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INTRODUCTION

Atrial arrhythmias, including atrial fibrillation, atrial flutter and other types of atrial tachycardia
are common in humans. For instance, atrial fibrillation affects 0.5-1% of the general population,
and more than 6% of people over 80 years old. Knowledge of electrophysiological properties
of the underlying atrial substrate can improve diagnosis and treatment of these arrhythmias.
However, until recently a noninvasive method for imaging cardiac electrophysiology and
arrhythmias has not been available. Electrocardiographic Imaging (ECGI) was developed for
this purpose.z’3 ECGI reconstructs an epicardial electro-anatomical map noninvasively by
combining a 250-electrode body surface ECG with CT scan of the heart-torso geometry. The
ECGI images can be presented as epicardial potential mags, electrograms, isochrones or
repolarization maps during activation and repolarization. 3 ECGI was systematically tested
and validated experimentally in normal and abnormal canine hearts.4-8 In these experimental
settings, torso potentials (the ECGI input) and epicardial potentials (the ECGI output) were
measured simultaneously and at high spatial and temporal resolution. The directly measured
epicardial potentials provided the ideal “gold standard” for validation of the noninvasive ECGI
reconstructions; We evaluated and validated the 5performance of ECGI under many different
conditions, including ECGI of myocardial scars 6 and reentry circuits?:6, the
electrophysiological elements imaged in this report.

Recently, ECGI has also been successfully applied and validated in human subjects, including
comparison to intra-operative multi-electrode mapping during surgery9, determination of
ECGI accuracy in locating focal sites of initial activation in humans by comparison to known
locations of pacing electrodes in various RV and LV positionsz’lo, comparison to catheter-
based localization of focal VT1L and determination of the origin of human atrial tachycardia

Address correspondence to: Yoram Rudy, PhD., Cardiac Bioelectricity Center, 290 Whitaker Hall, Campus Box 1097, One Brookings
Dr., Saint Louis, Missouri 63130-4899, Tel : (314)935-8160, Fax : (314)935-8168, Email : rudy@wustl.edu.

Dr. Rudy received stocks and stock options in Cardio Insight that develops ECGI for clinical use. But, none in conjunction with this
study. He is an inventor on patents related to ECGI owned by Case Western Reserve and by Washington Universities. Dr. Wang is an
inventor on a ptent related to ECGI that is submitted and owned by Case Western Reserve University and Washington University

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al. Page 2

12 11 this case report, we describe the atrial substrate and arrhythmia mechanism of atypical
atrial flutter in a patient who previously underwent catheter ablations for atrial fibrillation.

PATIENT HISTORY

The patient is a 48-year-old male with a two-year history of paroxysmal atrial fibrillation,
unresponsive to multiple drug therapy. When not in atrial fibrillation, the patient had marked
bradycardia, suggestive of sinus node dysfunction. He underwent catheter-based pulmonary
vein (PV) isolation. After his first catheter ablation, the patient developed atypical atrial flutter.
During this tachycardia, he had ventricular rates of 130 to 140 beats per minute. The patient’s
negative F-waves on Lead | were consistent with a left atrial (LA) origin of this tachycardia.
Four months after the first ablation, he underwent a second procedure which revealed an
inducible tricuspid isthmus-dependent atrial flutter and inducible LA reentry. The PVs were
re-isolated and complete electrical isolation was documented. Additional ablations were made
in the left side of the mitral isthmus, on the LA roof, and on the right side of the tricuspid IVC
isthmus. Atrial flutter was not inducible following these ablations. Three months after the
second ablation, the patient redeveloped persistent atypical atrial flutter. He was referred for
a surgical COX-MAZE procedure after unsuccessful cardioversion.

METHODS

Body-surface ECG data were recorded for 5 minutes from 250 carbon electrodes mounted in
strips. ECGI reconstructions were performed during beats with relatively long RR interval for
which the atrial F wave was not masked by the QRS, and also for a 10 seconds ECG segment
from which the QRST was removed. 13 Following the QRST removal, the ECG had a typical
sawtooth morphology, and the ECGI-reconstructed atrial activation sequence was repetitious
and consistent with only minor variations between cycles.

RESULTS

One day before the COX-MAZE procedure, ECGI was performed. Based on the magnitudes
of the ECGI reconstructed epicardial electrograms, the atrial tissue was classified in terms of
its electrophysiological properties. ECGI images showed low potential regions (electrogram
magnitude <0.5mV peak to peak; Figure 1A) around each of the PVs and in the left atrial
appendage (LAA) region. At surgery, scar tissue was observed around the PVs and on the LAA
(Figure 1B), which corresponded well with the low voltage regions imaged by ECGI. Figure
1C shows two selected ECGI electrograms, one from the scar region (b) and one from a region
remote to the scar (a).

ECGI-imaged activation sequence for one flutter cycle is shown in Figure 2. The reentry circuit
driving the atypical flutter was mainly confined to the left atrium (LA). The circuit is depicted
by the solid black and white arrows in the four panels of Figure 2. Earliest activation occurred
at the LA inferior region below the left inferior PV (LIPV) (site 1). The activation front
propagated posteriorly towards the right atrium (site 2) as indicated by the solid white arrows
in Panel A and B. It could not propagate superiorly due to a line of block connecting the two
inferior PVs (thick black line), associated with the posterior scar from the previous catheter
ablations. This line of block extended to the anterior LA (Panel C). After about 50ms delay
due to slow conduction at the border of the low potential region near the two right PVs (white
arrow, Panel B), the activation wavefront turned around the line of block into the previously
unexcited superior region (site 3). The reentrant wavefront continued to propagate towards the
roof of the LA (site 4). From the LA roof, the wavefront propagated to anterior site 7, both
directly and via the left atrial appendage (LAA) (site 6) (Panels C and D), and continued to the
inferior mitral valve region (MV; site 8). It passed the MV isthmus, completing the reentry
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circuit (Panels C and D). The next flutter cycle started again from site 1. A secondary wavefront
emerged from the reentry circuit and propagated mainly in the right atrium (RA) (dashed black
arrows in Panels B, C and D). It descended from the roof of the LA (site 4) to the inferior
portion of RA free wall (site 5). There was a long line of functional block between site 2 and
site 5 (thick black line in Panel B) due to refractoriness.

SUMMARY

We report the first application of ECGI in a patient with atypical atrial flutter that developed
after catheter ablation for PV isolation. ECGI detected and mapped regions of low voltages
that coincided with scar tissue around the pulmonary veins from the previous catheter ablation
procedures, as verified during a COX-MAZE surgical procedure. The flutter reentry circuit
was constrained by the scar and mainly confined to the LA. The mitral isthmus between the
coronary sinus and the PVs participated in the reentry circuit. ECGI also imaged a region of
low potentials on the let atrial appendage (LAA), which is uncommon. Typically, the LAA is
a region of high voltage, as measured by endocardial mapping. During the COX-MAZE
procedure it was observed that the LAA is extensively scarred (due to the underlying disease,
not prior ablation), consistent with the ECGI reconstruction of low voltages in this region. The
case reported in this manuscript was unique from the ECGI perspective, because prior to the
COX-MAZE procedure the diagnosis was atrial fibrillation. ECGI constructed a monomaorphic
stable reentrant activation pattern that was repeated for many beats, indicating anatomical
rather than functional reentry. Both ECGI reconstruction of low potentials and direct
observation during surgery consistently identified an extensive scar around which the ECGI
reconstructed isochrones formed the reentry circuit; the scar provided the anatomical substrate
that stabilized the reentry. The repeatability of the reentry pattern over many beats demonstrates
the consistency of ECGI methodology. It should be recognized that ECGI generates the entire
activation map during a single beat and is therefore well suited to detect beat-to-beat changes
during an arrhythmia. In contrast, catheter mapping (e.g. CARTO) is conducted point-by-point
in a roving-prove fashion and requires data from many beats to construct an activation map.
As such, it cannot provide data for comparison to ECGI in most cases. Following the COX-
MAZE procedure, the patient returned to normal sinus rhythm.
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Figure 1.

Panel A: ECGI epicardial electrogram magnitude map (posterior view). Small magnitude
regions (<0.5mV; shown in blue) indicate scar. Panel B: photograph extracted from the video
recorded during the Cox-Maze procedure; Tissue appearing white is the scar. Panel C: Two
selected ECGI-reconstructed epicardial electrograms from different sites on the epicardial
surface: (a) remote to the scar; (b) within the scar; locations are marked in panel A; LIPV =
Left Inferior Pulmonary Vein, LSPV = Left Superior Pulmonary Vein, RIPV = Right Inferior
Pulmonary Vein, RSPV = Right Superior Pulmonary Vein, LAA = Left Atrial Appendage,

RAA = Right Atrial Appendage.
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Figure 2.
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ECGI reconstructed isochrone map of the flutter cycle. Solid arrows show the reentry circuit.
Dashed arrows show a secondary front emanated from the main reentry circuit. The sequence
of reentry is 1-2—3—4—(6)—7—8—1. Black circles show locations of the four pulmonary
veins. RA = Right Atrium, LA = Left Atrium, MV = Mitral Valve, TV = Tricuspid Valve.

LIPV = Left Inferior Pulmonary Vein, LSPV = Left Superior Pulmonary Vein, RIPV = Right

Inferior Pulmonary Vein, RSPV = Right Superior Pulmonary Vein, LAA = Left Atrial

Appendage.
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