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Cardiac arrhythmias are a major cause of death and disability. Despite the clinical need and the importance of

studying arrhythmia mechanisms in humans, a noninvasive imaging modality for cardiac electrophysiology is not

yet available for routine application. Here we describe such a noninvasive imaging modality, electrocardiographic

imaging (ECGI), and provide examples of its application in various (normal and abnormal) cardiac rhythms.
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Introduction

An estimated 400,000 people die annually in the
United States alone from cardiac rhythm disorders
(7 million worldwide). Yet, a noninvasive imaging
modality for cardiac electrophysiology and arrhyth-
mias, equivalent to CT or MRI, is not available for
clinical practice or human research. Such method is
needed for identifying patients at risk of arrhythmia
and sudden death, for providing specific diagnosis,
and for guiding therapy and assessing its outcome.
It is also needed for mechanistic studies of arrhyth-
mias in humans, where the arrhythmogenic sub-
strate is very different from the substrate in animal
models.

Electrocardiographic imaging (ECGI) is a
noninvasive imaging modality developed in our lab-
oratory.! It noninvasively images potentials, elec-
trograms, activation sequences (isochrones), and
repolarization patterns on the epicardial surface
of the heart. ECGI was extensively validated in
animal experiments”® and by comparison to di-
rect cardiac mapping in patients undergoing open
heart surgery.” In this workshop proceeding I will
summarize the ECGI method and provide selected
examples of its application in humans. The ma-
terial presented here was adapted and compiled
from my previous publications, referred to in each
sub-section.

Methodology

We use 250 electrodes mounted on strips (or or-
ganized into a vest) to record 250 electrocardio-
grams from the entire torso surface. Following the
ECG recordings, the patient undergoes a thoracic
CT scan with the electrodes in position. The CT
images provide the positions of the ECG electrodes
and the heart-surface geometry in the same refer-
ence frame. The ECGs are the electrical input data
and the CT scans are the geometry input data for
ECGI. These data are combined in a mathematical
algorithm to compute epicardial potentials, electro-
grams (typically at 600 locations), isochrones, and
repolarization patterns. Figure 1 is a diagram of the
ECGI procedure. Protocols were reviewed and ap-
proved by the Institutional Review Boards (IRBs) at
University Hospitals of Cleveland and Washington
University in St. Louis.

Computation of potentials on the epicardial sur-
face of the heart from potentials measured on the
body surface is based on solving Laplace’s equa-
tion in the volume between the torso and epicardial
surfaces.® An integral formulation of this problem
(Green’s Second Theorem) and the boundary el-
ement method (BEM)® are used to discretize the
problem and derive a matrix A that relates the torso
potentials vector V to the vector of epicardial po-
tentials Vg: V1 = AVg. The A matrix provides the
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Figure 1. The ECGI procedure: Body surface potential maps (BSPMs) are recorded using a multichannel (250-

electrode) mapping system. Non-contrast CT images with the body surface ECGI electrodes applied, simultaneously

record the locations of the electrodes (shining dots in CT images) and the geometry of the heart surface. By combining

the BSPM and heart-torso geometry information, ECGI reconstructs potential maps, electrograms, isochrones

(activation patterns), and repolarization patterns on the epicardial surface of the heart. (Modified from Ramanathan

etall)

heart-torso geometrical relationship obtained us-
ing CT. The goal of ECGI is to invert the above
equation and computer Vg from the measured Vr.
Unfortunately, this “inverse problem” is ill-posed in
the sense that small errors and noise in the recorded
ECGs can cause large, unbounded errors in the com-
puted epicardial potentials. To overcome this diffi-
culty, we used Tikhonov regularization methods'
or the Generalized Minimal Residual (GMRes) it-
erative approach'! to stabilize the solution. Once
epicardial potentials are computed for the entire
cardiac cycle (or many cycles) with temporal reso-
lution of 1 ms, they are used to compute epicardial
electrograms (potential over time) at 600 epicardial
locations. From the electrograms, activation times
are determined by the steepest negative deflection
on the QRS and isochrones are constructed by con-
necting sites of equal activation times. Similarly, re-
covery (repolarization) times are determined as the
time of steepest positive deflection on the T-wave.

Selected examples of ECGI images

Normal ventricular activation
Normal ventricular activation'!? (sinus rhythm,
SR) is characterized by broad activation fronts that

propagate from endocardium to epicardium. Epi-
cardial breakthrough occurs when a portion of the
wave front reaches the epicardial surface, an event
that generates a local epicardial potential minimum.
The locations and relative times of various break-
throughs provide important information on the se-
quence of ventricular activation and its deviation
from normal SR in disease states. Figure 2A (left)
shows body surface potentials 35 ms after QRS on-
set during SR in a healthy young adult. Figure 2A
(right) is the corresponding ECGI potential map
on the epicardial surface of the heart. Several po-
tential minima (dark blue and yellow, numbered
1, 2, 3, 4) indicate breakthrough sites. The earli-
est breakthrough occurs at the thinnest portion of
the right ventricular (RV) free wall (site 1); it is
termed “RV breakthrough.” The RV breakthrough
minimum appears at 22 ms after QRS onset and
intensifies at 35 ms. Several breakthrough min-
ima appear on the left ventricular (LV) epicardium
(sites 2, 3, and 4). Site 2 is a breakthrough of an
activation front generated by the left anterior fascic-
ular branch of the left bundle branch of the special-
ized conduction system. The minima imaged at sites
1 and 2 are consistent with directly recorded minima
at corresponding locations in chimpanzee hearts.!?
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Figure 2. Ventricular activation of a normal subject. (A) Left: anterior and posterior views of body surface potential
map (BSPM), 35 ms after QRS onset. ECG lead 2 is shown for timing. Right: noninvasive epicardial potential map

reconstructed from BSPM at left. RV, right ventricle; LV, left ventricle; LAD, left anterior descending coronary artery;

LA, left atrium; RA, right atrium. (B) Left: epicardial electrograms from locations 1, 5, 3, and 4 (shown in A [right]).

Right: epicardial isochrones. 1, 2, 3, and 4 indicate locations of early epicardial activation (breakthrough sites). (From

Ramanathan et al.! Reproduced by permission.)

Site 3 is at the LV apex and site 4 in the posterior
paraseptal region of the LV. Invasive direct mapping
detected the occurrence of all four epicardial break-
throughs, confirming the noninvasive images of
ECGIL.™

Figure 2B (left) shows selected ECGI electro-
grams from epicardial sites 1, 3, 4, and 5. These
human electrograms are very similar in morphol-
ogy to those directly measured from corresponding
locations in the chimpanzee heart. There is a typ-
ical progression of electrogram morphology from
RV to LV; electrogram 1 is mostly negative, elec-
trograms 4 and 5 are biphasic and electrogram
3 is mostly positive. ECGI also reconstructs well
epicardial electrogram T-waves, reflecting the lo-
cal repolarization process. Anterior RV T-wave is
positive (site 1), while at posterior LV (site 4) T-
wave is inverted (negative). From the ECGI electro-
grams, activation-recovery intervals are computed
with a typical value of 240 ms, which closely cor-

responds to measured action-potential durations
in ventricular cells and tissue. Figure 2B (right)
shows ECGI activation (isochrone) maps during
normal SR. Earliest activation is at the four epi-
cardial breakthrough sites of Figure 2A. Latest ac-
tivation occurs at the posterobasal LV (dark blue,
posterior).

Atrial flutter

Figure 3 is an ECGI image of atrial activation
isochrones in a patient with chronic atrial flut-
ter.!> The anterior view shows the reentry circuit
that drives the flutter (black arrows). The circuit
is confined to the right atrium (RA) and the wave
front circulates in the counterclockwise direction.
It propagates up the inter-atrial septum (dashed ar-
row) to emerge near Bachman’s bundle (asterisk). It
then pivots counterclockwise and propagates down
the RA free wall to reenter the septum through the
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Figure 3. ECGI Images of atrial flutter. Isochrone maps are shown. The right atrial reentry circuit that drives the
flutter is indicated by black arrows, RAFW, right atrial free wall; LAA, left atrial appendage; SVC, superior vena
cava; TA, tricuspid annulus; MA, mitral annulus; PV, pulmonary vein; SEP, septum; CrT, crista terminalis. (From

Ramanathan et al.! Reproduced by permission.)

narrow isthmus between the inferior vena cava and
tricuspid annulus (TA). This primary reentry cir-
cuit generates many secondary excitatory waves that
spread in all directions. A major wave (white arrows)
propagates around the IVC (inferior IVC view) and
ascends the lateral RA (right lateral view) to the
crista terminalis region, where it collides with an-
other front (gray arrows) that emerges from the
main reentry circuit in the leftward direction. Other
wave fronts (gray arrows in posterior, anterior and
right lateral views) emanate from the reentry circuit
and propagate to the left atrium (LA), reaching the
LA appendage last. The ECGI imaged reentry cir-
cuit and details of the atrial activation pattern are
consistent with direct catheter mapping of typical
atrial flutter in patients.!-!8

Wolff-Parkinson—White (WPW) syndrome
and cardiac memory

The WPW syndrome!®?° is associated with long-
standing abnormal sequence of ventricular activa-
tion due to pre-excitation via an atrioventricular ac-
cessory pathway (AP).?! Cardiac memory (CM)?*
is defined as persistence of repolarization abnormal-
ities secondary to abnormal activation after nor-
mal activation has been restored. Figure 4 shows
ECGI epicardial isochrones of a WPW patient pre-
ablation of the AP and 45 min post-ablation. Before
ablation (left panel) the area of earliest activation
(pre-excitation from the AP) is at the base (red;
the initiation site is marked with an asterisk). After
ablation (right panel) the sequence is reversed and
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a patient with WPW syndrome. Left: pre-ablation;
right: post-ablation. Electrogram (EGM) from the pre-
excitation region is also shown. (Adapted from Ghosh
et al.,'”® with permission.)

this region is activated last (blue) as during nor-
mal sinus rhythm. Epicardial electrogram from the
pre-excitation region (EGM) shows a negative Q-
wave pre-ablation; it is reversed in polarity to a pos-
itive R-wave post-ablation. Note that the T-wave is
negative pre-ablation and remains negative post-
ablation, suggesting presence of CM.

Figure 5 shows repolarization activation—
recovery (ARI) maps pre-ablation and at progressive
times (45 min, 1 week, 1 month) post-ablation. ARI
is a surrogate of the local action potential dura-
tion. EGMs from the pre-excitation region are also
shown. The QRS complex, reflecting activation, re-
verses from negative to positive immediately after
ablation and remains positive at all later times. In
contrast, the T-wave is negative pre-ablation and re-
mains so at 45 min and 1 week post-ablation. Only at
1 month after ablation the T-wave becomes positive.
ARIs from the pre-excitation region (350 ms) are
greatly prolonged relative to typical ARIs of 300 ms
from this region during normal sinus rhythm. At
the apex ARI = 240 ms, same as normal, and the
base-to-apex ARI gradient pre-ablation is 110 ms.
It remains steep at 114 ms 45 min post-ablation
and gradually decreases to 80 ms at 1 week and to
40 ms (same as normal) at 1 month. Thus, abnormal
repolarization persists post-ablation and gradually
returns to normal over one month, exhibiting long-
term memory with a time course consistent with
transcriptional reprogramming and remodeling of
ion channels.
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Heart failure and cardiac
resynchronization therapy

In more than 30% of advanced heart failure cases,
LV activation is delayed. To restore synchrony of
contraction, biventricular (BiV) pacing has been
applied as a therapeutic approach termed car-
diac resynchronization therapy (CRT).** We applied
ECGI in eight patients with heart failure during na-
tive rhythm (NR) and BiV. Figure 6 shows epicar-
dial isochrones during NR in four of the patients.
RV activation is consistent with that imaged in the
normal heart, with epicardial activation spreading
uniformly from an anterior breakthrough site. RV
breakthrough occurs 29 £ 7 ms after onset of the
body surface QRS. Duration of the entire RV acti-
vation following the breakthrough is 25 £ 12 ms.
In contrast, LV activation is greatly delayed, mostly
due to line(s)/region(s) of conduction block in an-
terior LV that prevent the RV activation front from
crossing directly to the LV. The activation front cir-
cumvents the block via apical or inferior LV, ac-
tivating the lateral LV base last in most patients
(although there is inter-patient variability in the re-
gion of latest activation; see Figure 6 [dark blue
area)).

BiV pacing generates very different activation se-
quences in different patients, with variable degree of
resynchronization (not shown). Activation of lateral
LV is advanced in all patients, who had lateral LV

Figure 5. Epicardial activation—recovery interval (ARI)
maps pre-ablation and at different times (45 mins, 1 week,
and 1 month) post-ablation. EGM from pre-excitation
region is also shown. MA, mitral annulus; TA, tricuspid
annulus. (Modifed from Ghosh et al.'®)

218 Ann. N.Y. Acad. Sci. 1188 (2010) 214-221 © 2010 New York Academy of Sciences.



Rudy

ECG imaging

A B W e

patient 2% 70 B2 95 107 120 132 144

(Esyn: -73ms)

C N (. c0me)

flont™ 43 ¢ 7 85 06 106 118 127 137 147 158 1

D
X
b

(Esyn: -93ms)

Back

Figure 6. Activation maps during native rhythm in four patients with heart failure. Thick black markings indicate
conduction block. Activation times (in milliseconds) of selected regions are indicated. Esyn = electrical synchrony
index (mean activation time difference between lateral RV and LV free walls); smaller absolute value corresponds

to greater synchrony. RVB, right ventricular breakthrough; QRSd, QRS duration. (From Jia et a
permission.)
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leads, improving electrical synchrony. In contrast, Summary

anterior LV lead placement does not improve elec-

trical synchrony due to regions of block and slow Cardiac arrhythmias are a major cause of death and
conduction in the antero-lateral aspects, which in- ~ disability. There is clearly a need for a noninva-
terfere with anterior to lateral wall propagation. sive imaging modality, equivalent to CT or MRI,
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for cardiac electrophysiology and arrhythmia. The
examples provided here demonstrate the ability of
ECGI to image noninvasively various electrical ac-
tivity patterns on the surface of the heart. This capa-
bility could help in (1) screening of people for risk
of life threatening arrhythmias; (2) specific diagno-
sis of arrhythmia mechanisms to facilitate specific
therapy; (3) determination of arrhythmogenic sub-
strate and its location to guide targeted intervention
(e.g. ablation, pacing, CRT, drug delivery, and gene
transfer); (4) follow up and evaluation of therapy. In
addition, it could be used as a research tool to study
mechanisms of arrhythmias in humans, where the
electrophysiological substrate is markedly different
from animal models used in arrhythmia research.
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