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ABSTRACT

Background: Although device-based optimization has been developed to overcome the 
limitations of conventional optimization methods in cardiac resynchronization therapy 
(CRT), few real-world data supports the results of clinical trials that showed the efficacy 
of automatic optimization algorithms. We investigated whether CRT using the adaptive 
CRT algorithm is comparable to non-adaptive biventricular (BiV) pacing optimized with 
electrocardiogram or echocardiography-based methods.
Methods: Consecutive 155 CRT patients were categorized into 3 groups according to the 
optimization methods: non-adaptive BiV (n = 129), adaptive BiV (n = 11), and adaptive 
left ventricular (LV) pacing (n = 15) groups. Additionally, a subgroup of patients (n = 59) 
with normal PR interval and left bundle branch block (LBBB) was selected from the non-
adaptive BiV group. The primary outcomes included cardiac death, heart transplantation, 
LV assist device implantation, and heart failure admission. Secondary outcomes were 
electromechanical reverse remodeling and responder rates at 6 months after CRT.
Results: During a median 27.5-month follow-up, there was no significant difference in 
primary outcomes among the 3 groups. However, there was a trend toward better outcomes 
in the adaptive LV group compared to the other groups. In a more rigorous comparisons 
among the patients with normal PR interval and LBBB, similar patterns were still observed.
Conclusion: In our first Asian-Pacific real-world data, automated dynamic CRT optimization 
showed comparable efficacy to conventional methods regarding clinical outcomes and 
electromechanical remodeling.

Keywords: Cardiac Resynchronization Therapy; Automatic Optimization;  
Left Ventricular Pacing

INTRODUCTION

Cardiac resynchronization therapy (CRT) is established as a standard treatment for 
advanced heart failure (HF) patients with electrical dyssynchrony.1 However, about a third 
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of patients still do not get enough benefits from CRT.2-5 Therefore, a multi-disciplinary and 
comprehensive approach is needed throughout the pre-implant, implant, and post-implant 
phases to achieve maximal responses to CRT.6-9 Optimization of atrioventricular (AV) 
and ventriculo-ventricular (VV) delays is one of the most important parts of post-implant 
management because it is closely related with effective biventricular (BiV) pacing percentage. 
Echocardiography has been widely used to guide CRT optimization, but its effectiveness is still 
questionable.10-12 Echo-based AV or VV optimization is a time-consuming process requiring 
additional experts and costs. Moreover, repeated echo-guided optimizations according to the 
constantly changing clinical and cardiac conditions are nearly impossible to be performed. 
Recently, device-based autonomic optimization methods have been developed to facilitate 
the process. Results from the Adaptive CRT trial, which investigated the effectiveness of 
the adaptive CRT (aCRT) optimization algorithm (Medtronic Inc., Minneapolis, MN, USA), 
showed that autonomic optimization using the aCRT algorithm was comparable or superior 
to echo-based ones in many clinical and echocardiographic endpoints.13-17 To date, however, 
there are few real-world data regarding the effectiveness of automatic CRT optimization using 
the aCRT algorithm.18 We hypothesized that the aCRT optimization algorithm would work as 
well as, or better than, the conventional optimization methods in real-world clinical practices 
as well. Therefore, we tried to compare the efficacy of CRT using different optimization 
methods: conventional non-adaptive vs. automatic adaptive optimization.

METHODS

Patient population
We included consecutive patients older than 18 years who received CRT (de novo or 
upgrade) for advanced HF at our center from March 2012 to April 2018. All patients had the 
following characteristics: left ventricular (LV) ejection fraction (EF) ≤ 35% on transthoracic 
echocardiogram, QRS duration more than 120 ms on 12-lead electrocardiogram, and drug-
refractory systolic HF19 with New York Heart Association (NYHA) class II, III, or ambulatory 
IV symptoms. Patients were excluded who met any of the following criteria: 1) narrow QRS 
(< 120 ms) or 2) multi-point pacing CRT. Baseline characteristics including NYHA functional 
status, demographics, and medications were collected through careful reviews of electronic 
medical records.

aCRT algorithm and classification of patients
The aCRT algorithm was designed to update varying AV conduction and heart rate every 
minute to optimize pacing configuration automatically (Supplementary Fig. 1). The 
algorithm provides two different pacing modes: 1) “adaptive LV-only pacing” mode is applied 
to optimize AV delay and minimize RV pacing when AV conduction is normal and heart rate ≤ 
100 bpm, or 2) “adaptive BiV pacing” mode works to adjust AV and VV delay automatically in 
the situation of impaired AV conduction or heart rate > 100 bpm. Patients were categorized 
into 3 groups according to the optimization method as follows: non-adaptive BiV, adaptive 
BiV, and adaptive LV groups. In the non-adaptive BiV group, BiV pacing was delivered at 
fixed AV and VV intervals determined by conventional (ECG- or echo-based) optimization 
methods. For the adaptive groups, AV or VV intervals were automatically optimized by the 
aCRT algorithm. Of patients in the adaptive groups, those with LV-only pacing ≥ 50% were 
categorized into the adaptive LV group, and the remaining into the adaptive BiV group.20 
Considering that all patients in the adaptive LV group had left bundle branch block (LBBB) 
and favorable factors for CRT response as essential requirements for the adaptive algorithm 
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(sinus rhythm and normal AV delay), a subgroup of patients with sinus rhythm, normal PR 
intervals (≤ 200 ms), and LBBB were selected from the non-adaptive BiV group as a matched 
group for additional comparison to the adaptive LV group.

Electrocardiographic and echocardiographic data collection
Baseline electrocardiographic parameters were collected including baseline rhythm, PR 
interval, and QRS duration and morphology. QRS morphology was classified as either LBBB 
or non-LBBB. The LBBB morphology was defined when all of the following criteria were 
met: 1) QRS duration ≥ 140 ms (men) or ≥ 130 ms (women), 2) QS or rS in lead V1 and V2, 
and 3) mid-QRS notching or slurring in two or more of leads V1,V2, V5, V6, I, and aVL.21 
In pacing-dependent patients with previous pacemakers upgraded to CRT, paced-QRS 
complexes were used for the assessment of baseline QRS duration and morphology. Baseline 
PR intervals were measured except for the patients with persistent atrial fibrillation (AF). 
Echocardiographic parameters such as LV end-systolic volume (LVESV), LV end-diastolic 
volume (LVEDV), left ventricular ejection fraction (LVEF), and left atrial volume index were 
assessed by Simpson's biplane method using commercially available equipment, such as 
Vivid 7 (GE Healthcare, Chicago, IL, USA), Acuson 512 (Siemens, Munich, Germany) or 
Sonos 5500 (Philips, Andover, MA, USA).

Device implantation and optimization
CRT devices were implanted under local anesthesia using a transvenous approach. The 
LV lead was preferably placed into the anterolateral, lateral, or posterolateral LV walls in 
the left anterior oblique (LAO) view, and into the basal or mid-LV segments in the right 
anterior oblique (RAO) view. If the transvenous approach had failed, an epicardial LV lead 
was screwed into the lateral wall mid-LV segment via thoracoscopic surgery. The position 
of the right ventricular (RV) and LV leads and their pacing electrodes were confirmed by 
LAO and RAO fluoroscopic images.22 In the non-adaptive BiV group, AV and VV delays 
were determined to show the greatest stroke volume or narrowest QRS duration during the 
index hospitalization before discharge. For the adaptive BiV and adaptive LV groups, the 
aCRT optimization algorithm was activated immediately after the implantation. CRT pacing 
percentages were obtained at every planned or unplanned visit to our device clinic. In the 
adaptive groups, CRT pacing percentages were calculated as the sum of BiV and LV-only 
pacing percentages. For the non-adaptive BiV group, CRT pacing percentages were equal to 
BiV pacing percentages.

Study outcomes
The primary endpoint was a composite clinical outcome including cardiac death, heart 
transplantation, LV assist device implantation for destination therapy, and HF-related 
hospitalization after CRT implantation. Secondary outcomes consisted of electromechanical 
reverse remodeling and responder rates at 6 months after CRT implantation. For 
assessment of reverse remodeling, absolute (differences between pre-CRT and post-CRT 
values) and relative changes (absolute changes/pre-CRT values ×100, %) in the ECG and 
echocardiographic parameters were calculated. The definitions for CRT responder were as 
follows: 1) ‘clinical responder’ for survivors at 6 months with any improvement in NYHA 
class, 2) ‘echocardiographic responder’ for patients with a relative decrease in LVESV by ≥ 
15%, and 3) ‘super-responder’ for clinical responders with a relative decrease in LVESV by ≥ 
30% or with LVEF ≥ 45%.
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Statistical analysis
Continuous variables are presented as medians (25th–75th percentiles) and compared using 
Mann-Whitney U tests or Kruskal-Wallis tests. Categorical variables are shown as numbers 
with percentages, and comparisons between groups were performed using χ2 tests or Fisher's 
exact test. For analysis of the primary outcome, event-free survival was estimated by the 
Kaplan-Meier method and compared with the log-rank test. Logistic regression models were 
used to determine the independent predictors of a super-responder. Variables with P values 
< 0.2 in univariate analysis and adaptive LV pacing were included in multivariate analysis. To 
focus on the evaluation of the efficacy of LV-only pacing, baseline characteristics and study 
outcomes were compared between the subgroup of the non-adaptive BiV and the adaptive LV 
group using the same statistical methods. Statistical analyses were performed with the IBM 
SPSS Statistics version 23 (IBM Corporation, Armonk, NY, USA). All tests were two-tailed, 
and a P value < 0.05 was considered statistically significant.

Ethics statement
The Institutional Review Board (IRB) at Samsung Medical Center approved the study protocol 
(IRB No. 2018-04-138). Informed consent was waived by the board.

RESULTS

Patients and baseline characteristics of total patients
We identified 164 CRT patients during the study period. In the final analysis, 155 patients were 
included after 2 patients with narrow QRS and 7 patients treated with LV multi-point pacing 
function were excluded (Fig. 1). Forty-two patients (27.1%) had the ischemic etiology of HF, 
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CRT implantation from Mar 2012 to Apr 2018
(n = 164)

155 patients

· QRS duration < 120 ms (n = 2)
· Multi-point pacing CRT (n = 7)

Adaptive CRT
(n = 26)

Non-adaptive BiV subgroup
(PR interval ≤ 200 ms and LBBB)

(n = 59)

Adaptive LV
(LV-only pacing ≥ 50%)

(n = 15)

Adaptive BiV
(LV-only pacing < 50%)

(n = 11)

Non-adaptive BiV

(n = 129)

Matched analysis

Fig. 1. Flow diagram of the study population. Patients were matched according to baseline PR interval and QRS 
morphology.  
CRT = cardiac resynchronization therapy, BiV = biventricular, LV = left ventricular, LBBB = left bundle branch block.
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and 17 patients (11.0%) had persistent AF. Most of the CRT devices were CRT-defibrillator 
(94.2%), and 98.1% of patients had their LV leads in the lateral LV wall. Of the 155 patients 
included in the present study, 129 patients were optimized with conventional non-adaptive 
methods and the remaining 26 with the aCRT algorithm. Among 26 patients optimized with 
the aCRT algorithm, 11 were categorized into the adaptive BiV group, and the remaining 15 
into the adaptive LV group. A subgroup of patients with normal PR intervals and LBBB were 
selected from the non-adaptive BiV group as the matched group (n = 59) (Fig. 1). There were 
no significant differences in baseline demographics among the groups. Due to the application 
criteria of adaptive LV-only pacing, LBBB was more frequent in the adaptive LV group than 
the non-adaptive BiV group (100% vs. 72.1%; P = 0.03) and the PR interval was significantly 
shorter in the adaptive LV group than the non-adaptive BiV group (174 ms vs. 196 ms; P = 0.01). 
The median CRT pacing percentage during the first 6 months after CRT was higher in the non-
adaptive BiV group than the adaptive LV group (99.6% vs. 98.2%; P = 0.01) (Table 1).
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Table 1. Baseline characteristics
Characteristics Non-adaptive BiV  

(n = 129)
Adaptive BiV 

(n = 11)
Adaptive LV 

(n = 15)
P valuea Matched non-adaptive BiV 

(n = 59)
Adaptive LV 

(n = 15)
P valuea

Demographics and medical history
Gender, men 83 (64.3) 9 (81.8) 9 (60.0) 0.50 35 (59.3) 9 (60.0) > 0.999
Age, yr 66 (58–75) 74 (63–83) 67 (57–69) 0.66 69 (62–77) 67 (61–71) 0.54
BMI, kg/m2 22.8 (20.7–25.6) 22.8 (20.2–23.9) 24.6 (21.8–25.8) 0.55 22.6 (20.1–25.5) 24.4 (21.1–25.7) 0.44
NYHA class 3 (3–3) 3 (3–3) 3 (2–3) 0.09 3 (3–3) 3 (2–3) 0.06
Hypertension 71 (55.0) 8 (72.7) 9 (60.0) 0.52 33 (55.9) 9 (60.0) > 0.999
Diabetes 45 (34.9) 2 (18.2) 7 (46.7) 0.33 22 (37.3) 7 (46.7) 0.56
Ischemic CMP 32 (24.8) 4 (36.4) 6 (40.0) 0.27 12 (20.3) 6 (40.0) 0.18
Persistent AF 16 (12.4) 1 (9.1) 0 (0) 0.38 7 (11.9) 0 (0) 0.33

Medication
Beta blocker 84 (65.1) 6 (54.5) 10 (66.7) 0.75 35 (59.3) 10 (66.7) 0.77
RAS blocker 105 (81.4) 11 (100) 12 (80.0) 0.35 46 (78.0) 12 (80.0) > 0.999
Aldosterone antagonist 81 (62.8) 5 (45.5) 8 (53.3) 0.50 39 (66.1) 8 (53.3) 0.38

Echocardiographic findings
LVEF, % 24.2 (20.0–27.7) 22.5 (22.3–29.3) 23.4 (17.0–28.4) 0.56 23.5 (19.8–28.1) 23.4 (17.0–28.4) 0.48
LVEDV, mLb 244 (192–283) 250 (219–295) 274 (232–291) 0.42 234 (189–278) 274 (232–291) 0.14
LVESV, mLb 180 (150–233) 177 (162–220) 213 (170–227) 0.46 178 (140–226) 213 (170–227) 0.19

Electrocardiographic findings
LBBB 93 (72.1) 9 (81.8) 15 (100) 0.03 - - -
QRS width, ms 170 (152–182) 184 (168–222) 169 (152–172) 0.30 166 (152–189) 169 (152–172) 0.55
PR interval, ms 196 (172–224) 184 (174–202) 174 (156–188) 0.02 174 (152–189) 174 (156–188) 0.97

Indication for CRT
De novo 106 (82.2) 8 (72.7) 15 (100) 0.09 51 (86.4) 15 (100) 0.20
Upgrade 23 (17.8) 3 (27.3) 0 (0) 8 (13.6) 0 (0)

Type of CRT
CRT-D 121 (93.8) 10 (90.9) 15 (100) 0.61 56 (94.9) 15 (100) > 0.999
CRT-P 8 (6.2) 1 (9.1) 0 (0) 3 (5.1) 0 (0)

LV leads
Lateral position 126 (98.4) 11 (100) 15 (100) > 0.999 58 (98.3) 15 (100) > 0.999
Bipolar lead 44 (34.1) 7 (63.6) 3 (20.0) 0.07 18 (30.5) 3 (20.0) 0.53
Epicardial lead 7 (5.4) 0 (0) 0 (0) > 0.999 3 (5.1) 0 (0) > 0.999
CRT pacing, % 99.6 (97.0–100) 99.6 (97.1–99.9) 98.2 (97.7–98.5) 0.03 99.7 (97.0–100) 98.2 (97.7–98.5) 0.01

Values are presented as median (interquartile range) or number of patients (%).
BiV = biventricular, LV = left ventricular, BMI = body mass index, NYHA = New York Heart Association, CMP = cardiomyopathy, AF = atrial fibrillation, RAS = renin-
angiotensin system, LVEF = left ventricular ejection fraction, LVEDV = left ventricular end-diastolic volume, LVESV = left ventricular end-diastolic volume, LBBB 
= left bundle branch block, CRT = cardiac resynchronization therapy, CRT-D = cardiac resynchronization therapy-defibrillator, CRT-P = cardiac resynchronization 
therapy-pacemaker.
aP value refers to the difference among the three groups by Kruskal-Wallis test or χ2 tests; bLV volumes were available in 137 patients (88.4%) in total population, 
and 65 patients (87.8%) in matched population.
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Study outcomes in total study population
There was no statistically significant difference in the primary clinical composite outcome 
during a median follow-up of 27.5 months among the groups (26.4% for the non-adaptive BiV 
vs. 36.4% for the adaptive BiV vs. 0% for the adaptive LV group; P = 0.14) (Table 2 and Fig. 2). 
Cardiac death, heart transplantation, LV assist device, or HF-related hospitalization rates 
were not significantly different among the groups as the primary composite outcomes, but 
the adaptive LV group seemed to show the best clinical outcome without any adverse clinical 
events (Table 2). In secondary outcomes, patients in the adaptive LV group showed the 
highest increase in LVEF at 6 months after CRT implantation (12.4% for the adaptive LV vs. 
6.6% for the non-adaptive BiV vs. 1.5% for the adaptive BiV group; P = 0.04). In addition, the 
changes in LVESV and QRS duration tended to be greatest in the adaptive LV group. Although 
the 3 groups showed no significant differences in the clinical, echocardiographic, and super 
responder rates, there was a tendency toward a greater response rate in the adaptive LV 
compared to the other groups (58.3% for the adaptive LV vs. 36.3% for the non-adaptive BiV 
vs. 14.3% for the adaptive BiV group; P = 0.17 for super-responder rate) (Figs. 3 and 4, and 
Table 3). Using multivariate logistic regression analysis, we identified that baseline LBBB was 
significantly associated with super-responder (odds ratio [OR], 6.89; 95% confidence interval 
[CI], 1.44–33.1; P = 0.02). For the analysis, men, hypertension, LVEDV, LBBB, PR interval 
and adaptive LV pacing were included for multivariate analysis in the total population, while 
men, hypertension, diabetes, LVEDV, and adaptive LV pacing were included in the matched 
population (Table 4).
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Table 2. Primary clinical outcomes
Variables Non-adaptive BiV 

(n = 129)
Adaptive BiV 

(n = 11)
Adaptive LV 

(n = 15)
P valuea Matched non-adaptive BiV 

(n = 59)
Adaptive LV 

(n = 15)
P valuea

Composite outcome 34 (26.4) 4 (36.4) 0 (0) 0.14 13 (22.2) 0 (0) 0.10
Cardiac death 7 (5.4) 1 (9.1) 0 (0) 0.65 3 (5.1) 0 (0) 0.43
HTPL or LVAD 14 (10.9) 0 (0) 0 (0) 0.24 7 (11.9) 0 (0) 0.22
HF-hospitalization 30 (23.3) 4 (36.4) 0 (0) 0.14 11 (18.6) 0 (0) 0.14
Follow-up duration, mon 27.5 (10.0–46.3) 36.1 (19.3–58.4) 23.1 (6.2–39.4) 0.30 26.8 (5.6–51.6) 23.1 (6.2–39.4) 0.56
Values are presented as number of patients (%).
BiV = biventricular, LV = left ventricular, HTPL = heart transplantation, LVAD = left ventricular assist device, HF = heart failure.
aP value refers to the difference between the groups by log-rank test.
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Comparison of the non-adaptive BiV subgroup to the adaptive LV group
Considering the better prognosis of CRT patients with normal PR intervals or typical LBBB 
morphology than those without,23,24 the matched subgroup (n = 59) of the non-adaptive 
BiV group with normal PR intervals and LBBB were compared to the adaptive LV group to 
enhance comparability (Fig. 1). There was no significant difference in baseline characteristics 
except for a higher CRT pacing percentage (99.7% vs. 98.2%; P = 0.01) in the matched non-
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Table 3. Secondary outcomes
Variables Non-adaptive BiV Adaptive BiV Adaptive LV P valuea Matched non-adaptive BiV Adaptive LV P value
Absolute change

LVEF, % 6.6 (0.9, 13.4) 1.5 (−0.3, 13.0) 12.4 (7.7, 18.2) 0.04 7.8 (3.8, 17.3) 12.4 (7.7, 18.2) 0.14
LVESV, mL 42.2 (4.0, 72.7) 26.4 (−13.6, 74.7) 63.7 (31.6, 107.1) 0.20 50.9 (23.2, 72.7) 63.7 (31.6, 107.1) 0.36
QRS width, ms 30 (14, 44) 29 (16, 54) 30 (2, 44) 0.89 35 (20, 46) 30 (2, 44) 0.49

Relative change
LVESV, % 24.0 (1.9, 43.8) 8.9 (−8.3, 38.4) 36.8 (17.1, 49.6) 0.24 28.6 (12.8, 47.5) 36.8 (17.1, 49.6) 0.58
QRS width, % 19.0 (8.8, 26.1) 19.0 (8.4, 27.7) 18.9 (1.2, 25.6) 0.99 20.9 (12.4, 27.3) 18.9 (1.2, 25.6) 0.50

Responder rate
Clinical 100 (82.0) 8 (72.7) 14 (100) 0.09 46 (85.2) 14 (100) 0.19
EchoCG 56 (61.5) 3 (42.9) 9 (75.0) 0.39 31 (72.1) 9 (75.0) > 0.999
Super 33 (36.3) 1 (14.3) 7 (58.3) 0.17 21 (48.8) 7 (58.3) 0.75

Values are presented as median (interquartile range) or number of patients (%).
The values in absolute and relative changes represent the ‘increment’ of LVEF or ‘decrement’ of LVESV or QRS width. In total population, LVEF was available in 126 
patients (81.3%) and LV volumes were available in 110 patients (71.0%). In matched population, LVEF was available in 60 patients (81.1%) and LV volumes were 
available in 55 patients (74.3%).
BiV = biventricular, LV = left ventricular LVEF = left ventricular ejection fraction, LVESV = left ventricular end-diastolic volume, EchoCG = echocardiographic.
aP value refers to the difference among the three groups by Kruskal-Wallis test or χ2 tests.

Table 4. Predictors for super-responder
Variables Total population Matched population

Univariate analysis Multivariate analysisa Univariate analysis Multivariate analysisa

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value
Demographics and medical history

Gender, men 0.43 (0.19–0.96) 0.04 0.65 (0.25–1.67) 0.37 0.19 (0.06–0.62) 0.01 0.22 (0.06–0.80) 0.02
Age, yr 0.99 (0.95–1.02) 0.38 0.97 (0.92–1.02) 0.23
NYHA class 0.66 (0.33–1.31) 0.23 0.87 (0.32–2.41) 0.79
Hypertension 0.53 (0.24–1.16) 0.11 0.73 (0.29–1.82) 0.50 0.30 (0.10–0.95) 0.04 0.36 (0.10–1.32) 0.12
Diabetes 0.64 (0.28–1.47) 0.30 0.37 (0.12–1.13) 0.08 0.33 (0.09–1.27) 0.33
Ischemic CMP 0.69 (0.28–1.70) 0.42 1.20 (0.32–4.52) 0.79
Persistent AF 0.45 (0.09–2.30) 0.34 0.96 (0.13–7.36) 0.97

Medication
Beta blocker 1.08 (0.47–2.46) 0.86 1.45 (0.48–4.38) 0.51
RAS blocker 1.52 (0.49–4.66) 0.47 1.05 (0.27–4.12) 0.95
Aldosterone antagonist 1.76 (0.78–3.95) 0.17 1.45 (0.48–4.38) 0.51

Echocardiographic findings
LVEF, % 0.99 (0.93–1.06) 0.79 1.03 (0.94–1.13) 0.56
LVEDV, mL 1.00 (0.99–1.00) 0.12 1.00 (0.99–1.00) 0.23 0.99 (0.98–1.00) 0.08 0.99 (0.98–1.00) 0.13
LVESV, mL 1.00 (0.99–1.00) 0.16 0.99 (0.98–1.00) 0.09

Electrocardiographic findings
LBBB 11.08 (2.46–49.80) 0.002 6.89 (1.44–33.10) 0.02
QRS width, ms 0.99 (0.98–1.01) 0.48 1.01 (0.98–1.04) 0.53
PR interval, ms 0.99 (0.98–1.00) 0.17 1.00 (0.99–1.01) 0.40 1.00 (0.98–1.02) 0.92

Device parameter
De novo CRT 2.15 (0.65–7.10) 0.21 1.63 (0.25–10.58) 0.61
Adaptive LV pacing 2.64 (0.78–8.93) 0.12 1.77 (0.46–6.81) 0.40 1.47 (0.40–5.35) 0.56 1.79 (0.37–8.66) 0.47
CRT pacing, % 1.03 (0.98–1.08) 0.27 1.03 (0.97–1.10) 0.37

OR = odds ratio, CI = confidence interval, NYHA = New York Heart Association, CMP = cardiomyopathy, AF = atrial fibrillation, RAS = renin-angiotensin system, 
LVEF = left ventricular ejection fraction, LVEDV = left ventricular end-diastolic volume, LVESV = left ventricular end-diastolic volume, LBBB = left bundle branch 
block, CRT = cardiac resynchronization therapy, LV = left ventricular.
aMen, hypertension, LVEDV, LBBB, PR interval and adaptive LV pacing were included for multivariate analysis in the total population, while men, hypertension, 
diabetes, LVEDV, and adaptive LV pacing were included in the matched population.
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adaptive BiV subgroup (Table 1). However, a tendency toward better outcomes in the adaptive 
LV than the matched non-adaptive BiV subgroup was consistent throughout the primary and 
secondary outcomes (Figs. 2B, 3B, and 4B and Tables 2 and 3). Multivariate analysis showed 
women gender was the only factor associated with super-responder (OR, 6.5; 95% CI, 
1.4–31.0; P = 0.02) (Table 4).

DISCUSSION

In the present study, we investigated whether the automated dynamic optimization algorithm 
(aCRT) is as effective as conventional ECG or Echo-based optimizations in real-world 
practice. The main findings of this study were: 1) CRT patients optimized with the aCRT 
algorithm showed similar outcomes in clinical events and electromechanical remodeling 
compared to those optimized with conventional methods, 2) adaptive LV pacing showed 
comparable efficacy to non-adaptive BiV pacing even when the analysis was confined to 
patients with normal PR intervals and LBBB, and 3) there was a consistent tendency toward 
better outcomes in the adaptive LV group compared to the other groups regarding both 
primary and secondary outcomes.

Optimal programming of AV and VV delays is one of the most important strategies to 
improve the efficacy of CRT.8,25,26 Until recently, echo-based optimization was the most 
popular method.27-29 However, this method is difficult to utilize in routine clinical practice 
because of its innate limitations. Reproducibility is low due to inter- and intra-operator 
variability.11 and echocardiographic measurement needs to be tediously repeated in multiple 
combinations of various AV and VV timing. Additionally, the optimal AV or VV delay can vary 
with cardiac remodeling and the patient's hemodynamic status. Several studies have already 
shown significant changes of the optimal AV interval values between the initial and the 
follow-up period.30 Thus, fixed intervals optimized in resting position cannot accommodate 
the constantly changing patient status. Furthermore, the results of multicenter trials showed 
that routine use of echocardiographic optimization was no more effective than empirical 
programming.11,31

As a consequence, device-based automatic optimization methods have emerged as 
alternatives to conventional methods. SmartDelayTM (Boston Scientific, Natick, MA, USA) 
and QuickOptTM (Abbott, Sylmar, CA, USA), which are intracardiac electrogram-based 
algorithms, were developed to optimize AV or AV/VV intervals. However, automatic updates 
of optimal AV and VV delays were not possible in these manually operated algorithms, 
and previous trials using these algorithms have failed to show superiority over echo-based 
optimization.11,31 In contrast, the aCRT algorithm automatically adjusts pacing configuration 
by updating the patient's current AV conduction and heart rate every minute. It aims to 
create a well-balanced intra-LV fusion in 2 situations. When AV conduction is normal, the 
algorithm induces fusion between intrinsic activation conducting through the AV node 
and stimulated activation from the LV electrode (adaptive RV-synchronized LV-only pacing 
mode). Otherwise, it leads to the fusion between 2 stimulated activations from the RV and LV 
electrodes (adaptive BiV pacing mode) (Supplementary Fig. 1).

In the Adaptive CRT trial, a prospective, multi-center randomized double-blinded study, 
the aCRT arm showed comparable efficacy to the echo-optimized BiV arm in improvement 
of clinical composite score, cardiac performance, and HF or ventricular arrhythmia 

9/14https://jkms.org https://doi.org/10.3346/jkms.2019.34.e187

Automated Dynamic Optimization of CRT

https://jkms.org


episodes at 6-month postrandomization.14 Moreover, sub-analyses of the Adaptive CRT 
trial demonstrated superiority of the aCRT algorithm over echo-optimized BiV pacing in 
terms of 6-month response rate, mortality, HF-related hospitalization, AF incidence, and 
device longevity. Furthermore, a higher LV pacing percentage was independently associated 
with superior clinical outcomes as similarly as the adaptive LV group of our data.15,16,20,32 
There are possible explanations for further benefits of LV-only pacing over BiV pacing. First, 
the aCRT algorithm can minimize unnecessary RV pacing. Previous studies have shown 
that chronic RV pacing could induce ventricular dyssynchrony and new-onset LV systolic 
dysfunction, known as pacing-induced cardiomyopathy, even in patients without underlying 
cardiac dysfunction.33-35 Second, acute hemodynamic benefits of RV-synchronized LV-only 
pacing have been demonstrated in previous studies.36-39

More recent studies have also shown favorable outcomes of other device-based automatic 
algorithms such as the SyncAV algorithm (Abbott) and SonR algorithm (Sorin Group, 
Saluggia, Italy) in terms of QRS narrowing or clinical improvement.40,41 However, further 
real-world data are needed, considering that most of the evidence supporting the efficacy of 
automatic device-based optimization algorithms has been based on clinical trials.

It is known that regional or ethnic differences may have significant impact on the etiology, 
treatment, and prognosis of HF.42-45 However, there is a scarcity of real-world data on the 
efficacy of aCRT, especially in the Asia-Pacific region. Even in the Adaptive CRT trial, only 
a few patients from the Asia-Pacific region were included.14 Our first Asian-Pacific real-
world data showed that aCRT was comparable in clinical outcomes and electromechanical 
remodeling to conventional optimization methods. Additionally, beneficial effects of 
aCRT seemed to be more noticeable in the adaptive LV group as in line with the previous 
randomized trial data. Patients in our study had relatively wider QRS duration (167.9 ms vs. 
154.8 ms), greater LVESV index (114.8 mL/m2 vs. 72.4 mL/m2), and lower LVEF (24.0% vs. 
29.8%) than those in the Adaptive CRT trial. Nonetheless, our results demonstrated that the 
efficacy of aCRT optimization was consistent regardless of ethnic differences or worse HF 
clinical features.

Another notable finding of our study was that the non-adaptive BiV pacing group tended 
to show poorer outcomes even with a significantly higher CRT pacing percentage than the 
adaptive LV group. This might imply a greater significance of the pacing quality than the 
pacing quantity in CRT. Several conventional CRT studies showed that BiV pacing percentage 
reports could be overestimated due to fusion or pseudo-fusion pacing.9,46 In other words, 
pacing percentage does not always guarantee actual BiV capture, particularly in CRT patients 
with fixed programming. This might be another explanation to why the adaptive LV group 
showed a tendency toward better outcomes than the non-adaptive BiV group in our results, 
despite the lower pacing percentage.

This study has several limitations. First, this is a single-center study with a small number 
of patients, especially in both adaptive groups. So, this sample size could be insufficient to 
acquire substantial statistical power. For this reason, we are planning a multicenter registry 
study. Second, the optimization method was not randomized. However, to minimize 
selection bias and balance intergroup differences, we selected matched subgroup patients. 
Third, follow-up echocardiographic data were not available in all patients due to the 
retrospective study design. Lastly, the criteria of defining the adaptive LV group (LV-only 
pacing ≥ 50%) might be arbitrary. However, this criteria was based on the previous study 
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showing that RV-synchronized LV pacing ≥ 50% was independently associated with favorable 
clinical outcomes in the aCRT arm.20 In our study, patients in the adaptive LV group showed a 
median LV pacing percentage of 97.7%.

This is the first Asia-Pacific real-world data investigating the efficacy of the aCRT algorithm. 
The aCRT algorithm showed a trend toward better performance in terms of clinical outcomes 
and electromechanical remodeling compared to the conventional optimization methods 
requiring extra time and cost for cumbersome measurements. Further studies including 
a large number of patients are needed to confirm the beneficial effects of dynamic AV/VV 
optimization and RV-synchronized LV-only pacing in real-world practice.

SUPPLEMENTARY MATERIAL

Supplementary Fig. 1
The adaptive CRT algorithm to choose the pacing mode.

Click here to view
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