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Abstract: (1) Background: Periodic repetitive AV interval optimization using a device-based algo-
rithm in cardiac resynchronization therapy (CRT) devices may improve clinical outcomes. There is
an unmet need to successfully transform its application into clinical routine. (2) Methods: Non-
invasive imaging of cardiac electrophysiology was performed in different device programming
settings of the SyncAV® algorithm in 14 heart failure patients with left bundle branch block and
a PR interval ≤ 250 milliseconds to determine the shortest ventricular activation time. (3) Results:
the best offset time (to be manually programmed) permitting automatic dynamic adjustment of
the paced atrioventricular interval after every 256 heart beats was found to be 30 and 50 millisec-
onds, decreasing mean native QRS duration from 181.6 ± 23.9 milliseconds to 130.7 ± 10.0 and
130.1 ± 10.5 milliseconds, respectively (p = 0.01); this was followed by an offset of 40 milliseconds
(decreasing QRS duration to 130.1 ± 12.2 milliseconds; p = 0.08). (4) Conclusions: The herein pre-
sented NICE-CRT study supports the current recommendation to program an offset of 50 milliseconds
as default in patients with left bundle branch block and preserved atrioventricular conduction after
implantation of a CRT device capable of SyncAV® optimization. Alternatively, offset program-
ming of 30 milliseconds may also be applied as default programming. In patients with no or poor
CRT response, additional efforts should be spent to individualize best offset programming with
electrocardiographic optimization techniques.

Keywords: fusion pacing; CRT optimization; dynamic AV delay; device programming; left bundle
branch block

1. Introduction

In clinical practice, cardiac resynchronization therapy (CRT) programming is often
left at nominal settings after successful implantation, irrespective of individual intrinsic
atrioventricular (AV) and/or interventricular (VV) intervals. However, the concept of AV
delay (AVD) tailoring by echocardiography and VV delay optimization by electrocardio-
graphy (ECG) using the iterative method has long been reported to further improve the
positive effects of CRT on reverse remodeling [1].

One innovative alternative approach is to let the device automatically program and
repeatedly adjust AV and VV delays based on measurements of the endocardial acceleration
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with a specific sensor in an atrial lead (SonR tip®, Microport®, Shanghai, China), but
technical issues are still limiting its wider use [2,3].

Other promising device-based algorithms are Adaptive CRT® (Medtronic®, Min-
neapolis, MN, USA) and SyncAV® (Abbott® Laboratories, Abbott Park, IL, USA). While the
Adaptive CRT® algorithm does not permit individual programming and ensures dynamic
left ventricular (LV) only stimulation without actively pacing through the right ventricular
(RV) lead in patients with a PR interval < 200 milliseconds [4], the SyncAV® algorithm
favors fusion pacing using a programmable negative AV hysteresis offset with a fixed VV
interval (both ventricular leads are stimulating simultaneously after significant parts of the
septum and the right ventricle have already been depolarized due to intrinsic conduction).

This SyncAV® algorithm subtracts an offset from the intrinsic AVI which can be
individually programmed from 10 to 120 milliseconds by the treating physician. Every
256 beats, the algorithm automatically extends the paced and sensed AV delay (AVD) for
three beats, during which it measures the intrinsic AVI and adapts the paced AVD again.
Therefore, SyncAV® enables continuous dynamic AVI programming to optimize paced
AVD during exercise or changes in autonomic responses, additionally.

The default SyncAV® offset subtracts 50 milliseconds from the intrinsic AVI. An initial
study by Varma et al. [5] in 75 patients with left bundle branch block (LBBB) and optimal left
ventricular lead position suggests that this default offset shortens QRS to a higher degree
than simultaneous biventricular pacing (BIV) with nominal AVD settings (paced/sensed
140/110 milliseconds). However, this study also shows that the optimal offset is not
according to a “one size fits all” approach which involves simply programming an offset of
50 milliseconds in every patient but should be individually tailored using surface ECG for
optimization. Indeed, the optimal offset was 10, 20, 30, 40, 50, 60 milliseconds in 12, 17.3,
22.6, 14.6, 22.6, 10.6% of patients, respectively.

The NICE-CRT trial was conducted to further validate the best offset programming
using non-invasive imaging of cardiac electrophysiology, an emerging imaging tool which
works by fusing data from high-resolution electrocardiogram mapping with a model of the
patient’s individual cardiothoracic anatomy created from magnetic resonance imaging [6–13].

2. Methods

The NICE-CRT study (ClinicalTrials.gov Identifier: NCT04662970) is an investigator-
driven prospective study to further assess the best individualized offset to be programmed
by the treating physician to maximize the effects of the automatic device-based SyncAV®

algorithm. The study protocol was approved by the local ethics committee. The study
enrolled patients with New York Heart Association functional class II and III heart fail-
ure symptoms, left ventricular ejection fraction < 35%, preserved atrioventricular con-
duction (resting 12-lead ECG PR interval ≤ 250 milliseconds) and LBBB, while on op-
timal medical therapy and without permanent atrial tachyarrhythmia. Exclusion crite-
ria were any contraindication to perform cardiac magnetic resonance examination, a PR
interval > 250 milliseconds and/or high-grade AV block, terminal heart failure (NYHA IV)
or signs of cardiac decompensation, life expectancy < 1 year and women with child-bearing
potential, pregnancy or drug abuse.

Patient characteristics: Fourteen patients (aged 70 ± 7 years; 78.6% male; ejection
fraction 31 ± 6.9%; 50% with ischemic cardiomyopathy) implanted with a CRT device
encountering the SyncAV® algorithm (Quadra Assura®, CD3367-40QC Quadra Assura
MP®, CD3371-40QC; Quadra Allure®, PM3542; Quadra Allure MP®, PM3562; all from
Abbott) were evaluated between 26 February 2020 and 24 May 2022. Baseline clinical
characteristics are listed in Table 1. All patients were in sinus rhythm with a left bundle
branch block at the time of implantation and enrollment. The mean baseline PR interval
was 189 ± 36.1 milliseconds and exceeded 200 milliseconds in 6 of 14 (43%) patients.
Mean QRS duration was 181.6 ± 23.9 milliseconds. All 14 patients were analyzed in each
programming configuration. The SyncAV® algorithm operated effectively in all 14 patients.
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Table 1. Baseline clinical characteristics.

n = 14

Age, years, mean 70 ± 7
Male gender, n (%) 11 (78.6)

Ischemic cardiomyopathy, n (%) 7 (50.0)
Left ventricular ejection fraction, %, mean 31 ± 6.9

PR interval, milliseconds, mean 189.0 ± 36.1
Native QRS duration, milliseconds, mean 181.6 ± 23.9

Arterial hypertension, n (%) 9 (64.3)
Diabetes mellitus Type II, n (%) 5 (35.7)

NICE: Patient specific anatomic parameters taken from the cardiac magnetic resonance
examination formed the base for a semiautomatic model incorporating the conductivity of
the heart, the lungs, blood and the torso. For this reason, a software package (AMIRA De-
veloper, TGS Template Graphics software version 3.1, Berlin, Germany) has been adapted
to calculate a quasi-static approximation of Maxwell equations. After fusion of the T1
CMR scan and the ECG electrodes, a model-based bidomain FEM was used for a step-wise
measurement of the local activation times (resting potential: 290 mV; plateau: 0 mV; accel-
eration time: 3 milliseconds) both from the endo- and the epicardium. Spatial resolution
in imaging of cardiac electrical excitation computation typically ranged from 2 to 4 mm,
allowing for detailed mapping of the electrical signals within the cardiac tissue [5–12].

Data acquisition: NICE was performed during sinus rhythm (mode 1, intrinsic con-
duction); RV pacing (mode 2, AVD paced 170 milliseconds, sensed 120 milliseconds);
nominal = simultaneous biventricular (BIV) pacing (mode 3, AVD paced 170 millisec-
onds, sensed 120 milliseconds); BIV SyncAV® + offset 10 milliseconds (mode 4); BIV
SyncAV® + offset 20 milliseconds (mode 5); BIV SyncAV® + offset 30 milliseconds (mode 6);
BIV SyncAV® + offset 40 milliseconds (mode 7); BIV SyncAV® + offset 50 milliseconds
(mode 8); BIV SyncAV® + offset 60 milliseconds (mode 9); BIV SyncAV® + offset 70 millisec-
onds (mode 10); BIV SyncAV® + offset 80 milliseconds (mode 11); BIV SyncAV® + offset
90 milliseconds (mode 12); BIV SyncAV® + offset 100 milliseconds (mode 13); and BIV
SyncAV® + offset 110 milliseconds (mode 14). For all pacing modes, right and left ventric-
ular total activation time (VAT); earliest septal, endocardial and epicardial breakthrough
sites; and the endocardial/epicardial activation sequences were analyzed.

Statistics: Categorical variables are reported as number and percentage, while contin-
uous variables are expressed as mean and standard deviation. Distribution was assessed
using the Kolmogorov–Smirnov test and inspection of histograms. Differences in repeated
measurements were analyzed with the paired t-test. Statistical analyses were performed
using R (version 4.3.1, R-Foundation for Statistical Computing, Vienna, Austria). Graphics
designed using ggplot2 package for R. p < 0.05 were considered statistically significant.

3. Results

Ventricular activation time: simultaneous biventricular pacing versus intrinsic con-
duction. In comparison to intrinsic conduction, simultaneous biventricular pacing re-
duced the VAT by 40.9 ± 25.7 milliseconds (p < 0.001), indicating a relative decrease of
22.5 ± 14.2%.

Ventricular activation time: optimized SyncAV® versus intrinsic conduction. In
comparison to intrinsic conduction, pacing with optimized SyncAV® reduced the VAT by
63.2 ± 21.2 milliseconds (p < 0.001) indicating a relative decrease of 34.8 ± 11.7%.

Ventricular activation time: optimized SyncAV® versus simultaneous biventricu-
lar pacing. In comparison to simultaneous biventricular pacing, pacing with optimized
SyncAV® reduced the VAT by 22.3 ± 17.3 milliseconds (p < 0.001) indicating a relative
decrease of 15.9 ± 12.3%.

Individual results from the whole study cohort are shown in Figures 1, 3 and 4. Sum-
mary comparisons can be found in Table 2. A representative example case is illustrated in
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Figures 2, 5 and 6, comparing simultaneous biventricular pacing to SyncAV® fusion pacing
in an individual patient (labeled B in Figure 4; see also Video S1 in Supplementary File).
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Figure 1. Ventricular activation time (VAT) according to different programming: (a) native versus
simultaneous biventricular pacing (p < 0.001) (b) native versus optimized SyncAV® pacing (p < 0.001),
(c) simultaneous biventricular versus optimized SyncAV® pacing (p < 0.001).
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Figure 2. Demonstration of distinct patterns of impulse formation and propagation of simultaneous
biventricular pacing versus SyncAV® fusion pacing, respectively. With simultaneous biventricular
pacing, two wavefronts originate from each ventricle. In contrast, SyncAV® allows native AV
conduction with optimally timed left ventricular fusion pacing, creating a third wavefront and
leading to a more physiological and efficient activation of the ventricles (yielding shorter QRS
duration as well). Blue arrows: impulse formation and propagation of simultaneous biventricular
pacing, red arrows: impulse formation and propagation of SyncAV® fusion pacing. LV = left ventricle,
RV = right ventricle, S = septum.
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Table 2. Ventricular activation time (VAT), its dependency from different programming and compari-
son of SyncAV® to biventricular stimulation; ms denotes milliseconds.

VAT (ms) Absolute Difference to
Biventricular Stimulation (ms)

95% Confidence
Interval p

Native conduction, ms, mean 181.6 ± 23.9 +40.9 26.1 to 55.8 <0.001
Right ventricular stimulation, ms, mean 167.2 ± 16.0 +26.6 14.4 to 38.8 <0.001
Simultaneous biventricular, ms, mean 140.6 ± 13.3 0 0 1

SyncAV®, offset 10 ms, ms, mean 135.0 ± 19.4 −5.6 −20.8 to −9.5 0.434
SyncAV®, offset 20 ms, ms, mean 132.9 ± 15.7 −7.7 −19.9 to 4.0 0.177
SyncAV®, offset 30 ms, ms, mean 130.7 ± 10.0 −9.9 −17.1 to −2.9 0.010
SyncAV®, offset 40 ms, ms, mean 130.1 ± 12.2 −10.6 −22.5 to 1.3 0.077
SyncAV®, offset 50 ms, ms, mean 130.1 ± 10.5 −10.6 −18.6 to −2.5 0.014
SyncAV®, offset 60 ms, ms, mean 136.6 ± 14.0 −4.1 −13.6 to 5.0 0.375
SyncAV®, offset 70 ms, ms, mean 135.2 ± 11. 7 −5.4 −15.3 to 4.5 0.257
SyncAV®, offset 80 ms, ms, mean 140.9 ± 6.9 +0.3 −8.5 to 9.1 0.945
SyncAV®, offset 90 ms, ms, mean 141.3 ± 12.1 +0.6 −9.8 to 11.1 0.896

SyncAV®, offset 100 ms, ms, mean 139.8 ± 10.7 −0.9 −11.9 to 10.2 0.870
SyncAV®, offset 110 ms, ms, mean 143.4 ± 14.7 +2.8 −11.4 to 17.0 0.679
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4. Discussion

Structural or clinical responses to CRT are not binary but continuous phenomena,
and optimal postimplant device programming may finally improve originally labeled
“nonresponders” and turn “responders” to “super-responders”. From the infancy of this
therapeutic approach more than two decades ago, the importance of the optimal AVD
programming has been acknowledged but the original approach optimizing transmi-
tral flow characteristics and/or stroke volume by echocardiography is time-consuming,
operator-dependent and overall cumbersome. Therefore, echocardiography-guided CRT
optimization has hardly become clinical routine from a global perspective. Because of these
shortcomings, device-based automatic AVD programming has been introduced, with the
SyncAV® algorithm being one of the most recently developed concepts. SyncAV® fusion
pacing provides an improvement to acute hemodynamic measures and reverse remodeling
on echocardiography [14,15].

In our view, SyncAV® represents a golden mean between simultaneous biventricular
pacing and left ventricular only pacing, offering a practical opportunity easily applied
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in clinical routine. Simultaneous biventricular pacing strongly reduces interventricular
dyssynchrony by minimizing fusion and altering left and right ventricular activation times
to a common level, as recently demonstrated using ECGi yielding reduced ventricular
uncoupling index measurements [16]. However, simultaneous biventricular pacing often
results in only modest QRS duration reductions, reflecting a lost opportunity for further
resynchronization with residual intraventricular dyssynchrony.

LV only pacing, going in the opposite direction, has the tendency to change the
lateral wall from being the latest to the earliest point of ventricular activation, therefore
turning around the wavefront of dyssynchrony. LV only pacing typically results in a right
bundle branch block (RBBB) QRS pattern with a dominant R wave in lead V1 (and often a
negative QRS in lead I). In the B-LEFT study, LV only pacing has been shown equivalence
as compared with biventricular pacing, maybe even favoring LV reverse remodeling [17,18].
LV only pacing may therefore be an alternative in previous nonresponders to biventricular
pacing as shown in the GREATER EARTH study [19].

NICE-CRT exclusively tested patients with LBBB, while results with non-LBBB config-
urations were not assessed. In particular, RBBB patients usually need longer optimal offsets,
around 90 milliseconds [20]. Given that the AVD is measured by the device using the
right ventricular lead, the presence of RBBB results in the delayed detection of ventricular
activation (relative to surface ECG) and the need to program a more negative AV offset to
achieve fusion. In some but not all patients, MultiPoint pacing (MPP) added to the SyncAV®

algorithm further increased resynchronization, as recently shown by ECGi [16,21,22].
The large, randomized trial ADAPT RESPONSE has recently shown a (nonsignificant)

11% reduction of a combined endpoint of intervention for heart failure decompensation
or all-cause mortality during long-term follow-up in patients with heart failure, reduced
left ventricular ejection fraction (<35%), LBBB and intact AV conduction (a patient cohort
exactly matching patients enrolled in the herein presented NICE-CRT trial) [23]. The
subgroup of patients with ≥85% synchronized LV pacing has shown a significantly (24%)
lower mortality/heart failure rate. The SyncAV® algorithm is expected to improve clinical
outcomes in CRT patients to the same or even higher extent with a high likelihood.

The results of the herein presented NICE-CRT study show that the SyncAV® offset
should be programmed to 30–50 milliseconds in the majority of patients with a native
LBBB and a PR interval ≤ 250 milliseconds. For practical reasons, the current recommen-
dation of 50 milliseconds as default programming seems to be an appropriate starting
point. However, at least in patients with no or poor CRT response, additional efforts should
be spent to individualize device programming using electrocardiographic optimization
techniques, aiming to reach the best shortening of QRS duration (or QRS area reduction).
These approaches include recording and comparing 12-lead electrocardiograms in different
programming settings (for example, with offsets at 20, 30, 40, 50 and 60 milliseconds).
A strategy which can also be applied in devices from other vendors, without using the
SyncAV® algorithm, is referred to as fusion-optimized intervals [24,25]. In research or se-
lected clinical cases, more advanced but also more expensive and time-consuming methods
such as body surface activation mapping (for example, with ECGi) or, as presented here for
the first time with the NICE-CRT trial, non-invasive imaging of cardiac electrophysiology
play an emerging role ([26], for review).

5. Limitations

The number of patients enrolled in the NICE-CRT trial is small and the data should
be interpretated as a single-center pilot study. Mean native QRS duration in NICE-CRT
(181.6 ± 23.9 milliseconds) was longer than in many CRT trials. For example, QRS duration
was 162.6 ± 17.1 milliseconds in the intervention arm of the ADAPT-CRT trial analyzing
1810 patients [23]. The beneficial effects of the SyncAV® algorithm might be lower in pa-
tients with shorter native QRS prolongation. In general, a reduction in QRS duration is only
a proxy for CRT response, and other measures such as QRS area reduction might become
reasonable alternatives for optimizing CRT programming in future clinical routine [27].
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6. Conclusions

The NICE-CRT trial visualizes and further validates the concept that dynamic AV
delay programming in CRT patients targeting fusion with intrinsic conduction further
increases resynchronization compared to simultaneous biventricular pacing. It seems
worth making the effort to program SyncAV® at an individualized offset. It highlights
the profound need for health care professionals responsible for device programming and
follow-up monitoring to become acquainted with this algorithm.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm12134510/s1, Video S1: NICE CRT clips.
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