Single-Point Left Ventricular Pacing Optimized by ECG Results
in Better Resynchronization than Multipoint Pacing
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Abstract

Background: Multipoint pacing (MPP) in cardiac resynchronization therapy (CRT) activates the left ventricle from two loca-
tions, thereby shortening the QRS duration and enabling better resynchronization; however, compared with conventional CRT,
MPP reduces battery longevity. On the other hand, electrocardiogram-based optimization using the fusion-optimized intervals
(FOI) method achieves more significant reverse remodeling than nominal CRT programming. Our study aimed to determine
whether MPP could attain better resynchronization than single-point pacing (SPP) optimized by FOI. Methods: This prospec-
tive study included 32 consecutive patients who successfully received CRT devices with MPP capabilities. After implantation,
the QRS duration was measured during intrinsic rhythm and with three pacing configurations: MPP, SPP-FOI, and MPP-FOI.
In 14 patients, biventricular activation times (by electrocardiographic imaging, ECGI) were obtained during intrinsic rhythm
and for each pacing configuration to validate the findings. Device battery longevity was estimated at the 45-day follow-up.
Results: The SPP-FOI method achieved greater QRS shortening than MPP (-56+16 vs. -424+17 ms, P<0.001). Adding MPP
to the best FOI programming did not result in further shortening (MPP-FOI: - 58+14 ms, P=0.69). Furthermore, the biventri-
cular activation time according to ECGI was also shorter with SPP-FOI than with MPP. The estimated battery longevity was
longer with SPP than with MPP (8.1+2.3 vs. 6.3+£2.0 years, P=0.03). Conclusions: SPP optimized by FOI resulted in better

resynchronization and longer battery duration than MPP.

Introduction

Cardiac resynchronization therapy (CRT) with multipoint pacing (MPP) shortens the QRS duration! and
improves outcomes compared to single-point left ventricular (LV) pacing.?® However, MPP causes higher
battery drain.*% On the other hand, electrocardiographic optimization using the fusion-optimized intervals
(FOI) method also shortens the QRS duration™ and achieves greater LV reverse remodeling than nominal
programming.'?

The magnitude of QRS shortening is associated with clinical and prognostic improvements in patients with
CRT' and serves as a surrogate for the cardiac activation time. The activation time can be measured



through electrocardiographic imaging (ECGI) using body surface potential mapping. Thus, ECGI yields a
high-resolution single-beat ventricular activation map.'?

The objective of the present study was to determine whether MPP could attain better resynchronization
than single-point pacing (SPP) optimized by FOL.

Methods
Study population

The inclusion criteria were as follows: New York Heart Association functional class II to III, LV ejection frac-
tion (LVEF) of 35% or less, prolonged QRS width ([?]150 ms), and sinus rhythm with intact atrioventricular
(AV) conduction (PR interval [?] 250 ms). The exclusion criteria were persistent or permanent atrial fibril-
lation, recent (within 40 days) myocardial infarction, cardiac surgery, or coronary revascularization within
three months or scheduled within the following 12 months, intravenous inotropic support within 30 days, and
planned heart transplantation within the next 12 months. We prospectively enrolled 32 consecutive patients
fulfilling the current class I/Ila indications for the implantation of a CRT device.'?

Study protocol

All included patients underwent implantation of a CRT device and were tested for each of the 3 pacing
configurations (MPP, SPP-FOI, MPP-FOI). The study protocol is summarized in Figure 1 . Written consent
was obtained for each patient. The protocol was reviewed and approved by the local institutional research
ethics committee (HCB/2018/0388).

a) CRT device implantation

All patients underwent CRT device implantation according to routine clinical practice. Each patient was
implanted with a commercially available MPP-capable CRT system that included a quadripolar LV lead and
a compatible CRT device. The indications for pacemakers or defibrillators were based on comorbidities and
clinical factors limiting the quality of life or life expectancy. The atrial lead was positioned in the right atrial
appendage, and the right ventricular (RV) lead was positioned in the RV apical septum. The LV quadripolar
leads (four electrodes: D1, M2, M3, and P4 from distal to proximal) preferentially targeted a lateral or
posterolateral branch of the coronary sinus. Positions were defined using radiological criteria and checked in
30-degree right and left anterior oblique projections immediately after implantation using fluoroscopy and
the next day using X-ray.

b) Electrocardiographic optimization

Device optimization was performed immediately after implantation in the operating room. The QRS du-
ration was measured during intrinsic rhythm and with the three specific configurations: MPP, SPP-FOI,
and MPP-FOL. The 12 leads of a surface electrocardiogram (ECG) were simultaneously displayed in vertical
alignment and digitally recorded for off-line measurement (WorkMate Claris; St. Jude Medical, Abbott).
Time measurements were taken at a screen velocity of 200 mm/s by two experienced observers, unaware of
the configurations, using a digital cursor with an accuracy of 1 ms; the mean across 3 consecutive cycles was
calculated and recorded. The onset of QRS was considered to be the start of the fast deflection® to avoid
the average 45-ms transmural delay due to epicardial pacing of the LV lead. At discharge, the device was
programmed with the configuration that provided the narrowest QRS duration.

Multipoint pacing programming: Multipoint pacing was programmed as previously described.?%'4 The MPP
configuration was chosen to first pace using the distal electrode (primarily D1, secondarily M2) as the cathode
(LV1) and then the proximal electrode (primarily P4, secondarily M3) as the cathode (LV2). Two LV vectors
with wide interelectrode cathode spacing were selected as the final LV1/LV2 vectors, utilizing the following
order of preference: D1/P4 > D1/M3 or M2/P4 (Figure S1 ). When the LV pacing vector showed a capture
threshold larger than 3.5 V and/or phrenic nerve stimulation (PNS), it was excluded. Programming included
the following intervals: (1) fixed AV interval, 130 ms; (2) RV-LV2 (|?]1) interval, 5 ms; and (3) LV1-LV2
([7]2) interval, 5 ms ([?]1 and [?]2 with the minimal programmable delay).



Fusion-optimized intervals method: FOI optimization was performed as described elsewhere.”'? Briefly, the
fusion band was determined with atrial sensing and ventricular pacing with the anatomically furthest elec-
trode in the LV lead. Pacing was initially tested with the longest AV interval that allowed LV capture;
the AV interval was subsequently shortened in 20-ms decrements until LV-only capture was achieved. The
AV interval that yielded the narrowest QRS was chosen and considered the AV FOI (Figure S2 ). This
procedure was repeated during atrial pacing at 10 beats/min above spontaneous sinus rhythm. Afterwards,
the interventricular (VV) interval was adjusted by programming the one that achieved the shortest QRS
(simultaneous RV and LV pacing [VV 0 ms]|, 30 ms LV pre-excitation, and 30 ms RV pre-excitation). These
VV intervals were chosen because previous studies indicated that most patients showed the best VVs in this
range.”'? The VV value that achieved the narrowest QRS was considered the VV FOL.

Combined MPP-FOI strategy: The AV and [?]1 (RV-LV2) intervals were optimized as in the FOI method.
Using the pacing vectors LV1 and LV2 obtained for the MPP strategy, [?]2 was ultimately programmed to
5 ms (minimum programmable delay).

¢) Electrocardiographic imaging

The biventricular activation time was evaluated using ECGI recordings (CORIFY Care SL) obtained while
running four programming configurations: (1) intrinsic rhythm, (2) MPP, (3) SPP-FOI, and (4) MPP-FOL.

The torso surface potential was obtained using body surface potential mapping, wherein 64 electrodes atta-
ched to the skin were recorded at a sampling rate of 1000 Hz for off-line processing. Electrode location and
torso and heart volumes were determined based on (1) cardiac images acquired via computed tomography or
magnetic resonance imaging obtained before device implantation and (2) photogrammetry techniques that
enable 3D reconstruction of the torso from a standard video recording.

An average PQRST interval was calculated for each lead using template matching averaging after removing
pacing artifacts. An inverse computed electrogram was reconstructed for the heart’s surface by solving the
inverse problem using zero-order Tikhonov and L-curve methods.'®

The biventricular activation time was calculated by (1) a set of sinusoidal wavelets for all time instants with
a negative slope within the QRS complex and with an amplitude proportional to the slope at that time
and (2) the instantaneous phase of Hilbert’s transform of a composite signal of all sinusoidal wavelets. The
activation times corresponded to the points where phase inversions occurred in that instantaneous phase.
The total biventricular activation time was defined as the difference between the last and first activation
times.

d) Echocardiographic measurements

An echocardiography specialist blinded to device programming obtained standard Doppler echocardiographic
images using a commercially available system (Vivid 7; General Electric, Milwaukee, WI, USA).

Each patient was evaluated at baseline (device in OFF) and with each pacing configuration (MPP, SPP-FOI,
and MPP-FOI). Cardiac asynchrony was evaluated at several levels: (1) left intraventricular asynchrony using
septal flash'® and 2D strain, (2) AV asynchrony using the diastolic filling ratio (diastolic filling time/RR
interval duration),'” and (3) VV asynchrony quantified as the difference between the LV and RV pre-ejection
times with pulsed-wave Doppler (Figure S3 ).!® In the 2D strain analysis, the time difference between the
peak systolic strain at opposing LV walls (mid-septal and mid-lateral) was measured. Finally, the LV outflow
tract velocity time integral, a measure of cardiac systolic function, was quantified.

e) Estimated battery longevity

At 45 days post-implantation, data for estimating battery longevity with the final programmed configuration
(MPP, SPP-FOI, or MPP-FOI) were collected, and estimated battery life was compared between patients
who had MPP and SPP activated. Right atrial and RV pacing outputs were programmed at 2.5 V /0.5 ms,
and LV pacing output was programmed at 1.5 times the pacing threshold.



Statistical analysis

We estimated that 32 patients would be needed to find a 10-ms difference in the QRS duration between
MPP and MPP-FOI with an o = 0.05 and a statistical power (1-f) of 80%, assuming a standard deviation
of 20 ms for pair differences.

Categorical variables, represented as proportions, were compared using the y?2 test. Continuous variables,
after confirming their normal distribution (QQ plot), were expressed as the means and standard deviati-
ons, and between-group comparisons were made using Student’st -test. Linear mixed-effects models with a
repeated-measures structure were used to assess differences in the QRS duration, echocardiographic measu-
res, and biventricular activation times (using ECGI) across the three pacing modes. The correlation between
the duration of the QRS complex (ECG) and activation time (ECGI) was assessed using the Pearson coeffi-
cient. A two-tailed P< 0.05 was deemed statistically significant. All statistical analyses were conducted using
SPSS software v22.0 (SPSS Inc., USA) or R v3.6.1 (R Project for Statistical Computing; Vienna, Austria).

Results

From May 2018 through February 2020, 32 consecutive patients were prospectively recruited. No patients
were lost during the 45-day follow-up. The primary patient characteristics are shown inTable 1 .

CRT device implantation

Twenty-six patients (81%) received a CRT defibrillator; all others received a CRT pacemaker. The devices
were produced by one of two manufacturers: Abbott (20, 62%) or Boston Scientific (12, 38%). The quadripolar
LV lead was placed transvenously in a coronary vein overlying the LV free wall: 14 (44%) in a lateral vein
and 18 (56%) in a posterolateral vein.

Electrocardiographic optimization

Measurements of the QRS duration during intrinsic rhythm and with the three pacing configurations were
recorded in the 32 patients. The results are plotted in Figure 2 . Compared to MPP, SPP-FOI and MPP-
FOI achieved greater QRS shortening: the AQRS with SPP-FOI was -56+16 ms; with MPP was -42 + 17
ms; and with MPP-FOI was -58+14 ms; omnibus P <0.001. The differences in QRS shortening between
SPP-FOI and MPP-FOI were not significant (P = 0.69, with a difference between groups of 2 £+ 7 ms).

The pacing configuration at discharge is summarized in Figure 3 . The shortest QRS duration was achieved
using SPP-FOI in 9 patients (28%), MPP in 1 patient (3%), and MPP-FOI in 22 patients (69%). Among the
latter two groups combined, 12 out of 23 (52%) patients were not candidates for chronic MPP because of
either (1) the pacing thresholds exceeded 3.5 V/0.4 ms at the distal (4, 17%) or proximal (6, 26%) cathodes
or (2) incorrigible PNS (2, 9%).

In the SPP configuration, the left ventricular cathode was D1 in 20 patients (62%), M2 in 6 (19%), M3 in 5
(16%), and P4 in 1 (3%). For the MPP configurations, the two selected LV vectors were D1/P4 in 12 patients
(37%), D1/M3 in 14 (44%), and M2/P4 in 6 (19%).

Electrocardiographic imaging

Noninvasive cardiac mapping was obtained from 14 patients in whom recent (<3 months) cardiac computed
tomography or magnetic resonance images were available. Two patients were excluded (one due to atrial
fibrillation during mapping and one because of insufficient image quality). As expected, LV activation was
delayed in comparison to RV activation at intrinsic rhythm, while CRT activation led to a more synchronous
activation pattern in the LV (Figure 4 ). At intrinsic rhythm, the biventricular activation time was 90417
ms. Both FOI configurations achieved the shortest biventricular activation times (72+14 ms and 77+18 ms
for SPP-FOI and MPP-FOI, respectively), and they were significantly shorter than the activation times
during intrinsic rhythm (P=0.005 and P=0.04, respectively). No differences were observed between the
activation times during intrinsic rhythm and the MPP strategy alone (83+19 ms, P=0.30) (Figure 5 ).



The biventricular activation times according to ECGI showed a good correlation with the QRS durations
determined via ECG (r = 0.58; Figure 6 ).

Echocardiographic measures

An echocardiogram was available in 30 patients. As illustrated inTable S4 , the 3 configurations did not
differ in left ventricular outflow tract velocity time integral or in asynchrony parameters.

Estimated battery longevity

The estimated mean battery longevity was significantly shorter with the MPP strategy (MPP-ON; n = 11)
than with the SPP strategy (MPP-OFF; n = 21), resulting in mean battery longevity estimates of 6.3+2.0
years and 8.14+2.3 years, respectively (P = 0.03). The mean LV pacing output was 2.7+0.6 V/0.5 ms with
the SPP configuration and was similar to that with the MPP configuration (LV1, 2.54+0.7 V/0.5 ms; LV2,
2.8+0.7). At 45 days post-implantation, the RV and right atrial thresholds and the percentage of atrial
pacing and biventricular pacing were similar in both groups. Additionally, no differences were found based
on the device type or manufacturer (Table S5 ). No defibrillator shocks occurred among the entire sample
during the 45-day follow-up period.

Discussion

The main finding of the present study is that single-point LV pacing optimized by FOI enabled greater QRS
shortening than MPP alone. Moreover, the use of SPP significantly prolonged the expected battery longevity
compared with MPP. The addition of MPP to FOI optimization did not result in a significant additional
reduction in the QRS duration. Finally, a high percentage of patients were not candidates for MPP because
of high pacing thresholds or PNS.

Compared with conventional CRT, MPP via a quadripolar LV lead has demonstrated acute and long-term
improvements in hemodynamic, clinical, and echocardiographic responses.?3* However, most studies com-
paring MPP with standard single-point LV pacing neglect AV optimization.?'? As shown in the BEST
study,”19 achieving fusion with intrinsic conduction through the FOI method maximized shortening of the
QRS duration and, in turn, induced greater reverse LV remodeling upon follow-up. In the present study, an
optimized single-point LV pacing strategy using the FOI method bested an MPP strategy programmed with
a fixed AV interval of 130 ms, a wide anatomical LV1-LV2 distance, and minimal intraventricular delay (5
ms).*® Our findings are reinforced by a recent study published by O’Donnell et al.'® In this study assessing
the AQRS duration immediately after implantation, the authors observed how automatic AV delay using
SyncAV (SPP-SyncAV) showed a better response than that using MPP alone. Conversely, O’Donnell et al.
found that the combination of MPP-SyncAV was slightly better than SPP-SyncAV (AQRS duration of 6
ms). In our study, adding MPP to FOI did not significantly shorten the QRS duration (only 2 + 7 ms). Ne-
vertheless, approximately 2/3 of the patients obtained the narrowest QRS with the MPP-FOI configuration.
However, the lack of differences either in the biventricular activation times or mechanical asynchrony impro-
vements by echo between SPP-FOI and MPP-FOI strategies, together with the high percentage of patients
in whom MPP could not be chronically programmed and the faster battery drain, favors SPP programming
as the initial approach.

Electrocardiographic imaging is a noninvasive technique capable of accurately detecting changes in activation
patterns resulting from device optimization strategies.?’ Ploux et al. found that the mean total activation
time decreased in CRT responders regarding intrinsic rhythm, while it increased in nonresponders.?? In our
study, a significant shortening of biventricular activation times (according to ECGI) was achieved with both
FOI configurations (SPP-FOI and MPP-FOI) compared with non-paced rhythm. In addition, biventricular
activation times correlated well with QRS duration. Therefore, both the ECG and noninvasive cardiac
mapping data support the FOI method’s ability to obtain the shortest QRS duration and activation time,
which are often associated with a better patient outcome.0:11:20

Two limitations warrant mentioning regarding MPP. First, the inability to program two LV vectors due
to high pacing thresholds or PNS may be a relevant issue in a real-life setting. The MORE-CRT MPP-



PHASE I study reported high MPP activation rates (approximately 97%). However, in that study, maximal
anatomical separation between LV1 and LV2 was not sought, and the upper limit threshold was left to the
physician’s discretion.* In our study, the inability to use MPP chronically was very high (12/23 patients,
52%). We believe that these data, obtained using wide LV1-LV2 anatomical separation and low thresholds
([?7] 3.5 V, as recommended),*% more closely reflect a real-life scenario. New studies evaluating MPP in this
context could clarify this issue. Second, MPP programming with high-output pacing can significantly reduce
battery longevity,”>®and the consequent need for device replacement is associated with potentially severe
complications and carries an economic impact.?! This study is the first to assess battery life in patients with
MPP activation, low pacing thresholds ([?] 3.5 V), and the D1/P4, D1/M3, and M2/P4 configurations only.
We observed a significant difference in the estimated mean battery longevity of the MPP and single-point
LV pacing devices of almost 2 years.

The clinical implications of our results are straightforward. Our data suggest that ECG-based optimization
by FOI should be the preferable approach in patients undergoing CRT. The addition of MPP should be
individualized and carefully evaluated since it may result in greater battery drainage without apparent
clinical benefit.

Limitations

This study has some limitations, including its single-center design, limited sample size, and short-term
focus. Additionally, two devices from two manufacturers were used, and as such, the results might not be
generalizable to other devices. Finally, all patients included in the present study were in sinus rhythm with
PR intervals under 250 ms; therefore, the results do not apply to all patients receiving CRT.

Conclusions

In CRT, FOI-based optimization results in a greater shortening of the QRS than MPP. The use of MPP
would result in a shorter battery longevity, but no benefit over FOI would be gained.
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Figure Legends

Figure 1 Study protocol. AF, atrial fibrillation; CRT, cardiac resynchronization therapy; ECG, electro-
cardiography; ECGI, electrocardiographic imaging; FOI, fusion-optimized intervals; LVEF, left ventricular
ejection fraction; MPP, multipoint pacing; NYHA, New York Heart Association; SPP, single-point pacing.

Figure 2 Box plot showing the AQRS duration (QRS shortening compared with baseline QRS) at each
of the three pacing configurations: SPP-FOI, MPP, and SPP-FOI+MPP. The median AQRS duration
is indicated by the black line inside the box. FOI, fusion-optimized intervals; MPP, multipoint pacing; SPP,
single-point pacing.

Figure 3 Programming at discharge with the shortest possible QRS duration. FOI, fusion-optimized inter-
vals; MPP, multipoint pacing.

Figure 4 ECGI during the biventricular activation sequence in a patient with left bundle branch block. The
upper panel represents an anterior view; the inferior panel represents a posterior view. At baseline, cardiac
activation starts from the RV, but in pacing configurations, cardiac activation changes to simultaneous RV-
LV. FOI, fusion-optimized intervals; LV, left ventricle; MPP, multipoint pacing; RV, right ventricle; SPP,
single-point pacing.

Figure 5 Biventricular activation times using electrocardiographic imaging showing no significant differences
among the 3 groups. Box plot showing the A biventricular activation time (shortening compared with
baseline) at each of the three pacing configurations: FOI, MPP, and FOI+MPP. The median activation time
is indicated by the black line inside the box. FOI, fusion-optimized intervals; MPP, multipoint pacing; SPP,
single-point pacing.

Figure 6 Scatter plot showing a positive linear correlation between the paced-QRS duration (via electrocar-
diography) and biventricular activation time (measured by ECGI) at each pacing configuration: FOI, MPP,
and FOI4+MPP. FOI, fusion-optimized intervals; MPP, multipoint pacing.

Supplementary Material

Figure S1. Quadripolar left ventricular lead (Quartet, model 1458Q), Abbott). We first chose one of the
two distal electrodes (D1 or M2). Subsequently, we chose one of the two proximal electrodes (M3 or P4),
prioritizing the maximum distance between LV1 and LV2: D1/P4 > D1/M3 or M2/P4.

Figure S2 Description of the fusion-optimized atrioventricular (AV) interval method. During atrial sensing,
the AV interval was progressively shortened by 20 ms during left ventricular (LV) pacing alone, from intrinsic
conduction with a long AV interval (second left ) to only LV activation with a short AV interval (right ). The



AV interval that provided the narrowest QRS was selected and considered the fusion-optimized AV interval
(AV FOI). QRSd, QRS duration.

Figure S3 Evaluation of cardiac asynchrony at several levels using echocardiography. A Left intraventric-
ular: septal flash on M-mode imaging (yellow arrows ). B Atrioventricular: diastolic filling ratio (diastolic
filling time [DFT]/RR interval duration). C, D Interventricular: the difference between the left (D, orange
) and right (C, blue ) ventricular pre-ejection times using pulsed-wave Doppler.
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