was

reconstrugte ugh the navigation software using the location of the catheters obtained

d

by imp surements (CARTO XP, version 7.7; Biosense-Webster, Diamond Bar, CA).

In patients a in sinus rhythm, AF was induced by burst pacing and AF episode

durati han 5 minutes were required for inclusion in the study.

[

Body surfac tential recordings

Surface e diograms (ECGs) were simultaneously recorded with the EGM recordings

by using a of 66 electrodes distributed as follows: 30 electrodes on the anterior, 34

N

on the ismand 2 on each lateral side of the torso (Figure 1A). The surface electrodes

{

were lo rtical stripes with an inter-electrode vertical distance of 3 cm. An

additional left [e@electrode was used in order to obtain a Wilson Central Terminal. The

Ui

signals we orded using a commercial system (Active Two, Biosemi, The Netherlands) at

asam uency of 2048 Hz and were stored for off-line analysis. Ventricular activation

A
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was removed by administration of a central venous bolus of adenosine (12-18 mg) and 4-

seconds segments of surface ECGs surrounding the longest RR interval were used for the

|

analysi ith ventricular activation pauses shorter than 4 seconds, the QRSTs were

cancelled

P

Lead diatribution on torso and 3D model

1

To analyz ct of surface lead configuration on AF mapping of DF, different

combinati@h setSpof the BSPM electrodes were defined. Those sets included uniform

G

distribution , 12, 18, 24, 32, 42 and 54 electrodes as well as a non-uniform distribution

of 8 leads hifg the standard precordial and upper limbs ECG electrodes distribution

S

(see Figur e surface electrical activity was then projected on the surface of a typical

adult hu

L

rso model with 771 nodes and 1538 faces (see Figure 1B), in which the

surface p were reconstructed using the ECG signals provided by the different lead

N

sets. The igal potentials in areas between the nodes selected as electrodes for a

particular figuration were interpolated as previously described [6].

d

Two areas on the surface of the 3D torso model were assigned as being dominantly

influence ither left or right atrial electrical activity (Figure 1B): an LA area (red)

coveri eft, upper back and top side; and an RA area (green) covering the right, lower

/A

back and front side [6,7]. The number of electrodes in the surface LA areawas 2, 3, 4,5, 7, 8,

10, 14 andil9 electrodes for the 8 standard, 8, 12, 18, 24, 32, 42, 54 and 66 electrodes BSPM

[}

distributions pectively, whereas the surface RA area was covered by 3, 4, 7, 10, 14, 20,

25, 31 and @ trodes respectively. The number of electrodes was then 97.7 + 40.3 %

greater in egion than in the LA along the different BSPM sets, due to the larger RA

h

region the BSPM vest (38 electrodes) than the LA region (19 electrodes).

|

Signal pro€essing and DF

Baseline

L

ECG signals were processed by decimation to 51.2 Hz and filtering with a
Butterwort order low-pass filter with a cut-off frequency of 2 Hz. These signals were

interp 2048 Hz and subtracted from the original signals to remove low frequency

A
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drift [11]. Resulted potential signals were then low-pass filtered with a 10th-order
Butterworth filter with a cut-off frequency of 30 Hz. Power Spectral Density (PSD) of 4-
second# of EGMs and ECGs was computed by using Welch periodogram (2-second
long Hamg @ dow with an 65536 point Fast Fourier transform per window and 50%

overlap) t&% e the DFs.
[ |

|
G
RESULTS O

Correspon of panoramic invasive and full surface DF measurements

Figure 2 s s @ example of the surface DF distribution and its relationship with the
panoramicinErdiac DF map of two representative cases of AF with left-to-right gradient
(i.e. LA-fastest patient) and right-to-left gradient (i.e. RA-fastest patient). For better
anatomicz! orientation the DF values measured at the 64-poles catheter are displayed on

the atrial sh he DF measurement from the nearest catheter pole. The invasive
panorami@D of patient #1 (Fig. 2A) shows a Highest DF (HDF) region located in the left
pulmo i here the HDF was around 6 Hz, while the rest of the atrium maintained

DF values lo an 5 Hz with a sample 4.8 Hz measurement site illustrated at the right

atrial a The surface DF map obtained with the full leads set (66 electrodes, Fig,
2B) is shown to display two well demarcated domains: a large part of the torso surface
presents Me of 5.84 Hz corresponding to the highest DF in the LA and roughly spread
over the mced region shown in Figure 1B, whereas the rest of the torso depicts

r

lower DF ound 4.75 Hz, similar to the DFs invasively measured in the RA. The
panorami@finvasive DF map from patient #2 (Fig. 2C) shows a similar frequency distribution
with th n located in the right atrial appendage (9.31 Hz) while the rest of the
atrium med between 5 and 7 Hz (6.10Hz at the posterior LA wall). In this case the

surface DF map !ig 2D) depicts a region in the right front side of the torso with a DF of 8.97

Hz, whereas thegest of the surface presented lower values, being 5.84 Hz the DF in the
back. <

This article is protected by copyright. All rights reserved.
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Surface dominant frequencies for the full BSPM configuration

The distribution and match between the intra-atrial and surface DFs was studied for the 14
patients ﬂ!ﬁ alscrete EGM recordings. The average frequency differences between the

intracardi DF from the LA and RA and the body surface maximal DFs are depicted

in Figure 3A. For each atrium, there is a torso area in which the difference between the

H
intracavitafy and non-invasive DF is minimal at <0.5 Hz (blue): the left surface side, including
the left axjiiae, figr the LA frequency; and the right front surface side of the torso for the RA
frequency? me surface regions can be identified in Figure 3B as having the highest
correlatio ient (red) between the intracavitary DF measurements from the LA and
RA and the'strfdce DF values from the BSPM. The correspondence between the maximal
DFs in each atriui and the surface DFs establishes the body surface areas that are

predomina luenced by LA and RA activity and were used to define the LA and RA

areas on the torso in Figure 1B.
Surface di n of dominant frequencies for reduced-leads BSPM

The errors in the DFs identification using the different lead sets of BSPM were quantified by
the differ
DF (HD

tween their DFs and the intracavitary DFs. As shown in Figure 4 the highest

ented its maximal error for the standard 8-leads BSPM configuration (1.3+1.8
Hz), and this error decreased for arrangements with more leads with uniform distributions
and stabiliged at around 0.35 Hz for 12 or more electrodes. The coincidence between DFs

obtained acavitary and surface recordings was also evaluated by the calculating the

correlatio ients for the highest, LA, RA and LA-RA (gradient) DFs measures for all the
patient d gure 5). It is shown that the correlation between invasive and non-
invasiv rements had low values for low number of surface leads. However, for 12
or mor(H distributed leads the correlation coefficient reached higher and fixed
values foEEead sets: 0.75 for LA DF, 0.85 for the DF gradient, 0.94 for RA DF and 0.95
for the HDF.

Patienion from surface DF measurements for reduced-leads BSPM

This article is protected by copyright. All rights reserved.
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Non-invasive DF measures were used to classify the AF patients in 3 groups, according to its

LA-to-RA DF gradient: (group I) LA-fastest patients, when the LA-to-RA DF was > 0.75 Hz

{

(N=1); ith no LA-to-RA DF gradient when -0.75 > LA-to-RA DF > 0.75 (N=4); and

(group IlI) @ est, when the LA-to-RA DF was < -0.75 Hz (N=9). The classification

P

obtained W GM measures was used as Gold Standard and was compared with the

[ |
classificatjgn carried out with the non-invasive measures (see Figure 6). The outcomes of

[

the non-invasive classification are related as follows: LA-fastest match, when the EGM and

non-invasi¥e clas§ification matched for LA-fastest patients (group 1); no gradient match,

C

when the d non-invasive classification matched for no gradient patients (group Il);

S

RA fastest when the EGM and non-invasive classification matched for RA-fastest
patients (group Nl); 1-step error, when a LA-fastest or RA-fastest patient was wrongly

classified

t

adient patient and vice versa (group Il to I/1ll or vice versa); and 2-step

error whefl a LA-fastest patient was wrongly classified as RA-fastest patient or vice versa

N

(group I to Il or vice versa). Figure 6 shows as the DFs pattern is useful for the patient

identification ead configurations with 12 or more leads. For these leads configurations,

d

the LA- ch ratio and no gradient match ratios were 100%, the RA-fastest match

ratio was 787" 1 error ratio was 14% and the 2 errors ratio was 0%. However, there is a

small he outcome ratios for 42, 54 and 66 lead where the RA-fastest match

M

ratio decreases from 77% to 66% and the 1 error ratio increases from 14% to 21%.
DISCUSSI

Major fin

or

Body surf aps obtained with uniformly distributed 66 leads present a good

1

correlai i e invasively obtained DF measures in both atria. The present study

L

demon fastest atrial localization based on surface highest DF distribution

assessment WItMRL 2 or more electrodes uniformly distributed on the body surface presents a

U

high corr ith the higher-resolution BSPM system of 66 leads. Therefore, reduced-

A
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leads BSPM systems enable non-invasive discrimination between LA or RA atrial highest

frequency sites with similar results as the higher-resolution 66-leads systems.
Mechamsts of *F maintenance and their non-invasive characterization

The mech nderlying AF in patients are not always clear. Recent studies utilizing new
mapping metheds have supported the existence of a hierarchical AF organization of activity
whereby iwle sources of fast activity [1,4] in the form of ectopic or rotor activation
patterns r@the arrhythmia [2,3], but controversies still exist [13-14]. Arguably, better
and easier | ication of localized AF sources would render better targets for ablation
thus effor%rove technologies for localization of AF drivers are ongoing [5-7].
Although ﬁdiac recordings are considered the most reliable method for AF

characteri ], they are not free of difficulties [15] and the need for panoramic

mapping | development of noninvasive AF mapping methods. Noninvasive mapping
methods

would allow for relatively simpler deployment than the usage of multiple
intra-cardj rodes, but will also enable studying patients outside of the clinical EP

laboratory -planning individual ablation procedures. Some of the limitations of non-

nologies are their reduced sensitivity to the atrial activity during fibrillation. We
died the effect of the body torso on body surface mapping and found that
a significant amount of atrial information is retained on the body surface recordings [6-7,
16]. Thesgstudies showed that utilizing the appropriate frequency domain processing, non-
invasive a%)f the AF activity on the torso surface enables atrial drivers localization at a

dominant @ o facilitate ablation procedures [1,4].

Lead dmn body surface electrocardiography
The nu dy surface leads and their position have been broadly acknowledged to
affect arr*tﬁmla diagnostic accuracy, but in clinical practice the standard ECG leads

configuration Iarialy prevails. Indeed, the standard ECG lead set does not accurately
respond to all diagnostic cardiology needs, and for this reason body surface potential
mappi ) systems with a broad distribution of leads and higher spatial resolution

This article is protected by copyright. All rights reserved.
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were developed. However, today there is no standard evaluation or recommendation for

the surface electrode configuration for the different cardiac diseases and AF in particular.

The nurhoeectrodes necessary for BSPM utilization has been mostly evaluated for
ventricula @ based on the quality of signals [8-11, 17]. Only few studies investigated
the role-of the number and distribution of BSPM leads in studying atrial electrophysiology.
Although the morphology and variability of the standard ECG signal in AF has been widely
studied, oply fempauthors have considered that the standard ECG system is sensing mostly
the ventriuhave proposed the use of a different arrangement of the 9 standard leads
in order t edse the effectiveness in AF characterization [18]. The broader electrode
settings of BSPM has been used to study atrial arrhythmias [5,19-20], but without an
evaluation of accsracy for AF mechanisms characterization. In a recent study, Guillem et al
studied the ::fier of leads necessary to properly reconstruct the torso potentials during in
1]. Th

AF signals is study showed that during atrial fibrillatory rhythms a set of 34

electrode le to reconstruct the surface potential with the same accuracy than
systems leads, since the reconstruction error reaches the noise level at the
record es.

In this w ropose the use of a reduced number of uniformly distributed leads for AF

HDF source inter-atrial localization, since the surface DF measurements did not increase
their diagmestic information beyond a certain number of leads, in this case 12. Although
previous studies have concluded that at least 30 leads are necessary to properly reconstruct
the surfac @ al potential [8-9,11], the present study makes use of the DF as a main
signal char istic which has been seen common in large surface regions although the
individualgG time-series within each region present considerable variations. Thus,
aIthoqure leads are necessary to properly reconstruct the ECG signal shape, the

DF value ian to most of these ECG signals and then 12 leads would be enough to

distinguis
with the moothening filtering effect of the torso volume conductor that projects on
the tors e only the strongest characteristics of the atrial waves, with reduced

This article is protected by copyright. All rights reserved.

n the left or right atrial dominance. This observation is also consistent
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sensitivity for the small electrical waves, no matter how high the number leads is used for
mapping [6].

In this sMweave considered just uniform lead distributions, since in previous studies
from our § @ p found that, in general, uniform lead distributions offered better AF signal
recons’guction for the whole torso than non-uniform lead distributions [11]. For limited
subsets offfeads, election of one left and one right surface electrode (selected as those with
best correlatiomgin Figure 3B), offers a similar accuracy than the standard ECG with errors of
Dcorrelations of 0.18 for HDF, 0.9 for LA, 0.5 for RA and 0.8 for gradient.

d

0.92+1.27

Limitatio

S

The study ion includes a small number of 16 patients, however we submit that the

U

use of het ous patients cohort, with paroxysmal and persistent AF as well as varying

number o ation procedures [6-7, 16], enhances the credence of our conclusions on AF

1

inter-atria erization although it may not be representative of the general

characteri§tid a first detected paroxysmal AF, more prevalent in other AF ablation

cl

studies.

The number ds in the LA surface region was significantly reduced compared to the

numb

Vi

the RA surface region, due to the major covering of the full-resolution

BSPM distribution of the RA surface region. This low coverage of the LA region could have

1

provoked restimation of the surface LA DFs, as can be observed in the lower

correlatio etween invasive and noninvasive LA measurements (Figure 5) compared

0

to the oth lation values. Further studious should solve this under-coverage by placing

more ECGf€lectrodes in the LA surface regions, concretely in the high anterior and posterior

N

torso.

{

DF measu recorded in the EGM catheters can vary inside each of the region

considere re are atrial locations whose correlation with the surface DF may be lower

3

or higher th orted. Moreover, it has been reported that the DF distribution across the

atria c nt temporal variations across time [21]. Nevertheless, previous studies have

A
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also reported the spectral stability of the highest DF region [22] and in our work the highest
DF region was identified by performing a detailed DF map of both atria in all patients, where
the HDFHS identified at least twice. Therefore, concordance of the highest DF with

the simul @ urface measurements should hold.

This sttgly analxses AF under the effect of the adenosine. Although previous studies have
reported that Adenosine infusions accelerate the activation rate during AF by up to 50% in

some regimy also reported that the general DF distribution across the atria remained

[

stable oveRi 4, 23]. Thus, although Adenosine could have affected the local DF values in

our study rarchical distribution across the atria and on the body surface should

S

have been presérved. Based on the error analysis in Figure 3 we expect to be able to detect

DF gradients withila reduced body surface electrode configuration in cases of DF gradients

U

larger than 0.5 Hz.

[

Conclusio

For coarsglA ysis, BSPM systems with about 12 uniformly distributed leads can achieve

d

the same resultS as systems with up to 66 leads. Low-resolution BSPM systems retain the

relevant information that enables non-invasive discrimination between RA- or LA-

fastest s, a highly relevant information for increased ablation effectiveness. The

M

results of this work can be the basis for the BSPM system simplification and wider clinical

adoption f@r better non-invasive AF pre-ablation screening and planning as well as real-time

r

EP mappin iliary guidance.

a

Auth
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Figure legends
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Figure 1. area distribution on the torso. (A) Distribution of the lead sets. (B) 3D

torso with

6 leads (black dots) and the LA and RA dominant influence areas (red and

green, resgectively).
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Figure 2. E ! Jof DF distribution in panoramic recordings from 2 patients. Invasive DF
distribution fromi'nultipolar basket catheters recordings (A,C) and simultaneous non-

invasive DF BSPM (B,D) and the corresponding voltage signals and their Power
Spectral PSD).
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Figure 3. SIatlonship between invasive and non-invasive DF measurements. (A) Surface
distrib average difference (in Hz) between the LA (Top) and RA (Bottom) DFs and

the BSPMkF !or the 14 patients mapped sequentially. (B) Surface distribution of the
correlation bethn the LA (Top) and RA (Bottom) DFs and the BSPM DF for the same 14
patients. The argas with lowest errors in A (blue) are the areas with the highest cross-

correla B (red).
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and non-i (BSPM) recordings as a function of the leads’ configuration.
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Figure g &rre'a!ion of the DFs values between the EGM and BSPM signals as a function of

the leads’ configiation for the 14 patients.
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Figure 6. lassification with non-invasive DFs measurements.
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