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Abstract: Despite the success of cardiac resynchronization therapy (CRT) for treating heart failure
(HF), the rate of nonresponders remains 30%. Improvements to CRT require understanding of
reverse remodeling and the relationship between electrical and mechanical measures of synchrony.
The objective was to utilize electrocardiographic imaging (ECGI, a method for noninvasive cardiac
electrophysiology mapping) and speckle tracking echocardiography (STE) to study the physiology of
HF and reverse remodeling induced by CRT. We imaged 30 patients (63% male, mean age 63.7 years)
longitudinally using ECGI and STE. We quantified CRT-induced remodeling of electromechanical
parameters and evaluated a novel index, the electromechanical delay (EMD, the delay from activation
to peak contraction). We also measured dyssynchrony using ECGI and STE and compared their
effectiveness for predicting response to CRT. EMD values were elevated in HF patients compared
to controls. However, the EMD values were dependent on the activation sequence (CRT-paced vs.
un-paced), indicating that the EMD is not intrinsic to the local tissue, but is influenced by factors
such as opposing wall contractions. After 6 months of CRT, patients had increased contraction in
native rhythm compared to baseline pre-CRT (baseline: —8.55%, 6 months: —10.14%, p = 0.008). They
also had prolonged repolarization at the location of the LV pacing lead. The pre-CRT delay between
mean lateral LV and RV electrical activation time was the best predictor of beneficial reduction in LV
end systolic volume by CRT (Spearman’s Rho: —0.722, p < 0.001); it outperformed mechanical indices
and 12-lead ECG criteria. HF patients have abnormal EMD. The EMD depends upon the activation
sequence and is not predictive of response to CRT. ECGI-measured LV activation delay is an effective
index for CRT patient selection. CRT causes persistent improvements in contractile function.

Keywords: electrocardiographic imaging (ECGI); heart failure (HF); cardiac resynchronization ther-
apy (CRT); ultrasound; strain; speckle tracking echocardiography

1. Introduction

Electrocardiographic Imaging (ECGI) is a noninvasive imaging modality for studying
cardiac electrophysiology [1]. ECGI noninvasively reconstructs epicardial potentials, which
can be used to map epicardial activation and repolarization sequences and generate maps
of electrophysiological scar substrate. Electrical information is valuable for understanding
cardiac arrhythmias. However, cardiac structure and mechanics play an important role
in many forms of heart disease. ECGI offers additional utility when paired with com-
plementary imaging techniques. For example, we combined ECGI with late gadolinium
enhancement MRI to correlate electrophysiological substrate with anatomical scars in
arrhythmogenic right ventricular cardiomyopathy (ARVC) patients [2]. More recently, we
combined ECGI with tagged MRI to study the electromechanics of the normal human heart
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in situ [3]. In the present manuscript, we describe our efforts to expand on this work by
combining ECGI with speckle tracking echocardiography (STE) to study the electrome-
chanics of heart failure (HF) and cardiac resynchronization therapy (CRT). In the present
study, STE replaced the previously utilized MRI for the following reasons.

STE is an imaging technique which tracks the characteristic speckled patterns in
echocardiographic images and computes deformation of the patterns to determine regional
strain values [4,5]. STE offers several advantages over tagged MRI for studying electrome-
chanics in the CRT patient population. First, many CRT devices are incompatible with MR],
which means that MRI cannot be used to evaluate strain in these patients post-implantation.
Tagged MRI also requires a lengthy scan with many long breath holds, which may be too
difficult for many HF patients. STE, in contrast, can be obtained from echocardiographic
data, which are routinely collected from this patient population. Finally, STE also offers
much higher framerates than tagged MRI, which can improve the temporal resolution for
identifying features of strain curves.

HF is a progressive disease with high prevalence and high mortality that is a ma-
jor contributor to healthcare costs [6]. HF is associated with adverse remodeling of the
ventricular myocardium that includes chamber dilatation, slow conduction of electrical
activation, decreased myocyte contraction amplitudes, altered intracellular Ca®* handling,
and prolonged action potential durations [7-12]. Approximately 30% of HF patients have
dyssynchronous ventricular contraction, apparent by prolonged QRS duration on the ECG.
Prolonged QRS duration and left ventricular ejection fraction (LVEF) are inversely corre-
lated, and HF patients with QRS prolongation have higher all-cause mortality and may
have higher incidence of sudden death than those with narrow QRS complexes [13]. CRT
improves the synchrony of ventricular contraction by pacing both ventricles. Clinical trials
found that CRT improves quality of life, reduces HF-related hospitalizations, prolongs
patient survival, and may reduce the risk of sudden cardiac death [14-17]. CRT also cor-
rects some of the pathological abnormalities in HE, a process known as reverse remodeling.
Animal studies found that CRT restored cellular action potential duration (APD) and Ca%*
transients to normal levels [18,19]. Despite the widely reported benefits of CRT, the rate of
patients who do not respond to the therapy has been remarkably stable at around 30% [20].

The QRS duration (an electrical index of ventricular dyssynchrony) is the most impor-
tant clinical indication for CRT patient selection. A longer QRS duration, reflecting greater
ventricular dyssynchrony, is generally a predictor of greater response to CRT. While various
mechanical dyssynchrony assessments of dyssynchrony, such as STE, have been evaluated
for their utility in CRT patient selection, they have generally failed to improve the rate
of nonresponders. The EchoCRT trial, which evaluated CRT in patients with mechanical
dyssynchrony and a narrow QRS complex, was stopped for futility with the conclusion
that CRT was possibly detrimental in that patient cohort [21,22].

The disappointing performance of mechanical dyssynchrony indices in patient selec-
tion is an indication of gaps in our understanding of the electromechanics of HF and CRT. A
better understanding of the physiology underlying response and non-response to CRT may
advance future attempts to improve the therapy. The present study combines STE with
ECGI to study the electromechanics of CRT in HF patients in situ. We imaged HF patients
undergoing CRT (HF-CRT) longitudinally to determine baseline dyssynchrony prior to
CRT, acute resynchronization at onset of CRT, and reverse remodeling after 6 months of
CRT pacing. Previously published ECGI and STE data from a group of 20 healthy adults [3]
served as control data for comparison.

2. Methods
2.1. Patient Cohort

We enrolled a representative group of 30 HE-CRT patients at Washington University
in St. Louis—63% were male with a mean age 64.1 years, and 37% were female with a
mean age 62.9 years. Any HF patients undergoing new CRT device implantation were
eligible for inclusion in the study. Patient demographics, HF etiologies, and baseline EF
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and QRS durations are provided in Table 1. The study was approved by the Human
Research Protection Office at Washington University in St. Louis (IRB ID: 201111090). All

participants provided written informed consent.

Table 1. Study population baseline ejection fraction (EF), QRS duration (QRSd), heart failure etiology, and demograph-

ics. Baseline EF and QRSd values were measured during the study, prior to the onset of CRT pacing. ICM: Ischemic

Cardiomyopathy. NICM: Nonischemic cardiomyopathy.

ID EF (%) ORSd (msec) Etiology Age Sex Race Ethnicity
EM1 27 154 NICM 53.0 F Caucasian Not Hispanic
EM2 25 167 NICM 64.0 F Caucasian Not Hispanic
EM3 23 180 NICM 71.9 M Caucasian Not Hispanic
EM4 - 123 NICM 63.3 M Caucasian Not Hispanic
EM5 29 199 NICM 54.4 M Caucasian Not Hispanic
EM6 27 169 NICM 73.0 F Caucasian Not Hispanic
EM7 20 154 ICM 66.3 M Caucasian Not Hispanic
EMS8 25 108 NICM 59.8 M Caucasian Not Hispanic
EM9 25 173 NICM 69.5 F Caucasian Not Hispanic

EM10 24 149 ICM 62.4 M Caucasian Not Hispanic
EM11 24 186 NICM 69.3 F Caucasian Not Hispanic
EM12 30 136 ICM 67.5 M Caucasian Not Hispanic
EM13 21 156 ICM 60.1 M Aﬁgciizn Not Hispanic
EM14 29 184 NICM 54.5 F Caucasian Not Hispanic
EM15 20 162 ICM 77.6 M Caucasian Not Hispanic
EM16 23 134 NICM 64.0 F Caucasian Not Hispanic
EM17 24 200 NICM 52.5 M Caucasian Not Hispanic
EM18 24 184 ICM 78.7 F Caucasian Not Hispanic
EM19 24 204 NICM * 74.7 F Caucasian Not Hispanic
EM20 26 154 NICM 34.7 M Caucasian Not Hispanic
EM21 21 153 ICM 77.5 M Caucasian Not Hispanic
EM22 20 147 Ic™m 81.1 M Caucasian Not Hispanic
EM23 22 154 ICM 55.3 M Caucasian Not Hispanic
EM24 17 149 NICM 74.1 M Caucasian Not Hispanic
EM25 31 145 NICM 51.3 F Caucasian Not Hispanic
EM26 24 149 Ic™M 72.4 M Caucasian Not Hispanic
EM27 17 143 NICM 405 F Aﬁgciizn Not Hispanic
EM28 23 142 NICM 62.4 M Caucasian Not Hispanic
EM29 25 162 NICM 614 M Aﬁ‘rfgciizn Not Hispanic
EM30 17 178 NICM 64.1 M A’iﬁi‘igﬂ Not Hispanic

- EM4 baseline EF data lost due to computer failure (patient excluded from response analysis). * Mild nonobstructive coronary artery disease.
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2.2. Electrocardiographic Imaging (ECGI)

The ECGI method was described previously [1]. A schematic of the procedure is pre-
sented in Figure 1. Briefly, 256 uniformly distributed ECGs were simultaneously recorded
from the torso using a portable recording system (ActiveTwo, BioSemi; the Netherlands).
Patient-specific heart-torso geometries were obtained using a thoracic CT scan gated at
70% of the R-R interval while wearing the recording electrodes. The ECG recordings were
combined with the heart-torso geometries to reconstruct unipolar epicardial electrograms
noninvasively, using previously described methods [1]. Typically, 1000 electrograms were
computed over the entire ventricular epicardium. Electrograms over the valve plane were
excluded from further analysis.

Epicardial Surface

i Potentials (mV)
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Recovery Time [ms)

Figure 1. Schematic of the ECGI procedure. Body-surface potentials are recorded from the torso surface using a portable
recording system (top). The heart-torso geometry is obtained using a computed tomography (CT) or magnetic resonance
imaging (MRI) scan (bottom). The heart-torso geometry and torso potentials are combined and the inverse problem is
solved to reconstruct unipolar epicardial electrograms. Electrograms are processed to determine local electrical parameters
of interest (right frame).

2.3. Echocardiography

Echocardiography was performed using a commercially available ultrasound imaging
system (Vivid 7, GE Healthcare, Milwaukee, WI, USA). Longitudinal strain was assessed
in standard 4-chamber, 3-chamber (apical long axis), and 2-chamber apical views. Images
were obtained using the maximum framerate that allowed for viewing the entire left
ventricle (LV) chamber, with a typical frame rate of 70 frames per second. Strain curves in
each apical view were computed using vendor speckle tracking software (EchoPAC, GE
Healthcare, Milwaukee, WI, USA). To minimize the effect of noise on the timing of the
strain curves, 3 beats were processed for each view and averaged. LV volumes and ejection
fractions (also averaged over 3 beats) were determined using Simpson’s biplane method.
In cases where the 2-chamber view could not be obtained (n = 5), the 4-chamber volume
parameters were used. We defined response as a decrease in LV end systolic volume
(LVESV) > 15% and/or an increase in ejection fraction (EF) > 5% after 6 months of CRT.
Responders and nonresponders were classified based on these echocardiographic criteria.
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2.4. Longitudinal CRT Studies

The first ECGI and STE images were obtained after device implantation but prior to
the onset of CRT pacing. This allowed us to determine the location of the pacing leads
from the CT scan and image the patients prior to any CRT-induced reverse-remodeling.
Patients were imaged in their native (un-paced) rhythm and at the onset of CRT pacing.
Imaging was repeated in both paced and un-paced rhythms after 3 and 6 months of CRT
pacing. To avoid the radiation exposure of additional CT scans during follow-up visits, the
ECGI electrodes were placed in the same locations as the initial visit using images from the
initial scan to guide electrode placement.

2.5. Analysis
2.5.1. Segmentation

Analysis of each imaging modality was performed blinded to the results of the other
modalities. The LV was segmented using a modified version of the American Heart
Association 17-Segment Model (Figure 2). The standard apical segments were replaced
with anterolateral, inferolateral, anteroseptal, and inferoseptal apical segments. For the
ECGI analysis, the lateral right ventricle (RV) was segmented using the same convention
as the lateral LV. Electrogram parameters for each region were computed using the mean
value from all electrograms within the region.

Figure 2. The LV was segmented using a modified version of the American Heart Association
17-Segment Model. Apical segments were modified from the standard model because ECGI images
the epicardium which does not include any septal segments. The apical LV segments from the ECGI
maps were divided into Apical Anterolateral and Apical Inferolateral segments.

2.5.2. Electrogram Analysis

Activation times were computed from epicardial electrograms as the time of steepest
negative time-derivative of voltage (—dV/dtmax). Recovery times were computed as
the steepest positive time-derivative during the T wave (dV /dtmax) [23,24]. Activation-
recovery intervals (ARIs, a surrogate for local APD) were computed as the difference
between recovery time and activation time. Activation and recovery maps were edited
based on overall sequence and neighboring electrograms. Electrogram fractionation was
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quantified using the number of downward deflections between the QRS onset and T wave
onset. Electrograms with more than 2 deflections were considered “fractionated” (see online
supplement of [3] for additional details). ARIs and fractionation were compared across
visits in native rhythm to avoid the impact of altered activation sequence on the indices.
Parameters were computed at pacing sites by averaging values of the 10 electrograms
closest to the pacing lead locations. The term “activation” refers to electrical excitation
throughout the text.

2.5.3. Dyssynchrony Indices

We quantified electrical dyssynchrony from the 12-lead ECG using the QRS duration,
computed as the latest QRS end in any lead minus the earliest QRS onset in any lead. We
note that this definition differs from measurements that report the QRS duration as the
maximum duration in any single lead. The total ventricular activation time was defined
as the latest ECGI-determined activation time minus the earliest. We evaluated electrical
dyssynchrony in ECGI using two previously reported indices. The LV activation delay was
defined as the mean activation time in mid and basal lateral LV segments minus the mean
activation time in mid and basal lateral RV segments [25]. LV activation dispersion was
computed as the standard deviation of activation times within the LV [26].

We evaluated mechanical dyssynchrony using analogous indices applied to echocar-
diographic strain data. The mechanical delay was defined as the mean time of peak strain
in mid and basal lateral LV segments minus the mean time of peak strain in mid and
basal septal segments. Mechanical dispersion was defined as the standard deviation of
contraction times within the LV.

2.5.4. Electromechanical Delay (EMD)

ECGI and echocardiographic parameters were aligned temporally using the body
surface ECG from corresponding lead locations. Maxima or minima from the QRS voltage
or voltage derivatives were used to align the ECG traces. The electromechanical delay
(EMD) was defined as the time of peak strain within an LV segment minus the mean
electrical activation time within the segment. Because ECGI does not image the septum,
the EMD was not computed for septal segments.

2.5.5. Statistical Analysis

Comparisons between controls and the HF-CRT population were performed using
Wilcoxon rank-sum tests. ECGI and STE data are presented for a representative control
in Figure 3. Changes due to acute and chronic CRT pacing were assessed using Wilcoxon
signed-rank tests. Correlations between parameters and volumetric reverse remodeling
were performed using Spearman correlation coefficients.
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Figure 3. Healthy adult activation and contraction. (A) Activation isochrones. Atria and left anterior descending coronary

artery are shown in gray. Right ventricular outflow tract is shown in blue. Left ventricular outflow tract is shown in pink.

Asterisk indicates epicardial breakthrough site. (B) Speckle tracking echocardiography (STE) strain curves plotted below

the ECG. Electrical activation times are indicated in the plot with vertical lines (dashed lines indicate right ventricular

activation as an approximation of septal activation time). Dotted line indicates aortic valve closure. The timing of peak

strain within anatomical segments (top bullseye plot) was homogeneous within the LV. Regional electromechanical delay

(EMD) values (bottom bullseye plot) were computed by subtracting the electrical activation time from the time of peak

strain within regions. EMD values were not computed for septal regions (shown in gray) because ECGI does not image the

septum. RV: right ventricle; LV: left ventricle; RA: right atrium; LA: left atrium.

3. Results
3.1. Electrical Activation

The native (un-paced) pre-CRT epicardial activation sequence in HF-CRT patients was
prolonged compared to controls (Table A1, Appendix A) and was acutely altered by the
onset of CRT pacing (Table A2, Appendix A). The most common pattern of native epicardial
activation in HF patients was normal RV activation with varying degrees of delay in the
lateral LV. Figure 4 presents representative responders and nonresponders. RV activation
patterns were generally consistent with control patients, with RV epicardial breakthrough
and a radial activation spread from the breakthrough site to the rest of the RV. LV activation
patterns were consistent with prior studies [25-27] and generally featured a “U-shaped”
left bundle branch block activation pattern with a line of conduction block located between
the epicardial aspect of the septum and the LV lateral wall. The best predictors of acute
resynchronization efficacy were the baseline level of LV delay (long delay was predictive
of effective resynchronization) and the location of the LV lead. The responders (patients
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25 and 27) had high baseline electrical dyssynchrony with LV leads located in the region
of late activation. The acute onset of CRT pacing resulted in significant improvement in
the LV electrical delay parameter. In contrast, the first nonresponder (patient 12) had less
baseline dyssynchrony and the onset of pacing resulted in less improvement in synchrony
compared to the responders. The second nonresponder (patient 13) had high baseline
dyssynchrony. However, the anterior location of the pacing lead reduced the effectiveness
of resynchronizing the ventricles.

Native Rhythm CRT Paced Rhythm LV Activation Delay

Native 92 msec
CRT -27 msec
Improvement 65 msec

CRT #25

Responder

Native 83 msec
CRT -15 msec
Improvement 68 msec

CRT #27

Responder

Native 50 msec
CRT -25 msec
Improvement 25 msec

CRT #12

Non-responder

Native 81 msec
CRT 41 msec
Improvement 40 msec

CRT #13

Non-responder

LV View RV View LV View RV View

Figure 4. Activation isochrone maps in HF-CRT patients in native rhythm prior to CRT pacing (left) and at pacing onset

(right). Pacing lead locations are indicated with black spheres. CRT pacing decreases LV activation delay absolute value

(“Improvement”). Echocardiographic responders (top 2 rows) generally had high levels of dyssynchrony at baseline which

was substantially improved by CRT pacing. Nonresponders often had less baseline dyssynchrony (row 3) or ineffective lead

placement (row 4). RV: right ventricle; LV: left ventricle.

3.2. Contraction

Contraction in HF-CRT patients was dyssynchronous and impaired. HF-CRT pa-
tients had higher pre-systolic stretch and lower peak contraction amplitudes than controls
(median —8.78% in HF-CRT vs. —20.65% in controls, p < 0.001, Table A1). Figure 5 (top)
illustrates the native rhythm contraction sequence for a HF-CRT patient. Electrical ac-
tivation of the lateral LV is delayed relative to the other segments (vertical lines). The
lateral LV was stretched (early positive deflection) by the septal wall contraction prior to
its own contraction and the lateral wall segments reached peak contraction after aortic
valve closure (vertical dotted line). While the overall pattern of delayed LV contraction
is apparent from the strain curves, it is difficult to extract markers of contraction timing
from the plots because of the influence of opposing contraction and low amplitudes in
some regions. In this patient, several of the septal wall segments reached peak strain
after the lateral wall, despite the apparent overall pattern of delayed LV contraction. The
mean electromechanical delays observed in HF patients closely matched control values.
However, the dispersion of EMDs within the LV was larger (median 57 msec in HF-CRT vs.
25 msec in controls, p < 0.001, Table A1, Appendix A).
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Figure 5. Native rhythm strains in HF-CRT patients (top) were dyssynchronous and lower in
amplitude than controls. Lateral regions often stretched prior to contraction (arrow) and reached
peak strain after aortic valve closure (dotted line). Many regions reached peak strain later than
controls (top bullseye). The mean EMD in HF patients was the same as in controls, but values within
the LV showed greater dispersion (bottom bullseye). The acute onset of CRT (bottom) decreased
pre-systolic lateral wall stretch. Peak strain timing values did not capture synchrony improvements
effectively. Regional EMDs were different for each activation sequence (native rhythm vs. CRT
pacing), indicating that EMD is not a purely intrinsic property.

The onset of CRT pacing improved the overall appearance of synchrony in the STE
strain curves (Figure 5, bottom). The improved mechanical synchrony was reflected in a
decrease in the mechanical delay parameter (median 91 msec in native rhythm vs. —15msec
with CRT pacing, p < 0.001). However, the other mechanical dyssynchrony indices were
not significantly changed (Table A2, Appendix A). The onset of CRT pacing reduced pre-
systolic stretch of the lateral wall but mean peak strain values were unchanged (Table A2,
Appendix A). EMD values within anatomical segments were altered by the onset of CRT
pacing, indicating that the EMD is not an activation-sequence-independent property of the
underlying tissue (Figure 5). There were no statistically significant changes in the mean
EMD or the EMD dispersion caused by CRT pacing (Table A2).
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3.3. Volumetric Reverse Remodeling (CRT Response)

Of the 30 HF-CRT patients, 22 patients completed the study and could be classified
as responders (patients who had a decrease in LV end systolic volume (LVESV) > 15%
and/or an increase in ejection fraction (EF) > 5% after 6 months of CRT) or nonresponders
after 6 months of CRT. Out of these, seven (32%) were nonresponders, consistent with
the rate of nonresponders observed in most CRT studies. We used Spearman’s rank
correlation coefficient to correlate baseline (prior to CRT) native rhythm electrical and
mechanical parameters with change in LVESV (Table A3, Appendix A). In general, we
found that electrical dyssynchrony parameters were more predictive of beneficial reverse
remodeling than mechanical dyssynchrony and function parameters. Each ECGI index
of electrical dyssynchrony (total activation time, LV electrical delay, and LV electrical
dispersion) correlated with LVESV remodeling more strongly than body-surface QRS
duration and all of the mechanical indices. The most predictive parameter was the LV
electrical delay (Rho = —0.722, p < 0.001). In addition to baseline parameters, we correlated
acute improvements in synchrony parameters at the onset of CRT pacing with change in
LVESV (Table A4, Appendix A). In this evaluation, acute improvements to the LV activation
delay and mechanical dispersion had the highest correlations with LVESV remodeling
(Rho = 0.679 and Rho = 0.671, respectively). These correlations were both lower than the
correlation between baseline LV delay and LVESV reverse remodeling.

While baseline dyssynchrony and LV lead placement were major factors in resynchro-
nization, the presence of scars played a role in the efficacy of CRT pacing in several patients.
Electrograms from scar regions are characteristically low-amplitude and fractionated. We
identified the electrophysiological substrate of scars by computing the number of steep
downward deflections in low voltage electrograms. HF-CRT patients had a higher per-
centage of fractionated electrograms than controls (median 1.77% in HF-CRT vs. 0.38% in
controls, p = 0.001, Table A1, Appendix A). There were five patients with very high levels
of fractionation (6 standard deviations above the control mean)—three were nonischemic,
one was ischemic, and one had mild non-obstructive coronary artery disease. Patients 8
and 30 (Figure 6, top and bottom rows, respectively) demonstrate the importance of lead
placement in relation to the scar. Patient 8 has an LV lead located in an inferolateral scar
region, which delayed activation of the anterior LV. As a result, the resynchronization was
less effective, and the patient was a nonresponder. Patient 30 had a scar region in the
basal lateral LV, but the patient’s LV lead was placed in the center of a region of healthy
myocardium. This patient’s electrical synchrony improved substantially, and the patient
was a responder.

3.4. Electromechanical Remodeling

To assess changes in electrical and mechanical properties induced by chronic CRT
pacing, we compared electrical and mechanical parameters in native rhythm prior to
onset of CRT to native rhythm after 6 months of CRT. We found no significant changes in
electrical or mechanical synchrony parameters when comparing native rhythm before and
after chronic CRT pacing, indicating that the underlying level of dyssynchrony remains
unchanged (Table A5, Appendix A). We also did not observe statistically significant changes
in mean EMD or the dispersion of the EMD (Table A5, Appendix A). While patients’ native
(un-paced) dyssynchrony indices and EMDs were largely unchanged after 6 months of CRT
pacing, we did observe a persistent improvement in native rhythm contraction magnitudes
after 6 months of CRT (baseline median: —8.55%, remodeled median: —10.14%, p = 0.008)
and sustained EF improvement (baseline median: 24%, remodeled median: 27%, p < 0.001).
Figure 7 demonstrates the improved contraction in four HF-CRT patients.
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Figure 7. Peak contraction magnitudes improved during the course of CRT. Values at each visit were
determined from un-paced native rhythm beats, indicating persistent improvements in contraction
as a result of chronic CRT pacing. Global longitudinal strain values (in percent) are indicated below
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Prior to the onset of CRT, HF patients” mean epicardial ARIs were prolonged by about
45 msec compared to controls (Table A1, Appendix A). After 6 months of CRT, mean
epicardial ARIs were largely unchanged (Table A5, Appendix A). However, native thythm
ARIs near the LV pacing site were prolonged by a median value of 23 msec (p = 0.002).
Figure 8 presents baseline and remodeled ARI maps for two patients.

Native Rhythm Before CRT Remodeled Native Rhythm
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LV Pacing Site ARI:
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Figure 8. Native rhythm epicardial activation-recovery interval (ARI) maps in heart failure (left) and after 6 months of CRT
pacing (right). After 6 months of CRT pacing, ARI values were prolonged at and around the location of the left ventricle

(LV) pacing lead.

We correlated the changes in contraction and ARI prolongation at the LV pacing site
with the change in LVESV. The change in contraction was correlated with LVESV change,
but the LV ARI change was not (Table A6, Appendix A).

4. Discussion

This study combined ECGI and STE for the first time and applied this imaging
longitudinally to a group of 30 HF-CRT patients to study the electromechanics of HF, the
physiological effects of CRT-induced reverse remodeling, and the utility of ECGI and STE
for predicting response to CRT. Using this combination of imaging modalities, we defined
and measured the EMD, a novel measurement of excitation-contraction coupling. We
found that HF-CRT patients had increased EMD dispersion compared to controls, but the
EMD dispersion was not acutely corrected by the onset of pacing and did not significantly
change after 6 months of CRT.

Because ECGI and STE are safe, noninvasive imaging techniques, we were able to
image patients longitudinally. After 6 months of CRT, we found that patients” underlying
dyssynchrony was unchanged, but increases in peak strain magnitudes revealed improved
contraction. Additionally, the panoramic imaging of ECGI revealed prolonged repolariza-
tion at the LV pacing lead site. Because we performed echocardiographic evaluations at
baseline and after 6 months of CRT, we were able to correlate LVESV reduction (volumetric
reverse remodeling) with changes in electromechanical parameters. We found that in-
creased strain magnitudes correlated with LVESV reduction, but the repolarization changes
did not, suggesting that the repolarization changes are an effect of the LV epicardial pacing,
rather than the reverse remodeling.

In our prospective evaluation of ECGI, STE, and conventional ECG dyssynchrony
indices, we found that the ECGI LV activation delay parameter (the difference in mean
RV and LV activation time) was the best predictor of response to CRT. Because we imaged
patients at baseline and at the acute onset of CRT pacing, we were also able to correlate acute
changes in dyssynchrony parameters with reverse remodeling. We found the strongest
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correlation between LV activation delay and LVESV reduction, and we hypothesize that this
parameter could be used to optimize CRT device settings for maximal benefit to patients.

4.1. Reverse Remodeling

CRT is associated with a beneficial reverse-remodeling process which includes a
reversal of LV chamber dilation. The volumetric reverse remodeling we observed in this
study was consistent with previously reported studies. Notably, 32% of the patients in
the present study were echocardiographic nonresponders to CRT, consistent with the
nonresponder rate around 30% that is commonly reported [20].

We found that patients’ levels of electrical and mechanical dyssynchrony after 6 months
of CRT were largely unchanged in their native (un-paced) rhythms. Despite the persisting
dyssynchrony, we observed increased contraction (strain) magnitudes and a small but
statistically significant improvement in EF. The increase in contraction magnitudes that we
observed could be an effect of the volumetric reverse remodeling. In simplified models,
ventricular wall stress is proportional to chamber diameter as governed by the Law of
Laplace [28]. Volumetric reverse remodeling can therefore decrease wall stress, which
decreases the force the contractions are acting against. This may contribute to increased
strain amplitudes. The correlation between LVESV decrease and contraction amplitude
supports this as a possible mechanism, though it is possible that contractile improvements
at the cellular level also contribute.

Multiple animal studies demonstrated ARI shortening as a result of CRT-induced
reverse remodeling [18,19,29]. In our study, we found not only that mean ARIs do not
decrease, but that ARIs near the LV pacing lead increased by a median value of 23 msec.
This ARI prolongation was not correlated with LVESV remodeling, suggesting that this
change is not driven by the reverse remodeling process, but rather is caused by the pacing
pre-excitation. Prior ECGI studies showed that pre-excitation due to RV pacing and Wolff-
Parkinson-White syndrome were both associated with prolonged ARI in the region of
pre-excitation [30,31]. In the present study, we observed ARI prolongation at the LV pacing
site, but not the RV pacing site. It is noteworthy that CRT devices are often programmed so
that the RV is activated by the intrinsic conduction system (illustrated in Figure 4—note the
unchanged RV activation pattern in patients 25 and 27). This may cause less pre-excitation
at the RV lead location compared to the LV lead and consequently a minimal effect on ARI
near the RV lead. The finding of ARI prolongation in the region of the LV pacing lead is
consistent with a body-surface study of repolarization heterogeneity in HF-CRT patients.
The population of that study showed increased repolarization heterogeneity following
CRT implantation which declined following the acute resynchronization phase [32]. This
raises the possibility that the ARI prolongation we observed near the LV lead could have
decreased as CRT continued. The discrepancy between these human study results and
animal data, which showed shortening of ARI prolongation after CRT [18,19,29], could be
due to the species differences or the nature of the heart failure model, which was induced
by RV tachypacing in the animal studies.

4.2. Response to CRT

Overall, this study found that electrical indices were more strongly correlated with
LVESYV reverse remodeling than STE indices. Despite promising initial evaluations, the
multicenter PROSPECT trial found that no echocardiographic measures of dyssynchrony
improved patient selection for CRT [21]. The EchoCRT trial, which evaluated CRT in
patients with mechanical dyssynchrony and a narrow QRS complex, was stopped for
futility with the conclusion that CRT was possibly detrimental in that patient cohort [22].
The activation sequence dependence of the EMD parameter that we observe is an indicator
that the timing of peak strains within anatomical segments does not simply reflect the local
contraction. Instead, the EMD is influenced by the entire contraction sequence including
opposing wall contractions. This interaction likely decreases the effectiveness of STE
indices of dyssynchrony for predicting CRT response. As expected, the baseline QRS
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duration was correlated with LVESV reverse remodeling. Both of the previously reported
ECGI indices of dyssynchrony (the LV activation delay and the LV activation dispersion)
were more strongly correlated with LVESV reverse remodeling than the QRS duration.
Of all the dyssynchrony indices evaluated, the LV electrical activation delay was the best
index for identifying potential responders to CRT.

The initial evaluations of ECGI in HF-CRT patients were retrospective studies of
ischemic and nonischemic patients [25,26]. In the present study, we validate the results of
those studies with prospective data. Our data are also consistent with another prospec-
tive ECGI study of HF-CRT patients that found the LV delay (referred to in that study
as ventricular electrical uncoupling) was superior to QRS duration at identifying respon-
ders [33]. That study utilized a clinical composite endpoint (freedom from death, freedom
from hospitalization, and NYHA functional class improvement after 6 months of CRT). By
utilizing echocardiographic criteria for defining response in the present study, we were
able to demonstrate that ECGI is predictive of CRT-induced reverse remodeling. In this
study, we found that baseline (prior to CRT) electrical dyssynchrony was more predictive of
improvement in LVESV remodeling than the improvement of synchrony at pacing onset. It
would be valuable to explore whether using ECGI interactively to optimize lead placement
and pacing timing could offer patients additional benefits.

An evaluation of ECGI in patients with pediatric congenital heart disease found that
placing the LV lead in the site of latest activation resulted in favorable outcomes [34]. This
study demonstrated the importance of the lead location in relation to electrophysiological
scar. Prior studies using other imaging modalities demonstrated the importance of scar
and its location relative to pacing leads for predicting CRT response [35]. An advantage of
using ECGI for scar mapping is that regions of delayed activation, scar regions, and the
baseline level of electrical dyssynchrony could all be imaged with a single modality.

4.3. Study Limitations

Because ECGI does not image the septum, electrical and electromechanical parameters
for the septum could not be evaluated. While this study explored the relationship between
acute change in ECGI-derived synchrony and reverse remodeling, there was no attempt
to optimize CRT device settings using ECGI parameters. Future work could evaluate
the impact of utilizing ECGI parameters to optimize device settings to maximize patient
benefits. Clinical outcomes in HF-CRT patients are also impacted by medications [36] and
comorbidities such as diabetes [37-39]. Future work should be sufficiently powered to
account for these variables.

5. Conclusions

ECGI combined with STE is an effective tool for studying cardiac electromechanics.
The delay between electrical activation and peak strain is abnormal in HF. CRT does not
correct the EMD, but strain magnitudes improve as part of the reverse remodeling process.
The LV activation delay measured by ECGI is an effective index for predicting response
to CRT, and could have utility for patient selection or device optimization. CRT was less
effective when the LV lead was located in a region of electrophysiological scar based on
ECGI criteria. This suggests that ECGI could be used to guide LV lead placements. Because
ECGI was not used to guide lead placement in the present study, this approach requires
additional prospective validation.
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Appendix A

Table A1. Control and HF-CRT baseline electrical and mechanical parameter comparison. All parameters were measured in

native rhythm prior to CRT pacing. Groups were compared using Wilcoxon rank-sum tests. IQR: interquartile range; EM:

electromechanical.
Parameter I?/I(::I:ltir:ri Control IQR He;/}';l;iaﬂlure Hearlté?{ilure P
ECG QRS duration (msec) 87 16 154 31 p <0.001
Ejection fraction (%) 57 3 24 4 p <0.001
Volume End systolic volume (mL) 46 20 122 56 p <0.001
End diastolic volume (mL) 111 36 160 72 0.002
Stroke volume (mL) 63 18 39 19 p <0.001
Total activation time (msec) 42 12 123 33 p <0.001
LV activation delay (msec) 14 7 81 48 p <0.001
LV activation dispersion (msec) 9 3 24 9 p <0.001
ECGI Mean epicardial ARI (msec) 238 32 284 26 p <0.001
Mean LV ARI (msec) 240 23 292 25 p <0.001
Mean RV ARI (msec) 240 50 281 31 p <0.001
Percentage of fractionated electrograms (%) 0.38 1.03 1.77 211 0.001
Fractionated deflections per electrogram 0.0038 0.0103 0.0179 0.0254 p <0.001
Total strain time (msec) 98 42 196 67 p <0.001
Mechanical delay (msec) 12 53 91 112 p <0.001
) Mechanical dispersion (msec) 28 10 70 19 p <0.001
Strain Mean peak strain time (msec) 427 40 432 82 0.532
Mean peak contraction (%) —20.64 2.82 —8.78 242 p <0.001
Max pre-systolic stretch (%) 2.57 1.86 4.38 3.48 0.003
Mean electromechanical delay (msec) 375 40 373 50 0.940
EM Delay

Electromechanical delay dispersion (msec) 25 15 57 19 p <0.001
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Table A2. The effect of acute CRT pacing onset on electrical and mechanical parameters in heart failure patients. Changes
were evaluated using Wilcoxon signed-rank tests. IQR: interquartile range; EM: electromechanical.

Parameter Native Paced Paired Delta Paired Delta
Median Median Median IQR p
ECG QRS duration (msec) 154 128 —-37 31 p <0.001
Ejection fraction (%) 24 27 3 4 p <0.001
End systolic volume (mL) 122 114 1 20 0.914
Volume
End diastolic volume (mL) 160 168 5 29 0.094
Stroke volume (mL) 39 43 7 9 p <0.001
Total activation time (msec) 123 104 —-19 29 0.004
ECGI LV activation delay (msec) 81 10 —62 53 p <0.001
LV activation dispersion (msec) 24 29 11 2 0.057
Total strain time (msec) 196 182 —14 75 0.223
Mechanical delay (msec) 91 -15 —96 91 p <0.001
Strain Mechanical dispersion (msec) 70 63 -9 40 0.046
Mean peak contraction (%) —8.78 —8.78 0.22 1.97 0.549
Max pre-systolic stretch (%) 4.38 3.6 -1.23 2.19 0.009
Mean electromechanical delay (msec) 373 391 10 50 0.097
EM Delay ; - -
Electromechanical delay dispersion (msec) 57 61 8 33 0.039

Table A3. Correlations between the change in left ventricular end-systolic volume (LVESV) after 6 months of CRT pacing
and baseline electrical and mechanical parameters in heart failure patients. All parameters were measured in native rhythm.
Correlations were determined using Spearman’s Rho tests.

Parameter Spearman’s Rho p
ECG QRS duration (msec) —0.486 0.023
Total activation time (msec) —0.583 0.005
LV activation delay (msec) —0.722 p <0.001
LV activation dispersion (msec) —0.588 0.005
ECCI Mean epicardial ARI (msec) —0.110 0.625
Mean LV ARI (msec) 0.168 0.454
Mean RV ARI (msec) —0.373 0.088
Fractionated deflections per electrogram 0.241 0.280
Fractionated dglle;’;ié)i?; };ietreelectrogram at 0.387 0.075
Total peak strain time (msec) —0.425 0.101
Mechanical delay (msec) 0.132 0.639
Strain Mechanical dispersion (msec) —0.585 0.019
Mean peak contraction (%) 0.009 0.978
Mean pre-systolic stretch (%) —0.324 0.221
Mean electromechanical delay (msec) —0.225 0.419

Electromechanical Delay Electromechanical delay dispersion (msec) —0.204 0.466
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Table A4. Correlations between the change in left ventricular end-systolic volume (LVESV) after 6 months of cardiac
resynchronization therapy (CRT) pacing and the change in dyssynchrony parameters due to the acute onset of CRT pacing.
Correlations were determined using Spearman’s Rho tests.

Parameter Spearman’s Rho p

ECG QRS duration (msec) 0.505 0.017
Volume Ejection fraction (%) 0.025 0.934
Total activation time (msec) 0.407 0.061

ECGI LV activation delay absolute value (msec) 0.679 p < 0.001
LV activation dispersion (msec) 0.545 0.010
Total peak strain time (msec) 0.583 0.023
Strain Mechanical delay absolute value (msec) 0.013 0.965
Mechanical dispersion (msec) 0.671 0.008

Table A5. The effects of 6 months of cardiac resynchronization therapy pacing on heart failure patients’ electrical and
mechanical parameters. All parameters at each visit were computed from native rhythm beats. Changes were evaluated
using Wilcoxon signed-rank tests.

Baseline 6 Months Paired Delta

Parameter Median Median Median Delta IQR P

ECG QRS duration (msec) 154 157 5 11 0.164
Ejection fraction (%) 24 27 6 7 p <0.001

Volume End systolic volume (mL) 125 121 —-22 47 0.046

End diastolic volume (mL) 167 171 —11 49 0.306

Stroke volume (mL) 40 48 8 19 0.005

Total activation time (msec) 123 115 —4 14 0.178

LV activation delay (msec) 82 81 2 20 0.858

LV activation dispersion (msec) 24 25 1 4 0.211

Mean epicardial ARI (msec) 282 288 6 28 0.408

ECGI Mean LV ARI (msec) 288 293 6 26 0.211

Mean RV ARI (msec) 280 283 4 28 0.833

LV pacing site ARI (msec) 280 306 23 36 0.002

RV pacing site ARI (msec) 293 297 3 30 0.291

Percentage of fractionated electrograms (%) 1.54 1.85 0.56 2.16 0.511

Fractionated deflections per electrogram 0.0171 0.0235 0.0046 0.0492 0.565

Total peak strain time (msec) 196 210 14 77 0.891

Mechanical delay (msec) 88 81 —6 65 1.000

Strain Mechanical dispersion (msec) 70 66 0 26 0.228

Mean peak contraction (%) —8.55 —10.14 -1.31 2.93 0.008

Mean pre-systolic stretch (%) 4.59 3.48 -1.13 422 0.438

EM Delay Mean electromechanical delay (msec) 367 381 14 45 0.169

Electromechanical delay dispersion (msec) 57 50 -7 20 0.135

Table A6. Correlation between the change in left ventricular end-systolic volume after 6 months of cardiac resynchronization
therapy (CRT) pacing and the changes in ARI and contraction remodeling. Correlations were determined using Spearman’s
Rho tests.

Parameter Spearman’s Rho p

LV pacing site ARI (msec) —0.206 0.356

Mean peak contraction (%) 0.618 0.013
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