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Abstract

Background—Ablation of high-frequency sources in patients with atrial fibrillation (AF) is an
effective therapy to restore sinus rhythm. However, this strategy may be ineffective in patients
without a significant dominant frequency (DF) gradient. The aim of this study was to investigate
whether sites with high-frequency activity in human AF can be identified noninvasively, which
should help intervention planning and therapy.

Methods and Results—In 14 patients with a history of AF, 67-lead body surface recordings
were simultaneously registered with 15 endocardial electrograms from both atria including the
highest DF site, which was predetermined by atrial-wide real-time frequency electroanatomical
mapping. Power spectra of surface leads and the body surface location of the highest DF site were
compared with intracardiac information. Highest DFs found on specific sites of the torso showed a
significant correlation with DFs found in the nearest atrium (p=0.96 for right atrium and p=0.92
for left atrium) and the DF gradient between them (p=0.93). The spatial distribution of power on
the surface showed an inverse relationship between the frequencies versus the power spread area,
consistent with localized fast sources as the AF mechanism with fibrillatory conduction elsewhere.

Conclusions—Spectral analysis of body surface recordings during AF allows a noninvasive
characterization of the global distribution of the atrial DFs and the identification of the atrium with
the highest frequency, opening the possibility for improved noninvasive personalized diagnosis
and treatment.
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It has been postulated that atrial fibrillation (AF) in humans is maintained by periodic
electric sources that activate the atria at exceedingly high frequencies and result in
apparently random and uncoordinated electric activation patterns.}:2 Intracardiac dominant
frequency (DF) mapping allows the identification of such high-frequency sites in the atria as
a guide to terminate AF by radiofrequency ablation effectively in a significant number of
patients.3 Although the high-frequency sources are usually located near the pulmonary veins
(PVs),! they can also be found anywhere in the atria3-9 as is frequently observed in patients
with persistent AF.3.7:8 Regardless of specific location, atrial activation by high-frequency
sources results in DF gradients whose eradication by radiofrequency ablation predicts long-
term freedom of AF in both paroxysmal and persistent AF patients.2 When targeting high-
frequency sites, recurrences of AF are more common in patients without a significant DF
gradient at baseline.2 The aim of this proof-of-concept study was to determine whether body
surface potential mapping (BSPM) can be used to identify high-frequency sources
noninvasively during AF. The results suggest that body surface DF maps obtained before the
intervention may allow identification of the patients with AF, who are most suitable for
ablation and be an aid in the planning of the ablation procedure.

Materials and Methods

Patients

We included patients admitted for ablation of drug-refractory paroxysmal and persistent AF,
as approved by the Institutional Ethics Committee of our institution. All patients gave
informed consent.

BSPM Recording Protocol

During the entire ablation procedure, patients wore a custom-made, adjustable vest with 67
electrodes covering the entire torso surface (Figure 1). The vest included recording
electrodes on the anterior (N=28), posterior (N=34), and lateral sides (N=2) of the torso. In
addition, 3 limb leads were recorded and used to obtain the Wilson Terminal. The BSPM
vest was placed before the catheterization and fastened anteriorly, allowing access to the
patient chest in case external electric cardioversion was needed during the course of the
study. Surface ECG recordings were obtained using a commercial system for biopotential
measurements (Active Two, Biosemi, The Netherlands) at a sampling frequency of 2048 Hz
and stored on hard disk for off-line analyses.®

Electrophysiological Study and Intracardiac Spectral Mapping of AF

The electrophysiological study was performed under general anesthesia and periodic heparin
bolus administrations. The following catheters were introduced via the right femoral vein:
(1) a standard tetrapolar catheter in the right atrial (RA) appendage; (2) a deflectable 4-mm
mapping catheter (Marinr; Medtronic Inc., Minneapolis, MN) in the distal coronary sinus;
(3) a decapolar circular mapping Lasso catheter (Biosense-Webster, Diamond Bar, CA) used
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to map the PV-left atrial (LA) junctions; and (4) a Navistar catheter (3.5-mm tip, 2-5-2
interelectrode distance; Thermo-Cool, Biosense-Webster, Diamond Bar, CA).

In patients arriving in sinus rhythm, AF was induced by burst pacing. AF episode durations
longer than 5 minutes were required for inclusion in the study. The 3-dimensional geometry
of both atrial chambers and coronary sinus was obtained and real-time DF determination of
all mapped chambers was performed using the CARTO navigation system with embedded
spectral analysis capabilities (CARTO XP, version 7.7; Biosense-Webster, Diamond Bar,
CA).310 Color-coded DF maps during ongoing AF were obtained and superimposed on the
atrial shell geometry, as previously described.310

Once the highest intracardiac DF site was identified, the navigation catheter was placed at
this site and the Lasso catheter was located at the contralateral PV-LA junctions. Then a
central venous bolus of adenosine (12-18 mg) was administered to produce significant
transient atrioventricular block.10 During adenosine infusion, all intracardiac electrograms
(EGMs; at highest DF site, contralateral PV-LA junctions, coronary sinus and RA) were
simultaneously recorded together with the 67 surface ECG recordings. A 4-second segment
surrounding the longest RR interval was used for comparison of the 15 intracardiac signals
and the 67 body surface recordings. In 3 cases, pauses were shorter than 4 seconds and
QRST complexes were canceled.!!

Signal Analyses

Intracardiac EGM signals from all catheters (ie, RA, coronary sinus, PV-LA junctions, and
ablation catheter) were processed using Matlab 7.10.0 (The Mathworks Inc, Natick, MA).
Signals were band-pass filtered between 0.7 and 200 Hz. In order to detect the DF of each
recording, signals were processed as previously described.3:8:10.12 Briefly, signals were
band-pass filtered (40-250 Hz), rectified, and then low-pass filtered (20 Hz). Welch
periodogram (2-second Hamming window with a 3908 point Fast Fourier transform per
window and 50% overlap) was used to estimate power spectral density. DF was determined
as the frequency with the largest peak in the spectrum. As previously described, spurious
DFs were excluded or corrected, based on the following criteria: (1) poor signal-to-noise
ratio; (2) presence of significant ventricular activity; and (3) erroneous determinations of
second or third harmonic peaks as the DF.3

For signal analyses of body surface recordings, ECGs were processed using Matlab 7.10.0.
First, baseline was estimated and subtracted from the original recording. To estimate the
baseline, ECG signals were decimated to 51.2 Hz and filtered with a Butterworth 10th-order
low-pass filter with a cut-off frequency of 2 Hz. Baseline was then interpolated to 2048 Hz
and subtracted to the original signal.® Leads presenting >0.5% of their spectral content at 50
Hz were filtered with a second-order infinite impulse response notch filter centered at 50 Hz.
Then, ECG signals were low-pass filtered with a 10th-order Butterworth filter with a cut-off
frequency of 30 Hz. All leads were visually inspected after filtering and leads with
noticeable noise were excluded from further analysis. Power spectral density of all signals
free of ventricular activity was computed using Welch periodogram (2-second Hamming
window with a 4096 point Fast Fourier transform per window and 50% overlap) to
determine the local DF of the AF and their distribution on the body surface.
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Body Surface DF Maps

Results

To construct body surface DF maps for visual display of data, recorded ECG signals
properly arranged in space were used to estimate ECG signals at nonrecorded positions
using cubic spline interpolation.® Estimated ECG signals were processed and power spectra
and DFs were computed. Two types of color-coded maps were constructed: (1) DF maps
obtained by superposition of the DF data obtained from surface ECGs and (2) DF difference
maps at which the difference between the surface DFs and the maximal intracardiac DF was
displayed.

Body surface DF maps were also used to estimate the relationship between activation
frequencies and power spread area. Specifically, the power spectrum of each lead was
normalized to its highest value and the normalized spectra were used to display the total
spectral content at each frequency band and spatial location.

Patients and Body Surface Mapping Protocol

Fourteen patients undergoing ablation for drug-refractory AF (age: 56+8 years; 93% male;
10 paroxysmal, 4 persistent) were included in the study. On arrival to the electrophysiology
laboratory, 10 patients were in sinus rhythm and AF was induced by incremental burst
pacing. Adenosine infusion produced atrioventricular block longer than 4 seconds in 11
patients (7.5+2.6 seconds) and significant bradycardia in the other 3 patients, each with 2, 3,
and 4 QRST complexes within the 4-second Hamming window studied. During adenosine
infusion, 12 patients (9 paroxysmal and 3 persistent) presented a DF gradient of >0.5 Hz in
the recorded EGMs (Table in the online-only Data Supplement).

Noninvasive Identification of Atrial DFs During AF

Surface leads and simultaneously recorded intracardiac signals presented closely related
spectral components. In Figures 2—4, we present spectral analyses of data from 3
representative patients with varying distribution patterns of activation frequency. The
presence of distinct atrial sites with high-frequency activity could be determined
noninvasively, as demonstrated in the example shown in Figures 2 and 3. In Figure 2A, 3
representative EGMs illustrate the range of activation rates across the atria, with DFs
ranging from 5.75 Hz in the RA to 7 Hz in the LA near the left superior PV. Simultaneously
recorded surface leads also showed different DFs at nearly the same frequency range found
in the EGM recordings, as shown in Figure 2B by 3 representative leads corresponding to
the surface left, surface posterior, and surface right regions. Surface DFs mostly correlated
with the activation rate of nearest atrial tissue: the highest endocardial DF point was
observed at the nearest point on the torso surface (central posterior) and the lowest
activation rate of the RA was found at the nearest portion of the surface ECG (right inferior).
Intracardiac CARTO DF maps obtained before adenosine infusion and surface DF
distributions obtained during adenosine infusion showed good correspondence (Figure 2C
and 2D), but a direct comparison of frequencies from CARTO and surface maps was
unattainable because of its sequential nature and because adenosine accelerates AF
activation in humans.
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In a patient with a right-to-left frequency pattern, DFs of intracardiac recordings were again
present in the spectra of simultaneously recorded surface ECGs (Figure 3A and 3B).
Activation of the RA was at 12.75 Hz, and a similar frequency (13.25 Hz) could be found on
the right torso. For this patient, an intracardiac DF map acquired before adenosine infusion
showed a right-to-left DF distribution, where the highest DF point was located on the
posterolateral RA wall (Figure 3C). The surface DF map also showed a right-to-left DF
gradient with the highest DF on the right surface (Figure 3D).

Figure 4C shows an intracardiac DF map of a patient with persistent AF, where frequencies
within a 5.25 to 6.25 Hz range were distributed widely across both atria such that a clear DF
gradient could not be found. The body surface map showed very similar spectra profiles in
all leads (Figure 4B). In this patient, therefore, a DF gradient could not be found by the
either intracardiac recordings or surface ECGs (Figure 4D).

Previous studies have highlighted the major role of maximal DF (DFmax) sources in the
maintenance of AF in animals and humans.1-8:10.13 Arguably, prior knowledge of which
atrium harbors the DFmax source that maintains the arrhythmia may allow better planning
of the ablation procedure, and may accelerate the intracardiac localization of the highest DF
point and reduce ablation time. Thus, we explored the ability of the body surface DFs to
capture the intracardiac DFmax.

In Figure 5A and 5B, we display difference maps obtained by subtracting DF values on the
surface map from the intracardiac DFmax in patients from Figures 2 and 3, respectively. In
each case, the white arrow points to the red color DFmax domain on the surface, which
corresponds to the region with zero difference with the intracardiac DFmax. These examples
demonstrate that the surface DFmax can accurately detect the value of the intracardiac
DFmax value, regardless of whether the latter is localized to the LA or the RA (white arrows
in Figure 5A and 5B, respectively). To further analyze the correspondence between
intracardiac and surface AF frequencies in the RA and LA, we grouped the intracardiac
DFmax values measured in the LA and the RA and correlated them with the DFs of EGMs
from matching portions on the body surface. These matching portions were defined as those
in which the difference between the intracardiac DFmax in each atrium and the surface
DFmax was <0.5 Hz. Figure 5C and 5D shows that when the entire patient population under
study was included, there was a good correspondence between maximum DFs found in each
atrial chamber and right and left matching portions of the body surface, respectively. The
correlation between right surface leads and right intracardiac EGMs was 0.96, whereas
correlation for left leads with left intracardiac EGMs was 0.92 (Figure 5E and 5F). The
attempted correlation of surface leads with EGMs of the opposed atrial chamber yielded
much lower correlation values (RA body surface leads versus intracardiac LA EGMs, 0.26;
1 tail t test after Fisher r-to-z transform: P<0.0001 versus r=0.96; left body surface leads
versus intracardiac RA EGMs, 0.46; P=0.0052 versus r=0.92). Such a strong, side-specific
correspondence of frequencies enabled reliable determination of atrial frequency gradients
noninvasively. In Figure 6, we have plotted LA-to-RA DF gradients on the body surface
versus those measured by the intracardiac EGMs in each individual patient. As shown in
Figure 6A, the DF gradients on the BSPM showed a good correlation with the DF gradients
obtained by the simultaneous intracardiac EGMs (correlation coefficient=0.93). However, in
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Figure 6B, surface frequency gradients estimated by the standard ECG leads yielded a poor
correspondence with gradients estimated from the intracardiac EGMs, with a correlation
coefficient equal to 0.41 when considering all standard leads, or equal to 0.51 when
considering only V1 and Vg (P=0.0051 when compared with the correlation of the full
BSPM DF gradients).

To predict the ability of the BSPM to detect intracardiac LA-to-RA DF gradients, we
classified patients with a LA-RA gradient in DF (maximal right and left values differ by
>0.5 Hz) versus without LA-RA gradient, otherwise. Overall, the sensitivity of the BSPM to
capture intracardiac EGMs as having LA-RA gradient in DF was 75%, but the specificity of
the BSPM in capturing those gradients was 100%. The sensitivity and specificity of the
standard ECG leads V1 and Vg in detecting a LA-to-RA DF gradient were 67% and 50%,
respectively. Although the BSPM was able to identify most, but not all, intracardiac DF
gradients, each DF gradient identified by the BSPM was a true gradient as determined by the
intracardiac recordings. Standard ECG leads, however, allowed the detection of a lower
proportion of patients with LA-to-RA DF gradients as compared with all BSPM leads and
also mistakenly identified LA-RA DF gradients that were not confirmed in the EGM
recordings.

These results lead to the conclusion that, unlike high-resolution BSPM, the standard
precordial ECG leads alone are not a useful tool when attempting to localize the site of
DFmax sites responsible for AF maintenance.

Interpretation of Surface DF Maps

The foregoing suggests that BSPM reflects intracardiac DFs of nearest atrial tissue and is
able to capture the regional differences in atrial activation rates. However, it should be noted
that the spatial distribution in DF values on the surface is not continuous and abrupt stepwise
transitions between adjacent domains with different frequencies are the norm (Figure 3D).
Optical mapping experiments in sheep heart preparations'415 found that the stepwise
transition in DFs is a result of continuous but opposing changes in power levels at the
spatially adjacent DFs (ie, as the power of a DF in a given domain decreases toward a
domain border, the power under a different frequency grows gradually and eventually
becomes dominant). We tested whether similar transitions in spectral power occur at the
level of the BSPM.

In Figure 7A and 7B, we illustrate power distribution of 3 spectral components (7 Hz, 8 Hz,
and 13.25 Hz) for the patient analyzed in Figure 3. Figure 7A shows the power spectra of
each of 3 sample leads on the right anterior torso (a, b, and c) that displayed significant
power at 7 to 8 Hz and 13.25 Hz. From Figure 3, we learned that the power at any given
spectral component was highest for the surface leads that were closest to its intracardiac
origin. Figure 7B shows that the power under the normalized peaks at 7, 8, and 13.25 Hz
changes gradually from lead a to c. Please note that each surface electrode contains
frequency components related to the activation frequency of many atrial regions and not
only the closest atrial tissue, which is evident by the significant peaks on the power spectra
of leads a-c in Figure 7A. Abrupt spectral changes between 2 neighboring electrodes of the
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surface DF map displaying different frequency components can nevertheless be explained as
a change in the power under the main DF peak of each electrode.
Finally, the highest frequency components were typically found occupying small DF
domains of the body surface. In fact, there was a negative correlation (p=0.92) between the
frequency of the highest DF and the area at which that frequency presented at least 50% of
the power of the highest peak of the spectrum (Figure 7C). The power of high spectral
components also showed higher spatial variability than that of low spectral components, as
depicted in Figure 7D, with a correlation coefficient=0.66.

Discussion

The main finding of the present study is that spatial gradients of activation frequency in
human AF can be detected and quantified noninvasively by constructing DF maps on the
body surface. Although most surface leads predominantly reflect the rate of activation of the
overall atrial tissue, high-frequency sources can also be reflected on the surface electrodes
closest to the atria harboring the highest DF as measured by intracardiac EGMs. Our results
also demonstrate that the portion of the torso at which these high-frequency components are
dominant relates inversely with the frequency and thus the highest DF is reflected in a small
area of the body surface. Estimation of DFs from the limited number of precordial surface
leads (ie, the standard ECG), therefore, does not reproducibly allow detection of highest DF
sites.

Frequency Mapping in Human AF

Real-time DF mapping in AF is an effective guidance tool for AF ablation. High-frequency
sites within the atria have been associated with driving sources responsible for the
maintenance of AF.16 Sanders et al® demonstrated that in most cases arrhythmia termination
was associated with ablation of high-DF sites. Atienza et al® also showed that patients with
LA-to-RA frequency gradients benefited from radiofrequency ablation with improved long-
term outcome when such gradients were eliminated, whereas success rate was significantly
lower in patients without left-to-right DF gradient before ablation. Those results were
consistent with the existence of high-frequency drivers. Therefore, it seems reasonable to
suggest that their identification before the ablation procedure may be crucial for delivering a
successful therapy for AF. Although the highest frequency sources are most commonly
located in the junction of the left atrium with the PVs, they have also been identified
elsewhere in the atria.3-6.8

Atrial Frequency Estimation From the Surface ECG

Previous studies have demonstrated that the surface ECG can be used as an estimator of the
atrial electric activity. In fact, several studies have shown that spectral features of surface
ECG recordings are highly correlated with intracardiac recordings!”-18 and have been used
to monitor the response to antiarrhythmic drugs,1® to predict patient outcome after
cardioversion0 and to assess the global effect of different strategies of AF ablation.2! The
general acceptance of the existence of high-frequency sources responsible for the
maintenance of AF motivated more recent studies to investigate whether distinct frequencies
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present in RA and LA could be identified on surface ECG recordings. Dibs et al?? studied
the reflection of atrial frequencies obtained sequentially from multiple sites in both atria and
the standard ECG. Although they reported a good correspondence between mean RA
frequencies with lead V, and LA frequencies with lead Vg, extrapolation of these results is
hampered by the little differences found between mean frequencies from RA and LA.
Petrutiu et al? also reported a good correspondence between measurements from RA with
lead V1 and LA with a posterior lead, but they had access to just 1 recording site in each
atrium reflecting, most likely, the mean activation rate of each chamber. None of the above
studies answered the question of whether high-frequency activity, that may involve the
activation of small portions of atrial tissue, can be found on the surface ECG. Finally,
although the inverse ECG imaging technique also uses a multitude of surface recordings and
has been used to characterize some AF waves,2* to our knowledge, it has not been used for
frequency characterization to date.

Some of the limitations of the above-mentioned studies have been overcome in the present
study by (1) performing real-time frequency mapping that allowed us to use an intracardiac
catheter to locate the highest DF site in each patient simultaneously with catheters at other
locations with lower frequencies, (2) recording the surface ECG at multiple locations on the
body surface that helped the detection of the high-frequency components that were dominant
at only a small number of surface electrodes, (3) infusion of adenosine to transiently
increase AF frequency and accentuate DF gradientsl# while at the same time slow
atrioventricular conduction, which allowed us to obtain spectra free of ventricular
components.

BSPM and Mechanisms of Maintenance of AF

The observations of spectral power dispersion shown in Figure 7 are consistent with
experimental DF data on fibrillation and fibrillatory conduction in isolated sheep heart
preparations: in wedge preparations of ventricular walls, Zaitsev et al4 showed that the
spatial variability in DF values during fibrillation increases in proportion to the value of the
maximal DF. In isolated RA preparation, Berenfeld et al2> demonstrated that when the atria
are paced at increasing rates, there exists a critical rate above which fibrillatory conduction
emerges the moment at which the normally uniform DF response breaks down into multiple,
spatially distributed DF domains whose frequency is lower than the pacing frequency. Also
importantly, in whole isolated sheep experiments of AF, the LA was found to have not only
higher DFs than the RA but also the largest DF domain areas,® suggesting that atrial
sources for the highest DF could be sufficiently large to be detected on the body surface.
Thus, as evidenced by the cumulative data in Figure 7, during AF in humans the DF
distribution on the BSPM replicates the epicardial distribution of DFs and can identify small
areas containing the high-frequency sources that result in fibrillatory conduction to the
reminder of the atria.

Study Limitations

Real-time intracardiac frequency mapping was performed sequentially and before the
adenosine infusion, which did not allow a direct comparison of CARTO DF maps and body
surface DF maps because we could not rule out temporal alteration in the AF characteristics.
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However, overall distributions of DFs calculated from 15 simultaneous endocardial EGMs
(ie, location of the highest DF site) were comparable and showed highly significant
correlation.

Most patients enrolled in our study (8 out of 14) had up to 3 previous ablation procedures
(Table in the online-only Data Supplement). Therefore, the heterogeneously modified
substrate in the atria of our patients did not allow us to compare our results to other studies
in the literature regarding the presence of DF gradients in paroxysmal and persistent AF, or
in the outcome of their respective ablation procedure.

Conclusion and Clinical Implications

Global atrial noninvasive frequency analysis is feasible in AF patients and may allow the
identification of high-frequency sources before the arrival at the electrophysiology
laboratory for ablation. This mapping procedure may help in patient selection because
patients without interchamber DF gradient have lower ablation success rates. In addition, a
priori knowledge of the chamber responsible for the maintenance of the arrhythmia in those
patients presenting a DF gradient may help in planning and performing the ablation
procedure, decreasing the time required for the search and elimination of the highest DF site.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia presenting a
significant increase in the risk of stroke and death. Despite its high prevalence,
pharmacological treatment of AF is still challenging and an ablative approach is
frequently needed. However, the best atrial ablation strategy is still to be determined.
Quite often high-frequency sources can be found in human atria during AF that are
responsible for the maintenance of the arrhythmia. Elimination of these AF sources has
been proven as an effective therapy for restoring the normal electric activity in the atria
in some patients. Nevertheless, there is a lack of noninvasive techniques for detecting
these high-frequency sources before the ablation, which precludes the selection of
patients that will benefit from this ablation strategy. We investigated whether these high-
frequency sources can be found on the surface of the torso by analyzing body surface
potential mapping recordings. In 14 uncategorized patients with history of AF, 67-lead
body surface recordings were coregistered with endocardial electrograms from both atria,
including the highest dominant frequency (DF) site. Body surface DF maps showed same
spectral components as found invasively and highest DFs found on distinct areas of the
torso showed a good correspondence with DFs found in each atrium, thus allowing the
identification of the atrium with the highest frequency. Therefore, DF gradients can be
detected in patients with AF using body surface recordings, enabling a noninvasive
personalized diagnosis with possibly improved treatment.
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Figurel.

The setup of the body surface recording electrodes. A, Anterior and posterior views of the
custom-made vest with recording electrodes along vertical blue strips. B, Schematic location
of surface electrodes. Circles represent the location of recording electrodes. Electrodes
representing the standard ECG precordial leads are denoted as black circles. C, X-Ray
image displaying the locations of the intracardiac recording catheters together with the
surface leads. Abl indicates ablation catheter; CS, coronary sinus; PV, circular mapping at
the right superior pulmonary vein; and RA, right atrium.
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Figure 2.
Recorded electrograms (EGMs) and ECGs and their dominant frequency (DF) distribution

in a sample patient with a left-to-right DF gradient. A, Three examples of EGMs recorded at
different atrial sites and their corresponding power spectra. B, Selected surface body surface
potential mapping leads: surface left (SL), surface posterior (SP) and surface right (SR), and
their corresponding power spectra. C, Intracardiac DF map. Black arrow points to the left
atrial (LA) region with highest DF at the left superior pulmonary vein (LSPV). D, DF map
on the torso surface with superimposed locations of electrodes from (B). CS indicates
coronary sinus; LIPV, left inferior pulmonary vein; RA, right atrium; RSPV, right superior
pulmonary vein; and SVC, Superior vena cava.
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Figure 3.
Recorded electrograms (EGMs) and ECGs and their dominant frequency (DF) distribution

in a sample patient with a right-to-left DF gradient. A, EGMs recorded at different atrial
sites and their corresponding power spectra. B, Selected surface body surface potential
mapping leads and their corresponding power spectra. C, Intracardiac DF map. Black arrow
points to the right atrial (RA) region with highest DF at the RA. D, DF map on the torso
surface with superimposed locations of electrodes from (B). CS indicates coronary sinus;
LA, left atrial; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein;
RSPV, right superior pulmonary vein; SL, surface left; SP, surface posterior; SR, surface
right; and SVC, superior vena cava.
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Figure4.
Recorded electrograms (EGMs) and ECGs and their dominant frequency (DF) distribution

in a sample patient without a significant left-to-right DF gradient. A, EGMSs recorded at
different atrial sites and their corresponding power spectra. B, Selected surface body surface
potential mapping leads and their corresponding power spectra. C, Intracardiac DF map.
Black arrows point to the various regions with high DF. D, DF map on the torso surface
with superimposed locations of electrodes from (B). CS indicates coronary sinus; IVC,
inferior vena cava; LA, left atrial; LIPV, left inferior pulmonary vein; LSPV, left superior
pulmonary vein; RA, right atrial; RSPV, right superior pulmonary vein; SL, surface left; SP,
surface posterior; and SR, surface right; SVC, superior vena cava.
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Figureb.
Correspondence between intracardiac and surface dominant frequencies (DFs). A and B,

Differences between maximum intracardiac electrogram (EGM) DF and local surface DF
represented in a color scale for 2 different patients. The red color domain on the surface
(white arrows) represents the region with zero difference between the intracardiac and the
surface DFs. A, Patient from Figure 2 with a left-to-right DF gradient. B, Patient from
Figure 3 with right-to-left DF gradient. C and D, Summary maps showing the percent
patients with the surface DFs <0.5 Hz different than the maximal left (C) and maximal right
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(D) intracardiac DFs. Areas outlined by the dashed curves represent the portion of the torso
with a best correspondence with left and right EGMs. E, Correlation plot showing highest
DFs found in left EGMs vs highest DFs found on the left portion of the torso. F, Correlation
plot showing highest DFs found in right EGMs vs highest DFs found on the right portion of
the torso. BSPM indicates body surface potential mapping.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2015 January 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Guillem et al. Page 19

>

o)
0

S
S

o

A
A

Freq. gradient ECG (Hz) o

Freq. gradient BSPM (Hz)
o

= |dentity line = |dentity line
— Linear best fit o lg_isnt/aar bc;tstﬁt
— 95% scatterin
e S — 95% confidenge
g 4 0 4 8 8 4 0 _4 8
Freq. gradient EGM (Hz) Freq. gradient EGM (Hz)
Figure®6.

Regional differences (gradients) of intracardiac dominant frequency (DF) and their
reflection on the body surface. A, Frequency gradients calculated as highest left DF minus
highest right DF. Body surface potential mapping (BSPM) gradients are plotted against
those from the electrograms (EGMs). B, Frequency gradients from the standard ECG are
plotted against those from the EGMs. For the standard ECG’s DF gradient, highest left
frequency was selected among aVL, V4, Vs, and Vg leads, and highest right frequency was
selected among aVR, V1, and V5.
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Figure7.

Spatial representation of the spectral power on the surface and characteristics of spatial
distribution of power at highest surface dominant frequency (DF). A, Power spectra of 3
surface leads in sites labeled a, b, and c. B, Maps of the normalized spectral content at 3
discrete frequencies. Yellow dashed contours delineate the 50% maximal power borders. C,
Percentage area presenting >50% maximal power at the maximum DF found on the surface
of each patient. D, SD of the power map at the maximum DF found on the surface.
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