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43% of CRT patients classified as negative or non-
responders after 6months
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CRT Challenge
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Survival Effect of CRT of Super-Responders,  Responders, and
Non-Responders
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CRT Response
Current Issues

Multiple different factors between individual pts can affect  
response:

Genetic & genderdifferences  Stage & 
CHF etiology

LV lead location
QRS morphology &width
Presence of co-morbidities, LV scar, & AF/PVC’s
Coronary sinus valves/stenosis/limited target vessels  Device
management: AV & VV optimization, ensuring BiV pacing





Mullens W, et al. JACC. 2009;53:765-773
McAlister FA et al. JAMA. 2007;297:2502–14

Identificare le Cause del problema per 
cercare una soluzione

• RITARDO AV NON OTTIMIZZATO

• POSIZIONE NON OTTIMALE DEL  LEAD VSX

• STIMOLAZIONE BIVENTRICOLARE< 90%

• PERSISTENZA DELLA DISSINCRONIA MECCANICA





Definition of success in CRT recipients

Cardiac Resynchronization Therapy: Who Are the Responders?
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Aims Echocardiographic optimization of atrioventricular (AV) and interventricular (VV) intervals in cardiac resynchroniza-
tion therapy (CRT) is costly, time-consuming, and requires skill and expertise so is usually undertaken only in ‘non-
responder’ patients. An algorithm in St Jude Medical CRT devices (QuickOptTM) claims to optimize these settings
automatically. The aim of this study was to compare the two optimization techniques.

Methods
and results

Optimization of AV and VV intervals was performed a month after CRT device implantation in 26 patients with heart
failure, first by echocardiography then by QuickOpt. The left ventricular outflow tract (LVOT) velocity–time integral
(VTI) was measured after optimization by each method. Agreement between the optimization methods was assessed
by the Bland–Altman analysis and correlation by Pearson’s correlation coefficient. There was good correlation
between the LVOT VTI following optimization by both methods (R2 ¼ 0.77, P , 0.001). However, agreement
between the two methods was poor, with 15 of 26 and 10 of 26 patients having a .20 ms difference in the
optimal AV and VV interval values, respectively. Left ventricular outflow tract VTI was significantly better (22 of
26 patients; P , 0.001) in patients optimized by echocardiography than by QuickOpt.

Conclusion There is a poor agreement in optimal AV and VV intervals determined by echocardiography and QuickOpt, with
echocardiographic optimization giving a superior haemodynamic outcome.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Cardiac resynchronization therapy † Heart failure † AV delay optimization † VV delay optimization †

Echocardiography † QuickOpt algorithm

Introduction
Cardiac resynchronization therapy (CRT) improves symptoms,
quality of life, exercise capacity, haemodynamics, and ventricular
function and reduces hospitalizations and mortality, in selected
patients with heart failure.1 – 5

However, up to 30% of patients treated with CRT gain no
benefit. One of the strategies to improve the response to CRT
involves optimizing the atrioventricular (AV) and interventricular
(VV) interval settings.

Optimization of the AV and VV intervals can be achieved by
many techniques, but echocardiographic measures are considered
the gold standard and most frequently employed as they are non-
invasive and widely available.6– 14

In clinical practice in most institutions, only patients who gain
suboptimal benefit from CRT undergo echocardiographic optimiz-
ation of their AV and VV intervals because echocardiography is
relatively costly, time-consuming, and requires skill and expertise
to perform accurately.
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analysis method for comparing two methods of clinical
measurements.31

It is expected that haemodynamic outcome is better with optim-
ization by echocardiography than with QuickOpt optimization,
given that an echocardiographic surrogate measure of cardiac
output (LVOT VTI) is used. Optimization by QuickOpt is an elec-
trical optimization of the intracardiac EGM, which may not necess-
arily equate to the best mechanical or haemodynamic performance
of the heart.

Although these data suggest that echocardiographic optimiz-
ation of AV and VV intervals is superior to optimization by the
QuickOpt algorithm and that agreement between the two tech-
niques of optimizing these intervals is poor, there are no data
comparing:

(1) The long-term clinical and echocardiographic outcomes in
patients randomized to one or other of these techniques of
optimization.

(2) The long-term clinical and echocardiographic outcomes in
patients undergoing repeated optimization using device-based
algorithms (which is feasible, unlike repeated echocardio-
graphic optimization) compared to patients undergoing single
optimization (by echocardiography or device-based algor-
ithms), which may be relevant as optimal AV and VV intervals
change over time.32– 34

Even though this study shows that echocardiographic optimiz-
ation is superior, in ‘real-world’ practice, the time and cost associ-
ated with it means that it is not routinely available. Therefore,

Figure 3 (A) Bland–Altman plot of differences in maximal LVOT VTI following echocardiographic and QuickOpt optimization.
(B) Correlation of maximal LVOT VTI following echocardiographic and QuickOpt optimization.

Comparison of echocardiography and device algorithms for AV and VV interval optimization 89
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Primary Results From the SmartDelay Determined AV
Optimization: A Comparison to Other AV Delay Methods

Used in Cardiac Resynchronization Therapy
(SMART-AV) Trial

A Randomized Trial Comparing Empirical, Echocardiography-Guided,
and Algorithmic Atrioventricular Delay Programming in Cardiac

Resynchronization Therapy
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Bernd Lemke, MD; Jagmeet P. Singh, MD, PhD; Francis G. Spinale, MD, PhD;

Jennifer E. Van Eyk, PhD; Jeffrey Whitehill, MD; Stanislav Weiner, MD; Maninder Bedi, MD;
Joshua Rapkin, MS; Kenneth M. Stein, MD

Background—One variable that may influence cardiac resynchronization therapy response is the programmed atrioven-
tricular (AV) delay. The SmartDelay Determined AV Optimization: A Comparison to Other AV Delay Methods Used
in Cardiac Resynchronization Therapy (SMART-AV) Trial prospectively randomized patients to a fixed empirical AV
delay (120 milliseconds), echocardiographically optimized AV delay, or AV delay optimized with SmartDelay, an
electrogram-based algorithm.

Methods and Results—A total of 1014 patients (68% men; mean age, 66!11 years; mean left ventricular ejection fraction,
25!7%) who met enrollment criteria received a cardiac resynchronization therapy defibrillator, and 980 patients were
randomized in a 1:1:1 ratio. All patients were programmed (DDD-60 or DDDR-60) and evaluated after implantation and
3 and 6 months later. The primary end point was left ventricular end-systolic volume. Secondary end points included
New York Heart Association class, quality-of-life score, 6-minute walk distance, left ventricular end-diastolic volume,
and left ventricular ejection fraction. The medians (quartiles 1 and 3) for change in left ventricular end-systolic volume
at 6 months for the SmartDelay, echocardiography, and fixed arms were "21 mL ("45 and 6 mL), "19 mL ("45 and
6 mL), and "15 mL ("41 and 6 mL), respectively. No difference in improvement in left ventricular end-systolic volume
at 6 months was observed between the SmartDelay and echocardiography arms (P#0.52) or the SmartDelay and fixed
arms (P#0.66). Secondary end points, including structural (left ventricular end-diastolic volume and left ventricular
ejection fraction) and functional (6-minute walk, quality of life, and New York Heart Association classification)
measures, were not significantly different between arms.

Conclusions—Neither SmartDelay nor echocardiography was superior to a fixed AV delay of 120 milliseconds. The
routine use of AV optimization techniques assessed in this trial is not warranted. However, these data do not exclude
possible utility in selected patients who do not respond to cardiac resynchronization therapy.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT00677014.
(Circulation. 2010;122:2660-2668.)
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! heart failure ! implantable cardioverter-defibrillators
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Primary Results From the SmartDelay Determined AV
Optimization: A Comparison to Other AV Delay Methods

Used in Cardiac Resynchronization Therapy
(SMART-AV) Trial

A Randomized Trial Comparing Empirical, Echocardiography-Guided,
and Algorithmic Atrioventricular Delay Programming in Cardiac

Resynchronization Therapy

Kenneth A. Ellenbogen, MD; Michael R. Gold, MD, PhD; Timothy E. Meyer, PhD;
Ignacio Fernández Lozano, MD; Suneet Mittal, MD; Alan D. Waggoner, MHS;
Bernd Lemke, MD; Jagmeet P. Singh, MD, PhD; Francis G. Spinale, MD, PhD;

Jennifer E. Van Eyk, PhD; Jeffrey Whitehill, MD; Stanislav Weiner, MD; Maninder Bedi, MD;
Joshua Rapkin, MS; Kenneth M. Stein, MD

Background—One variable that may influence cardiac resynchronization therapy response is the programmed atrioven-
tricular (AV) delay. The SmartDelay Determined AV Optimization: A Comparison to Other AV Delay Methods Used
in Cardiac Resynchronization Therapy (SMART-AV) Trial prospectively randomized patients to a fixed empirical AV
delay (120 milliseconds), echocardiographically optimized AV delay, or AV delay optimized with SmartDelay, an
electrogram-based algorithm.

Methods and Results—A total of 1014 patients (68% men; mean age, 66!11 years; mean left ventricular ejection fraction,
25!7%) who met enrollment criteria received a cardiac resynchronization therapy defibrillator, and 980 patients were
randomized in a 1:1:1 ratio. All patients were programmed (DDD-60 or DDDR-60) and evaluated after implantation and
3 and 6 months later. The primary end point was left ventricular end-systolic volume. Secondary end points included
New York Heart Association class, quality-of-life score, 6-minute walk distance, left ventricular end-diastolic volume,
and left ventricular ejection fraction. The medians (quartiles 1 and 3) for change in left ventricular end-systolic volume
at 6 months for the SmartDelay, echocardiography, and fixed arms were "21 mL ("45 and 6 mL), "19 mL ("45 and
6 mL), and "15 mL ("41 and 6 mL), respectively. No difference in improvement in left ventricular end-systolic volume
at 6 months was observed between the SmartDelay and echocardiography arms (P#0.52) or the SmartDelay and fixed
arms (P#0.66). Secondary end points, including structural (left ventricular end-diastolic volume and left ventricular
ejection fraction) and functional (6-minute walk, quality of life, and New York Heart Association classification)
measures, were not significantly different between arms.

Conclusions—Neither SmartDelay nor echocardiography was superior to a fixed AV delay of 120 milliseconds. The
routine use of AV optimization techniques assessed in this trial is not warranted. However, these data do not exclude
possible utility in selected patients who do not respond to cardiac resynchronization therapy.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT00677014.
(Circulation. 2010;122:2660-2668.)
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Comparison of AV Delays by Treatment Group
The differences between AV delays recommended by SD
during atrial sense and atrial pace modes and the AV delays
recommended by the echocardiographic iterative method
(Echo) in all patients at postimplantation (top) and at 6
months (bottom) are shown in Figure 2 and Figure I in the

online-only Data Supplement. The average atrial sense–
atrial pace offset as determined by the SD algorithm was
48!27 milliseconds. A sensed AV delay recommended by
SD or Echo (iterative method) differing by at least 30
milliseconds from the Fixed AV delay setting of 120
milliseconds was recommended in 69% and 57% of
patients, respectively.

Primary End Point
The change in LVESV for the SD arm was no different from
either the Echo or Fixed arm (P"0.52 and P"0.66 respec-
tively; Figure 2). The median changes (quartiles 1 and 3) in
LVESV from postimplantation to 6 months for patients in the
SD, Echo, and Fixed arms were #21 mL (#45 and 6 mL),
#19 mL (#45 and 6 mL), and #15 mL (#41 and 6 mL),
respectively. Median LVESV values were similar across all
time points for the SD, Echo, and Fixed arms with baseline
values of 119, 117, and 115 mL; 3-month values of 101, 105,
and 98 mL; and 6-month values of 93, 97, and 99 mL,
respectively. No differences between groups at individual
time points were noted (Table I in the online-only Data
Supplement). Importantly, $14% of randomized patients did
not undergo assessment of the primary end point (Figure 1).

Secondary End Points
Because the primary end point showed no significant differ-
ence between the SD and Fixed groups, no other end points

Figure 1. Patient distribution by treatment arm.

Figure 2. Median and 95% confidence interval for the primary
end point of echocardiographic LVESV change between base-
line and the 6-month follow-up.

Ellenbogen et al AV Optimization in Cardiac Resynchronization Therapy 2663
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are considered statistically significant according to the gate-
keeping strategy.20 Reported P values are therefore nominal
values without adjustment for multiplicity and should be
interpreted as exploratory, hypothesis-generating analysis.
Secondary end points included structural (LVEDV and
LVEF) and functional (6-minute walk, QOL, and NYHA
classification) measures. There were no significant differ-
ences in the structural or functional end points by group
(Figure 3). The median changes (quartiles and 3) in LVEDV
from postimplantation to 6 months for patients in the SD,
Echo, and Fixed arms were !13 mL (!42 and 12 mL), !16
mL (!41 and 17 mL), and !12 mL (!42 and 10 mL),
respectively. The median changes (quartiles and 3) in LVEF
for patients in the SD, Echo, and Fixed arms at 6 months were
6.0% (0.5% and 14.7%), 6.0% (!1.4% and 13.3%), and 5.1%
(!1.0% and 13.1%), respectively.

The median changes (quartiles 1 and 3) in 6-minute hall
walk in the SD, Echo, and Fixed arms were 55 m (!5 and
123 m), 39 m (!13 and 107 m), and 58 m (0 and 115 m),
respectively. The median changes (quartiles 1 and 3) in QOL
for patients in the SD, Echo, and Fixed arms were !21 (!37
and !4), !12 (!28 and 2), and !17 (!36 and !3) points,
respectively. Because NYHA classification improvement is
an ordinal variable, the data are reported as the difference in
percentage of patients with an NYHA classification change of

at least 1 NYHA class. The percentage reductions of at least
1 NYHA class for patients in the SD, Echo, and Fixed arms
were 77%, 71%, and 77%, respectively. With the QOL and
NYHA functional secondary end points, no significant dif-
ferences were observed by treatment group (Figure 3). Me-
dian values for LVEDV, EF%, QOL, 6-minute walk, and
percentage NYHA class change were similar across all time
points for the SD, Echo, and Fixed arms (Table I in the
online-only Data Supplement). No between-group differences
at individual time points existed.

Subgroup Analysis
The effects of CRT and optimization method on the primary
end point in 1 prespecified subgroup (QRS duration "150
versus 120 to 150 milliseconds) and 4 other subgroups
analyzed posthoc (ischemic versus nonischemic, men versus
women, left bundle-branch block versus non–left bundle-
branch block, and atrial pacing "30% versus #30%) are
presented in Figures II and III in the online-only Data
Supplement. Overall, patients with a wide QRS duration, left
bundle-branch block, nonischemic cardiomyopathy, and fe-
male gender responded more favorably to CRT therapy.
However, the only significant optimization treatment-
subgroup interaction was for gender (Figure III in the
online-only Data Supplement). Women optimized with SD
and Echo responded more favorably than women randomized

Figure 3. Median and 95% confidence interval for the secondary structural end points of echocardiographic LVEDV and LVEF and the
functional end points of 6-minute walk distance, QOL changes, and percent of patients by NYHA classification between baseline and
the 6-month follow-up.
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are considered statistically significant according to the gate-
keeping strategy.20 Reported P values are therefore nominal
values without adjustment for multiplicity and should be
interpreted as exploratory, hypothesis-generating analysis.
Secondary end points included structural (LVEDV and
LVEF) and functional (6-minute walk, QOL, and NYHA
classification) measures. There were no significant differ-
ences in the structural or functional end points by group
(Figure 3). The median changes (quartiles and 3) in LVEDV
from postimplantation to 6 months for patients in the SD,
Echo, and Fixed arms were !13 mL (!42 and 12 mL), !16
mL (!41 and 17 mL), and !12 mL (!42 and 10 mL),
respectively. The median changes (quartiles and 3) in LVEF
for patients in the SD, Echo, and Fixed arms at 6 months were
6.0% (0.5% and 14.7%), 6.0% (!1.4% and 13.3%), and 5.1%
(!1.0% and 13.1%), respectively.

The median changes (quartiles 1 and 3) in 6-minute hall
walk in the SD, Echo, and Fixed arms were 55 m (!5 and
123 m), 39 m (!13 and 107 m), and 58 m (0 and 115 m),
respectively. The median changes (quartiles 1 and 3) in QOL
for patients in the SD, Echo, and Fixed arms were !21 (!37
and !4), !12 (!28 and 2), and !17 (!36 and !3) points,
respectively. Because NYHA classification improvement is
an ordinal variable, the data are reported as the difference in
percentage of patients with an NYHA classification change of

at least 1 NYHA class. The percentage reductions of at least
1 NYHA class for patients in the SD, Echo, and Fixed arms
were 77%, 71%, and 77%, respectively. With the QOL and
NYHA functional secondary end points, no significant dif-
ferences were observed by treatment group (Figure 3). Me-
dian values for LVEDV, EF%, QOL, 6-minute walk, and
percentage NYHA class change were similar across all time
points for the SD, Echo, and Fixed arms (Table I in the
online-only Data Supplement). No between-group differences
at individual time points existed.

Subgroup Analysis
The effects of CRT and optimization method on the primary
end point in 1 prespecified subgroup (QRS duration "150
versus 120 to 150 milliseconds) and 4 other subgroups
analyzed posthoc (ischemic versus nonischemic, men versus
women, left bundle-branch block versus non–left bundle-
branch block, and atrial pacing "30% versus #30%) are
presented in Figures II and III in the online-only Data
Supplement. Overall, patients with a wide QRS duration, left
bundle-branch block, nonischemic cardiomyopathy, and fe-
male gender responded more favorably to CRT therapy.
However, the only significant optimization treatment-
subgroup interaction was for gender (Figure III in the
online-only Data Supplement). Women optimized with SD
and Echo responded more favorably than women randomized
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BACKGROUND In patients with sinus rhythm and normal atrioventric-
ular conduction, pacing only the left ventricle with appropriate atrioven-
tricular delays can result in superior left ventricular and right ventricular
function compared with standard biventricular (BiV) pacing.

OBJECTIVE To evaluate a novel adaptive cardiac resynchroniza-
tion therapy ((aCRT) algorithm for CRT pacing that provides au-
tomatic ambulatory selection between synchronized left ventric-
ular or BiV pacing with dynamic optimization of atrioventricular
and interventricular delays.

METHODS Patients (n ! 522) indicated for a CRT-defibrillator were
randomized to aCRT vs echo-optimized BiV pacing (Echo) in a 2:1
ratio and followed at 1-, 3-, and 6-month postrandomization.

RESULTS The study met all 3 noninferiority primary objectives:
(1) the percentage of aCRT patients who improved in their clinical
composite score at 6 months was at least as high in the aCRT arm
as in the Echo arm (73.6% vs 72.5%, with a noninferiority margin
of 12%; P ! .0007); (2) aCRT and echo-optimized settings re-
sulted in similar cardiac performance, as demonstrated by a high
concordance correlation coefficient between aortic velocity time
integrals at aCRT and Echo settings at randomization (concor-

dance correlation coefficient ! 0.93; 95% confidence interval
0.91–0.94) and at 6-month postrandomization (concordance cor-
relation coefficient ! 0.90; 95% confidence interval 0.87–0.92);
and (3) aCRT did not result in inappropriate device settings. There
were no significant differences between the arms with respect to
heart failure events or ventricular arrhythmia episodes. Secondary
end points showed similar benefit, and right-ventricular pacing
was reduced by 44% in the aCRT arm.

CONCLUSIONS The aCRT algorithm is safe and at least as effective as
BiV pacing with comprehensive echocardiographic optimization.
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2-sample t test for superiority with 1-sided alpha of .025
was performed for each noninferiority hypothesis that was
passed under the terms of the hierarchical analysis.

Additional prespecified analyses included risk of death
or HF hospitalization, and adverse events. The occurrence
of true ventricular tachycardia and ventricular fibrillation
(VT/VF) episodes, collected by the device and adjudicated
by the Episode Review Committee, was compared between
arms.

Results
Study population
A total of 522 patients were enrolled in 94 sites in the United
States, Europe, Central Asia, Australia, Canada, Japan, and
Hong Kong between November 2009 and December 2010;
478 patients were randomized (318 to the aCRT arm and 160
to the Echo arm). The flow of study patients up to the 6-month
postrandomization is shown in Figure 2. The mean follow-up
duration was 9.7 ! 3.0 months (range 0.2–19.4 months). Both
groups demonstrated similar and acceptable visit compliance
throughout the study, with more than 90% of the visits com-
pleted in both aCRT and Echo arms. Baseline demographic
characteristics of the 478 patients who were randomized are
given in Table 1.

Primary end points
Figure 3 shows the proportion of patients who improved,
worsened, or remained unchanged in their CCS at 6-month
postrandomization. In the aCRT arm, 73.6% (234 of 318) of
the patients had an improved CCS vs 72.5% (116 of 160) in

the Echo arm. The 95% confidence interval for the differ-
ence was "6.9% to 9.1%, and the noninferiority objective
was met with a P value of .0007. Since the lower bound of
the confidence interval did not exceed 0%, superiority was
not demonstrated. Details on the individual components of
the CCS for 6-month postrandomization are provided in
Table 2.

Echocardiographic AoVTI was obtained for both echo-
optimized and aCRT settings in 399 (83.5%) patients at the
randomization visit and in 235 (73.9%) aCRT patients at the
6-month visit. The main reason for not obtaining the mea-
surements was unreadable echocardiographic images. As

Table 1 Baseline demographics and clinical history of the study patients

aCRT
(n # 318)

Echo
(n # 160) P

Age (y), mean ! SD 65.4 ! 11.2 66.2 ! 9.7 .40
Sex: Men, % (n) 69 (221) 68 (109) .76
BMI (kg/m2), mean ! SD 29.1 ! 5.8 30.1 ! 7.1 .11
NYHA class, % (n) .42

I 0 (0) $1 (1)
II 1 (4) $1 (1)
III 94 (300) 96 (153)
IV 4 (14) 3 (5)

Qualifying LVEF (%),mean ! SD 24.7 ! 6.6 24.9 ! 6.5 .74
Ischemic origin, % (n) 45 (143) 51 (81) .24
Nonischemic origin, % (n) 47 (151) 41 (65) .16
QRS duration (ms), mean ! SD 154.3 ! 21.0 155.7 ! 21.4 .47
LBBB, % (n) 75 (240) 80 (128) .27
Hypertension, % (n) 64 (202) 69 (110) .26
Renal dysfunction, % (n) 22 (70) 20 (32) .61
COPD, % (n) 15 (48) 19 (31) .23
CABG, % (n) 24 (76) 31 (50) .09
Heart valve surgery, % (n) 4 (13) 7 (11) .19
Atrial fibrillation (paroxysmal, persistent, or permanent), % (n) 18 (56) 19 (30) .76
ACE inhibitors or ARBs, % (n) 86 (274) 89 (143) 0.32
Beta-blockers, % (n) 91 (289) 91 (146) 0.89
Previous device, % (n) 23 (72) 18 (29) 0.25

ACE # angiotensin-converting enzyme; aCRT # adaptive cardiac resynchronization therapy; ARB # angiotensin-receptor blocker; BMI # body mass
index; CABG # coronary artery bypass grafting; COPD # chronic obstructive pulmonary disease; LBBB # left bundle branch block; LVEF # left ventricular
ejection fraction; NYHA # New York Heart Association; SD # standard deviation.

Figure 3 Clinical composite score at 6-mo postrandomization by ran-
domization arm. The proportion of subjects improved, worsened, and
unchanged is shown for the aCRT (light gray bars) and Echo (white bars)
arms. The first primary end point compared the proportion of improved
subjects from baseline to 6-mo postrandomization (noninferiority P #
.0007). aCRT # adaptive cardiac resynchronization therapy.
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seven percent of aCRT patients experienced LV-only pac-
ing at least 50% of the time. Patients with aCRT had, on
average, a 43.8% absolute reduction in RV pacing over 6
months postrandomization compared with control patients.

Table 3 lists the results for the remaining secondary end
points. Both arms demonstrated an improvement from base-
line to 6-month postrandomization, and the differences be-
tween the aCRT and Echo arms were within the correspond-
ing noninferiority margins for all secondary end points.
Superiority testing did not reach significance for any of
these end points.

Additional analyses
Death and HF hospitalizations at 6-month follow-up are
presented in Table 2. Further examination of all follow-up
data available at the time of the 6-month analysis data lock,

which includes follow-up after the 6-month visit, was done.
There were a total of 18 deaths and 71 HF hospitalizations
(46 patients) in the aCRT arm and 7 deaths and 34 HF
hospitalizations (21 patients) in the Echo arm. At the mean
follow-up of 9.7 months, the mortality rate was 7.5% in the
aCRT arm and 8.8% in the Echo arm and the rate of first HF
hospitalization was 18.6% in the aCRT arm and 16.1% in
the Echo arm. Neither mortality (log-rank P ! .47) nor first
HF hospitalization (log-rank P ! .61) rates were signifi-
cantly different between the arms.

There was no difference in time to first occurrence of
VT/VF between the aCRT and Echo arms (log-rank P !
.87). The rate of VT/VF per patient-year was 1.68 in the
aCRT arm and 0.88 in the Echo arm and was not signifi-
cantly different (generalized estimating equations [GEE]

Figure 5 Distribution of LV-only and biventricular pacing
in the aCRT arm. Percentage of total ventricular pacing con-
sists of percent adaptive BiV pacing (light gray) and percent
LV-only pacing (dark gray) and is displayed as 1 stacked bar
for each patient. aCRT ! adaptive cardiac resynchronization
therapy; LV ! left ventricular.

Table 3 Structural and functional secondary end points

aCRT (n ! 318) Echo (n ! 160)

Difference (95% CI) P* (margin)n Mean " SD n Mean " SD

LVESVi (mL/m2)
Baseline 291 71.7 " 28.3 140 74.0 " 30.9
6-mo postrandomization 268 63.5 " 31.9 137 64.7 " 32.7
Paired difference at 6 mo 250 #8.3 " 23.3 123 #10.5 " 24.2 2.3 #(2.8 to 7.4) $.0001 (15)

LVEF (%)
Baseline 291 29.6 " 9.2 140 30.3 " 8.4
6-mo postrandomization 268 33.6 " 10.4 137 32.9 " 10.1
Paired difference at 6 mo 250 3.9 " 10.0 123 2.9 " 9.8 1.0 #(1.2 to 3.1) 0.0009 #(2.5)

NYHA
Baseline 318 3.0 " 0.2 160 3.0 " 0.3
6-mo postrandomization 296 2.0 " 0.8 153 2.2 " 0.8
Paired difference at 6 mo 296 #1.0 " 0.8 153 #0.8 " 0.8 #0.15 (0.3 to 0.0) $.0001 (0.3)

6-min walk distance (m)
Baseline 312 276.8 " 127.5 156 277.7 " 137.8
6-mo postrandomization 288 325.5 " 130.4 146 311.4 " 152.0
Paired difference at 6 mo 284 42.4 " 103.3 142 29.0 " 123.0 13.4 #(8.9 to 35.7) 0.0002 #(30)

MLWHF QOL
Baseline 286 48.5 " 24.1 142 46.3 " 23.6
6-mo postrandomization 263 28.2 " 22.0 139 28.4 " 23.0
Paired difference at 6 mo 261 #19.3 " 20.7 135 #17.6 " 23.8 #1.7 #(6.3 to 2.8) 0.002 (5.1)

aCRT ! adaptive cardiac resynchronization therapy; CI ! confidence interval; LVEF ! left ventricular ejection fraction; LVESVi ! LV end-systolic volume
index; MLWHF ! Minnesota Living With Heart Failure; NYHA ! New York Heart Association; QOL ! quality of life; SD ! standard deviation.
*P value for noninferiority between aCRT and Echo arms.
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BACKGROUND In patients with sinus rhythm and normal atrioventric-
ular conduction, pacing only the left ventricle with appropriate atrioven-
tricular delays can result in superior left ventricular and right ventricular
function compared with standard biventricular (BiV) pacing.

OBJECTIVE To evaluate a novel adaptive cardiac resynchroniza-
tion therapy ((aCRT) algorithm for CRT pacing that provides au-
tomatic ambulatory selection between synchronized left ventric-
ular or BiV pacing with dynamic optimization of atrioventricular
and interventricular delays.

METHODS Patients (n ! 522) indicated for a CRT-defibrillator were
randomized to aCRT vs echo-optimized BiV pacing (Echo) in a 2:1
ratio and followed at 1-, 3-, and 6-month postrandomization.

RESULTS The study met all 3 noninferiority primary objectives:
(1) the percentage of aCRT patients who improved in their clinical
composite score at 6 months was at least as high in the aCRT arm
as in the Echo arm (73.6% vs 72.5%, with a noninferiority margin
of 12%; P ! .0007); (2) aCRT and echo-optimized settings re-
sulted in similar cardiac performance, as demonstrated by a high
concordance correlation coefficient between aortic velocity time
integrals at aCRT and Echo settings at randomization (concor-

dance correlation coefficient ! 0.93; 95% confidence interval
0.91–0.94) and at 6-month postrandomization (concordance cor-
relation coefficient ! 0.90; 95% confidence interval 0.87–0.92);
and (3) aCRT did not result in inappropriate device settings. There
were no significant differences between the arms with respect to
heart failure events or ventricular arrhythmia episodes. Secondary
end points showed similar benefit, and right-ventricular pacing
was reduced by 44% in the aCRT arm.

CONCLUSIONS The aCRT algorithm is safe and at least as effective as
BiV pacing with comprehensive echocardiographic optimization.
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Aims Although cardiac resynchronization therapy (CRT) is effective in patients with systolic heart failure (HF) and a wide
QRS interval, a substantial proportion of patients remain non-responsive. The SonR contractility sensor embedded
in the right atrial lead enables individualized automatic optimization of the atrioventricular (AV) and interventricular
(VV) timings. The RESPOND-CRT study investigated the safety and efficacy of the contractility sensor system in
HF patients undergoing CRT.
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Methods
and results
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randomized (2:1, respectively) to receive weekly, automatic CRT optimization with SonR vs. an Echo-guided opti-
mization of AV and VV timings. The primary efficacy endpoint was the rate of clinical responders (patients alive,
without adjudicated HF-related events, with improvement in New York Heart Association class or quality of life),
at 12 months. The study randomized 998 patients. Responder rates were 75.0% in the SonR arm and 70.4% in the
Echo arm (mean difference, 4.6%; 95% CI, !1.4% to 10.6%; P< 0.001 for non-inferiority margin !10.0%) (Table 2).
At an overall mean follow-up of 548 6 190 days SonR was associated with a 35% risk reduction in HF hospitaliza-
tion (hazard ratio, 0.65; 95% CI, 0.46–0.92; log-rank P¼ 0.01).
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rate of clinically worsened patients and the composite of all-cause
mortality or HF hospitalization. Pre-specified ancillary analysis was
conducted on all data available at the time of database lock on all-
cause mortality or HF hospitalization and its component, HF hospital-
ization. Left ventricular ejection fraction and LV end-systolic volumes
were ancillary endpoints. Full details on endpoint definition are pro-
vided in the Supplementary material online.

Statistical analysis
The sample size determination is detailed in the Supplementary
material online.

For the analysis of the primary efficacy endpoint, the status of the
patient towards hard endpoints (mortality or HF-related events) had
to be known at 12 months. For NYHA and QoL, 3- or 6-month eval-
uations would be used if the 12-month assessment was not available
(Lost Observation Carried Forward method).

Non-inferiority on primary CRT efficacy endpoint was tested using
a one-sided Z-test of two binomial proportions with an alpha level of
0.025, and a!10.0% pre-defined absolute non-inferiority margin.8

All efficacy analyses were conducted on the modified intention-to-
treat (mITT) population which included all randomized patients suc-
cessfully implanted with the full entire system with an evaluable pri-
mary efficacy endpoint data.

A method of worst case data imputation was used to address miss-
ing values. The patients lost to follow-up or with missing data at 12
months were imputed as non-responders.

The primary lead safety endpoints: rate of freedom from acute and
rate of freedom from chronic lead complications were compared
with 91%19 and 94%20 pre-specified values, respectively, using a one-
sided exact test of one binomial proportion at an alpha level of 0.025.

The safety analyses were performed on the safety population
which included all patients successfully implanted with SonRtip lead
and patients with SonRtip lead fracture, insulation breach or perfor-
ation occurring during the implant procedure, regardless successful
implantation.

If all statistical tests were passed, the secondary CRT efficacy
endpoints, rate of clinically worsened patients, and the rate of com-
posite of all-cause mortality or HF hospitalization were tested using a
!10.0% absolute non-inferiority margin.

The pre-specified long-term ancillary time-to-event analyses were
conducted using Kaplan–Meier statistics on all follow-up data avail-
able at the time of the 12 month database lock. The log-rank test and
hazard ratios with 95% confidence intervals (CIs) were estimated
from the Cox proportional hazard model.

Echocardiographic parameters were assessed on patients with data
at implant and at 1 year follow-up. Mean intra-patient changes from
baseline to 12 months in LV ejection fraction and LV end-systolic vol-
ume were tested in each group using a paired t-test or Wilcoxon test.
Mean changes were compared between groups using one-sided non-
inferiority test, with an alpha level of 0.025 and a pre-defined absolute
non-inferiority margin of !2.5% in LV ejection fraction and 15 mL in
LV end-systolic volume, respectively. A logistic regression model was
used to estimate odds ratios with 95% CIs in pre-defined subgroup
analyses. For each of the pre-specified subgroups, interactions between
the subgroup and the randomly assigned group were tested without
adjusting for multiple comparisons. Categorical variables are reported
as frequencies and percentages, and continuous variables as
mean6 standard deviation. P-values for non-inferiority are one-sided
in nature, whereas all other tests are two-sided. Analyses were per-
formed using the SAS software version 9.4.

Results

Patients
A total of 1039 patients were assessed for eligibility from 125 sites in
12 countries in Europe, Australia, and North America, from 13
January 2012 through 29 October 2014. Of these patients, 670 were
randomly assigned to SonR and 328 to Echo (Figure 2). One patient
was lost to follow-up. Nineteen patients were excluded from the
analysis before unblinding due to violations of Good Clinical Practice
guidelines at two sites, making the data unreliable. Mean follow-up (of
up to 12 months) was 358.16 61.3 days (range, 7.0–543.0).

The patients’ baseline characteristics were generally well matched
between groups (Table 1). Mean age was 67.06 10.2 years and 68.8%
were men; 96.2% of patients were in NYHA class III; mean LV ejection

Figure 1 SonRtip lead.
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recorded by the SonR sensor reflects global ventricular contractility.
Previous work has suggested that the signal recorded on the atrial
lead is stable and reproducible during atrial fibrillation, exercise, and
sensitive to pacing conditions.30

Of note, the clinical characteristics of patients in RESPOND-
CRT were comparable to those in other studies.2,3 Majority of the
patients were NYHA class III, with an even distribution of ischae-
mic and non-ischaemic cardiomyopathy. Notably current practice
in CRT implantations includes a substantial percentage of NYHA
class II patients (30–50%), as opposed to the population of the
RESPOND CRT trial. Also noteworthy, the percentage of LBBB
patients was higher in the RESPOND-CRT trial as compared with
historical trials on HF patients, most likely due to the evolution of
the guidelines. Defining response to CRT is complex and there re-
mains a high degree of variance between responder rates, when
one examines functional endpoints vs. that of anatomical re-
modelling.31 We used a composite of functional as well as hard
endpoints, inclusive of HF and all-cause mortality in defining re-
sponders. Heart failure hospitalization was a pre-specified end-
point and examined separately. Notably, the overall response in
the SonR arm was higher (75%) than that reported in the Echo arm
(70.4%), as well in historical controls from other previous studies
that used optimization. The SonR arm was observed to have
reduced HF hospitalization rate. This could potentially have cost
implications, as HF hospitalization is a major component of the
overall cost related to the management of this cohort of patients.

Importantly the sensor-strategy was notably better in patients
with a past history of atrial fibrillation and renal dysfunction. We
could speculate that this subgroup of patients is sicker and haemody-
namically more tenuous, and therefore benefit from more frequent

CRT optimization. The ability of the sensor strategy to frequently op-
timize and adjust for exercise periods may result in benefit in these
sicker patients, especially during the augmented stress of exercise
and over the course of remodelling. In this study, the trend to benefit
from continuous optimization emerged early in the course with a re-
duction of HF hospitalization that continued to improve over the ex-
tended follow-up period.

Of the 1039 patients recruited 19 patients from two sites were
excluded from the analysis prior to unblinding. This decision was
made due to violations of good clinical practice from that centre.
Also, a larger proportion of patients in this study were NYHA class
III, and generalizing the results of this study beyond this subgroup of
patients must be done cautiously. The Echo-guided arm did not re-
peatedly undergo optimization. This cohort of patients had their ini-
tial programming performed soon after the implant, which was then
repeated based on clinical grounds and physician discretion. This is
congruent with current clinical practice guidelines for CRT.

In summary, RESPOND-CRT is the first double-blind randomized
controlled clinical trial examining the efficacy and safety of a contractil-
ity sensor-guided CRT optimization approach. This non-inferiority
study met its primary endpoints of safety and efficacy. Clinical response
for most subgroups was in favour of the automatic optimization arm
using the SonR sensor, especially in patients with a prior history of atrial
fibrillation or renal dysfunction. Notably, the contractility sensor ap-
proach was also associated with a reduction in HF hospitalization.

Supplementary material

Supplementary material is available at European Heart Journal online.

Figure 4 Freedom from heart failure hospitalization. CI, confidence interval; HR, hazard ratio.
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..(SmartDelayTM) nor Echo-guided optimization was superior to a
fixed AV delay of 120 ms. It does appear that this study was under-
powered and the definition of a responder may have been too
stringent. Also, the optimization method in the SMART-AV study
used a static variable that was manually programmed into the de-
vice at a clinic visits.27 Like the Echo-guided approach, this algo-
rithm is limited by its inability to adapt to exercise and progressive
remodelling of the heart.

The Adaptive CRT (aCRTTM) study recently examined an algo-
rithm enabling RV-synchronized LV and bi-ventricular pacing, in the
setting of intact intrinsic AV conduction.28 This report demonstrated
non-inferiority of the algorithm on the overall population when com-
pared with Echo-guided optimization at 6 months of follow-up.28

aCRT seems to benefit to patients with normal AV interval at base-
line while being potentially suboptimal for patients with prolonged
AV.29 Unlike any of the above optimization strategies, the signal

................................................

....................................................................................................................................................................................................................

Table 2 Clinical outcomes

Outcome SonR (N5649) Echo (N5318) Mean % difference

(95% CI)

P-value

% (n) Non-inferiority Superiority

Clinical respondersa 75.0 (487) 70.4 (224) 4.6 (!1.4, 10.6) <0.001 0.13

NYHA improved 65.6 (426) 61.9 (197)

Stable NYHA, improved quality of life 9.4 (61) 8.5 (27)

Clinical non-respondersb 25.0 (162) 29.6 (94)

Clinically stable 4.0 (26) 4.4 (14)

Clinically worsened: secondary endpoint 21.0 (136) 25.2 (80) 4.2 (!1.5, 9.9) <0.001 0.15

Death from any cause 5.5 (36) 6.0 (19)

If no death, HF-related event 10.2 (66) 12.9 (41)

Worsened NYHA class 0.9 (6) 0.3 (1)

Worsened quality of life; stable NYHA stable 4.3 (28) 6.0 (19)

Death or HF hospitalization 14.2 (92) 17.6 (56) 3.4 (!1.5, 8.4) <0.001 0.18

P-value for non-inferiority is based on one-sided Z-test of two binomial proportions at 0.025 alpha level with 10.0% non-inferiority margin; P-value for superiority is based on
two-sided Z-test.
CI, confidence interval; HF, heart failure; NYHA, New York Heart Association functional class.
aPatients who are clinically improved according to the primary efficacy endpoint.
bPatients who are either stable or deteriorated according to the primary efficacy endpoint.

Figure 3 Freedom from all-cause mortality or heart failure hospitalization. CI, confidence interval; HR, hazard ratio.
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Aims Non-response rate to cardiac resynchronization therapy (CRT) might be decreased by optimizing device program-
ming. The Clinical Evaluation on Advanced Resynchronization (CLEAR) study aimed to assess the effects of CRT
with automatically optimized atrioventricular (AV) and interventricular (VV) delays, based on a Peak Endocardial
Acceleration (PEA) signal system.

Methods
and results

This multicentre, single-blind study randomized patients in a 1 : 1 ratio to CRT optimized either automatically by the
PEA-based system, or according to centres’ usual practices, mostly by echocardiography. Patients had heart failure
(HF) New York Heart Association (NYHA) functional class III/IV, left ventricular ejection fraction (LVEF) ,35%,
QRS duration .150 or .120 ms with mechanical dyssynchrony. Follow-up was 1 year. The primary endpoint
was the proportion of patients who improved their condition at 1 year, based on a composite of all-cause death,
HF hospitalizations, NYHA class, and quality of life. In all, 268 patients in sinus rhythm (63% men; mean age:
73.1+ 9.9 years; mean NYHA: 3.0+0.3; mean LVEF: 27.1+ 8.1%; and mean QRS duration: 160.1+ 22.0 ms)
were included and 238 patients were randomized, 123 to PEA and 115 to the control group. At 1 year, 76% of
patients assigned to PEA were classified as improved, vs. 62% in the control group (P ¼ 0.0285). The percentage
of patients with improved NYHA class was significantly (P ¼ 0.0020) higher in the PEA group than in controls.
Fatal and non-fatal adverse events were evenly distributed between the groups.

Conclusion PEA-based optimization of CRT in HF patients significantly increased the proportion of patients who improved with
therapy, mainly through improved NYHA class, after 1 year of follow-up.
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Atrioventricular delay

Introduction
In large-scale utilization of cardiac resynchronization therapy (CRT),
non-responder rates of 30–40% have been observed.1–5 Various
studies have shown that significant improvements in haemodynamic
function can be obtained by optimizing device programming, particu-
larly the stimulation rate, paced and sensed atrioventricular (AV)

delays, and the interventricular (VV) delay.6–10 Common methods
for AV delay (AVD) optimization are filling time without truncation
of A-wave, Ritter’s formula, or aortic and mitral velocity-time inte-
gral. For VV delay optimization, common methods are Tissue
Doppler imaging, aortic velocity-time integral, or QRS duration.

Optimal AV and VV intervals may change over time as cardiac re-
modelling evolves after CRT. The optimization of CRT systems,
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Discussion

Main findings of the CLEAR trial
This pilot study showed that a significantly greater proportion of
patients who received a CRT improved their condition over a
1-year follow-up period when the PEA system was used to adapt
AVD weekly and VV interval at each follow-up visit compared with
standard medical practice.

CLEAR in context
Two recent randomized trials failed to demonstrate the benefit
of CRT optimization with automatic algorithms for AV and VV
intervals optimization, both based on the measurement of systol-
ic time intervals. FREEDOM15 included 1647 patients and the
primary endpoint was Packer’s clinical composite score. Second-
ary endpoints were all-cause cardiovascular and HF mortality,
and hospitalizations. SMART-AV16 included 980 patients and
the primary endpoint was change in LV end-systolic volume at
6 months. Secondary endpoints were NYHA class, QOL
score, and 6 min walking distance. In both studies, neither
primary nor secondary endpoints were reached. Both studies
were much larger and had different endpoints from those in
CLEAR. For an informed discussion about the differences in out-
comes, it would be necessary to conduct a larger trial in PEA
optimization than the current pilot study, along with a greater
range of endpoints.

Representativeness of the CLEAR trial
population
Rates of non-response to CRT have remained !30% over the
years since the therapy was introduced.1 –5 The question of what
constitutes ‘response’ to CRT is contested and single measures
are unlikely to be reliable predictors of the outcome of CRT in
the complex syndrome of HF.26 Composite clinical endpoints
must reflect the relative importance of response and outcome

benefits, as judged by patients no less than by doctors. CLEAR
used a mixture of ‘hard’ and ‘soft’ endpoints, but a range of
other outcomes may have been equally valid.

In our study, the percentage of patients who remained un-
changed or worsened in the control group was even higher than
usual (30%). The patients were representative of CRT recipients
at the time the study was conducted, according to contemporary
guidelines.27 The average severity of HF was similar to that of
populations enrolled in large published clinical trials. However,
the CLEAR population was older than those in the landmark
trials, reflecting the mean age of recipients of CRT-Pacemaker
(CRT-P) devices. At the time of conducting CLEAR, the PEA
sensor was integrated in the RV lead and only available for
CRT-P devices. The manufacturer has since modified and inte-
grated the sensor into the AV lead for use in cardiac resynchroni-
zation therapy defibrillator (CRT-D) devices. The current
preference for ICD or CRT-D in patients presenting with ischae-
mic heart disease probably also explains the lower proportion of
ischaemic cardiomyopathy in this study (39%) than in more
recent clinical trials on CRT. However, the proportion of ischae-
mic patients was not statistically different between groups.

Figure 3 Kaplan–Meier survival curves for time to all cause
death and worsening heart failure in the peak endocardial accel-
eration and control groups.
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Table 4 Adverse events observed in the overall
population and in each study group

Study groups

Adverse events All
patients

PEA Control

n 5 268 n 5 123 n 5 115

Medical

Cardiovascular 93 (47) 47 (26) 45 (20)

Non-fatal 75 (29) 40 (19) 34 (9)

Fatal 18 (18a) 7 (7b) 11 (11c)

Non-cardiovascular deaths 6 (6) 4 (4) 2 (2)

Pulmonary 24 (19) 11 (9) 12 (9)

Miscellaneous 78 (42) 37 (20) 37 (18)

All medical 219 (127) 106 (65) 107 (56)

Technical

Implant procedure 27 (27) 3 (1) 7 (7)*

Lead dislodgment 22 (21) 14 (13) 8 (8)

Right atrial lead 6 (6) 4 (4) 2 (2)

Left ventricular lead 16 (15) 10 (9) 6 (6)

Loss of capture 15 (13) 7 (5) 8 (8)

Programmer dysfunction 9 (7) 8 (6) 1 (1)

Diaphragmatic/phrenic
stimulation

14 (8) 8 (4) 5 (3)

All technical 87 (76) 38 (30) 29 (27)

All adverse events 306 (171) 144 (79) 136 (67)

Values are expressed as numbers of events (patients).
aTwo sudden cardiac deaths.
bOne sudden cardiac death.
cOne sudden cardiac death.
*P ¼ 0.031; all other between-study groups differences are statistically
non-significant.

P. Ritter et al.1330





LV Pacing and Location:  Anatomical 
Specific LV Lead  placement

LBBB

Conventional: LV Site of electrical & mechanical
delay = lateral and PL wall

Target Lateral or PL branch of the CS  

Issues

30-40% Non-responder rate

8-10% of eligible pts do not receive CRT due to
anatomical constraints



Issue: QRS Duration  &
LBBB

Varma N et al. Card Electrophysiolo Clin 2015.

12 lead surface QRS  
duration limited information

Reflection of total duration
of ventricular activation but
not a reliable marker of LV
activation

Significant variations of LV  
activation with typical LBBB  
can be be seen

Important factor to  
determine CRT response  
and lead location position at  
implant



LV Lead Position: Hemodynamics
Distribution of Best (A) and Worst (B) Sites

§ Stimulation from the best LV endocardial site resulted in a 2x ↑dP/dt
§ Site was widelydistributed
Conclusion - Practice of fixed single site in lateral wall will not capture  

hemodynamically best site- this requires individualization
Derval JACC 2010



LV Pacing and Location:
Patient Specific LV Lead placement

Need to “personalize” LV final site  How to determine “best” 
LV site

Site of latest electrical activation  Guided by QLV, Electrical
mapping

Site of latest mechanical activation
Guided by hemodynamic data
Guided by imaging (ICE/3 D Echo/Tissue speckle  tracking, MRI, CT scan, 
SPECT Nuclear)

How to arrive at “best” LV site
Transvenous vs Epicardial vs Endocardial





LV Pacing and Location

Non-apical LV lead location better than apical
Target the site of maximal electrical delay: QLV >95 ms,

Body surface mapping
Target the site of maximal mechanical delay: Tissue  speckle 
tracking (TARGET Trial), Cardiac MRI,  SPECT (Guide-CRT)

Quadripolar LV leads better than bipolar leads
Multisite (MPP) LV lead pacing maybe better than single  site

LV endocardial pacing maybe better than epicardial pacing



Imaging
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Targeted Left Ventricular Lead Placement
to Guide Cardiac Resynchronization Therapy
The TARGET Study: A Randomized, Controlled Trial
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Denis O’Halloran, BCH,‡ Maros Elsik, PHD,* Philip A. Read, MD,* David Begley, MD,*
Simon P. Fynn, MD,* David P. Dutka, DM‡

Cambridge, United Kingdom

Objectives This study sought to assess the impact of targeted left ventricular (LV) lead placement on outcomes of cardiac
resynchronization therapy (CRT).

Background Placement of the LV lead to the latest sites of contraction and away from the scar confers the best response to CRT. We
conducted a randomized, controlled trial to compare a targeted approach to LV lead placement with usual care.

Methods A total of 220 patients scheduled for CRT underwent baseline echocardiographic speckle-tracking 2-dimensional
radial strain imaging and were then randomized 1:1 into 2 groups. In group 1 (TARGET [Targeted Left Ventricular
Lead Placement to Guide Cardiac Resynchronization Therapy]), the LV lead was positioned at the latest site of
peak contraction with an amplitude of !10% to signify freedom from scar. In group 2 (control) patients under-
went standard unguided CRT. Patients were classified by the relationship of the LV lead to the optimal site as
concordant (at optimal site), adjacent (within 1 segment), or remote (!2 segments away). The primary endpoint
was a !15% reduction in LV end-systolic volume at 6 months. Secondary endpoints were clinical response (!1
improvement in New York Heart Association functional class), all-cause mortality, and combined all-cause mor-
tality and heart failure–related hospitalization.

Results The groups were balanced at randomization. In the TARGET group, there was a greater proportion of responders
at 6 months (70% vs. 55%, p " 0.031), giving an absolute difference in the primary endpoint of 15% (95% con-
fidence interval: 2% to 28%). Compared with controls, TARGET patients had a higher clinical response (83% vs.
65%, p " 0.003) and lower rates of the combined endpoint (log-rank test, p " 0.031).

Conclusions Compared with standard CRT treatment, the use of speckle-tracking echocardiography to the target LV lead
placement yields significantly improved response and clinical status and lower rates of combined death and
heart failure–related hospitalization. (Targeted Left Ventricular Lead Placement to Guide Cardiac Resynchroniza-
tion Therapy [TARGET] study); ISRCTN19717943) (J Am Coll Cardiol 2012;59:1509–18) © 2012 by the
American College of Cardiology Foundation

Cardiac resynchronization therapy (CRT) reduces both
morbidity and mortality in selected patients with heart
failure who remain symptomatic despite optimal medical
therapy, exhibit intraventricular conduction delay, and have
left ventricular (LV) dysfunction (1–3). However, a signif-
icant proportion of patients fail to achieve benefit from
CRT (4). The position of the LV lead is increasingly
recognized as an important determinant of response to-

gether with mechanical dyssynchrony at baseline and the
extent and distribution of myocardial scar (5–8). The
primary therapeutic target of CRT is restoration of coordi-
nated myocardial contraction, and the current preferred
method to achieve this is to position the LV lead at a lateral

See page 1519

or posterolateral branch of the coronary sinus based on the
results of early hemodynamic studies. Recent reports have
challenged this view and suggest that there is great individ-
ual variation in the optimal LV pacing site and that the
effects of resynchronization may be optimally facilitated
when the left ventricle is paced at the most delayed site
(concordance), avoiding myocardial scar (9–11). Pacing the
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In patients with a concordant LV lead, there were 6 deaths
(5%) and 12 combined deaths and heart failure–related
hospitalizations (10%). This was much lower than patients
with an adjacent LV lead (5 [9%] and 12 [21%], respec-
tively) or a remote LV lead (7 [24%] and 12 [15%],
respectively) (Fig. 5). In patients in whom scar was present
at the LV pacing site, there were 6 deaths (29%) and 9
combined deaths and heart failure–related hospitalizations
(38%). This was much higher than in patients with no scar
at the LV pacing site in whom there were 12 deaths (6%)
and 9 combined deaths and heart failure–related hospital-
izations (5%) (Fig. 6).
Univariable and multivariable regression analyses. Uni-
variable and multivariable regression analyses were used to
determine which parameters predict LV reverse remodeling
(Table 4), and increasing age, male sex, LV lead concor-
dance, presence of scar at the LV pacing site, and dyssyn-
chrony but not QRS duration or etiology were significantly
associated with response to CRT.

Discussion

The present study prospectively demonstrates the feasibility
and improved outcome associated with a targeted approach
to LV lead placement during CRT implantation. Greater
LV reverse remodeling, better clinical response, and a lower

Figure 3 Comparison of LV Volumes and Function at
Baseline and 6-Month Follow-up Between Both Groups

Comparison of changes in left ventricular (LV) volumes and LV function between
both study groups at baseline and at 6-month follow-up showing greater improve-
ments in LV reverse remodeling and improvements in ejection fraction in the
TARGET population. LVEF ! left ventricular ejection fraction; LVEDV ! left ventricu-
lar end-diastolic volume; LVESV ! left ventricular end-systolic volume.

Echocardiographic and Clinical Parametersat Baseline and Follow-UpBetween Both Randomized Groups
Table 3

Echocardiographic and Clinical Parameters
at Baseline and Follow-Up
Between Both Randomized Groups

Target
(n ! 103)

Control
(n ! 104) p Value

NYHA functional class

Baseline 3.1 " 0.3 3.1 " 0.3

Follow-up 2.0 " 0.7 2.3 " 0.7

Change #1.1 " 0.7 #0.8 " 0.7 0.002

6MWT, m

Baseline 222 " 92 229 " 95

Follow-up 282 " 101 268 " 112

Change 61 " 76 38 " 76 0.011

MLHFQ

Baseline 55 " 21 53 " 20

Follow-up 33 " 21 38 " 22

Change #22 " 20 #16 " 19 0.024

LVEDV, ml

Baseline 202 " 66 200 " 58

Follow-up 160 " 51 176 " 56

Change #41 " 34 #23 " 23 0.001

LVESV, ml

Baseline 157 " 56 154 " 52

Follow-up 111 " 43 128 " 50

Change #46 " 33 #26 " 23 0.001

LVEF, %

Baseline 23 " 6 23 " 7

Follow-up 31 " 9 28 " 10

Change 8 " 7 5 " 8 0.001

Values are mean " SD.
6MWT ! 6-min walk test; MLHFQ ! Minnesota Living With Heart Failure Questionnaire; other

abbreviations as in Table 1.
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rate of the combined endpoint of death and heart failure–
related hospitalization (largely driven by the latter) was
found with guided LV lead implantation using echocardio-
graphic speckle-tracking 2D radial strain imaging. Multi-
variate analysis suggests that the greatest benefit is demon-
strated in patients with a concordant LV lead at sites free of
scar, with significantly lower responses in patients with
either an LV lead remote to the latest site of contraction or
when pacing scar.

A number of studies reported that CRT is superior to
optimal medical treatment in patients with advanced heart

failure (1,2,21,22). Consistent in all of these reports is a
failure to derive any significant benefit in a substantial
minority of all recipients of device therapy. A number of
factors have been implicated in this lack of response to CRT
including mechanical dyssynchrony, but defining the abnor-
mal LV function at echocardiography has not enhanced
clinical response. However, the underlying pathophysiology
of bundle branch block and contractile dysfunction results in

Figure 5 Kaplan-Meier Curves Comparing
Groups According to LV Lead Position

Subgroup analysis of all patients across both groups was conducted to assess
the effect of left ventricular (LV) lead position on outcomes. Kaplan-Meier
curves for the outcomes of all-cause mortality and the combined endpoint of
all-cause mortality and heart failure–related hospitalization for all 3 groups
(concordant, adjacent, and remote LV lead positions) are shown. There were
significant differences in all-cause mortality and the combined endpoint in
all 3 groups.

Figure 4 Kaplan-Meier Curves
Comparing Both Randomized Groups

Kaplan-Meier curves for the outcomes of all-cause mortality and the combined
endpoint of all-cause mortality and heart failure–related hospitalization for both
groups are shown. There were no significant differences in all-cause mortality,
although there were significant differences in the combined endpoint driven by
lower rates of heart failure–related hospitalization. CRT ! cardiac resynchroni-
zation therapy.
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Evaluated scar (RV/LV)  
distribution in 60 CRT pts  
using LGE-MRI/cardiacCT  
scan

Assessed CRT response
at 6M by echo (reduction
of LVESV >15%)

Significant scar
13% LV pacingregions  
37% RV pacing regions



Non-Apical LV Lead Location Better

Apical placement mayenhance  
lead stability but is associated  
with worse outcomes (MADIT-
CRT) 1,2

1. Singh, J.P. et al. Circulation 2011 Mar 22;123(11):1159-66.
2. Merchant, F.M. et al. Heart Rhythm 2010;7:639 – 644

Distal LV lead  
placement: 1.64  
increased risk ofdeath  
or HF hospitalization &  
a 2.6 increased risk of  
mortality





Intracardiac ultrasound
guided LV lead implant

BiV

Base-
line

Tip of Ultrasound Catheter

Positioning of left ventricular pacing lead guided by intracardiac echocardiography with vector velocity imaging during cardiac  
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Introduction
Cardiac resynchronization therapy (CRT) confers symptomatic
relief, functional improvement, and reduced mortality in patients
with heart failure who remain symptomatic despite optimal
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. medical therapy, exhibit a wide QRS complex, and have depressed

left ventricular (LV) function.1,2 Nevertheless, a significant pro-
portion of patients fail to achieve clinical benefit from CRT.1 The
LV pacing site has emerged as an important determinant of a
favourable outcome after CRT.3 According to guidelines, routine
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Figure 1 The strategy for identification of the optimal left ventricular (LV) pacing site and imaging-guided LV lead placement, as illustrated in a
single patient. First, single photon emission computed tomography (SPECT) was applied to localize myocardial scar (tracer activity <50%); this
patient had scar in the inferior wall (the ‘dropout’ of tracer activity in the basal septum represents the membranous part of the interventricular
septum) (a). Second, the non-scarred segment with the latest mechanical activation was identified by speckle-tracking radial strain analysis
and classified as the optimal pacing site. In this case, the lateral wall was the optimal pacing site (white arrow) (b). Third, coronary sinus (CS)
branches were visualized in relation to the LV myocardium by cardiac computed tomography (CT) in two-dimensional (2D) short-axis images
and three-dimensional (3D) reconstructions. The CS branch closest to the centre of the optimal pacing site was categorized as first priority
and considered optimal for LV lead placement. Alternative CS branches were prioritized in numerical order according to the distance from the
centre of the optimal pacing site. The numbers 1–4 reflect the CS branch prioritization in this patient (c,d). During the implant procedure, the
pre-implant CT 3D visualization of CS branches facilitated the co-registration with the procedural biplane fluoroscopy to target the CS branch
closest to the optimal pacing site (d–f). Ant-sept, anteroseptal; Ant, anterior; Inf, inferior; Lat, lateral; LAO, left anterior oblique projection;
Post, posterior; RAO, right anterior oblique projection; Sept, septum.

intra-procedurally from QRS onset to first sharp deflection of the
sensed signal in the LV lead electrogram). In the imaging group, the
fluoroscopic venography was co-registered with the CT data sets of
cardiac venous anatomy to target LV lead positioning towards the CS
tributaries in prioritized order (Figure 1). Due consideration of lead sta-
bility, pacing threshold, and avoidance of phrenic nerve stimulation was
maintained in both groups. When baseline CT was absent in the imag-
ing group, a fluoroscopic venography in the 60∘ left anterior oblique ..

..
..

..
..

..
..

..
..

..
.. projection was approximated to the echocardiographic short-axis view

and the SPECT polar map to prioritize the CS tributaries.
Blinded to treatment assignment and CRT outcome, the LV pacing

site was determined according to CS branch priority and anatomical
position using follow-up cardiac CT. The LV lead was categorized
as concordant when located at the optimal pacing site, adjacent if
within one segment, and remote if ≥2 segments from the optimal site,
including diagonal apical segments.

© 2016 The Authors
European Journal of Heart Failure © 2016 European Society of Cardiology

Imaging-guided LV lead placement in CRT 5

Results
Study population and procedural data
Among 215 consecutive patients screened for eligibility between
April 2011 and April 2014, a total of 33 patients (15%) were
excluded (Figure 2). Thus, 182 patients underwent pre-implant mul-
timodality imaging, randomization, and contributed to the primary
endpoint analysis.

In 22 patients (12%; 11 patients in the imaging group),
speckle-tracking was unfeasible and TDI was applied to identify
the segment with latest mechanical activation. Forty-four patients
(24%) had >1 equally delayed segments with latest mechanical
activation (19 patients in the imaging group). Contrast-enhanced
cardiac CT was contraindicated in 29 patients (16%) (Figure 2).
Heart rate during baseline cardiac CT was 65± 12 b.p.m. The
cumulated estimated radiation dose from cardiac CT examinations
and SPECT was 13.7± 7.4 mSv and 5.7± 0.6 mSv, respectively.

Baseline characteristics between groups were comparable
(Table 1). Implantation of the LV lead failed in one patient (1%) in
the control group because of the absence of an appropriate CS
branch. Similar proportions of patients received a CRT defibril-
lator [imaging vs. control group, 67% (n= 60) vs. 60% (n= 56),
P= 0.29]. Procedural characteristics as well as implant-related and
follow-up complications did not differ between groups (see the
Supplementary material online, Table S1).

Five patients (17%) with permanent atrial fibrillation (three
patients in the imaging group) underwent atrioventricular junction
ablation because of insufficient biventricular capture (<90%). At
6 months of follow-up, the imaging and control groups had median
[interquartile range (IQR)] biventricular pacing percentages of
98 (97–99) and 99 (95–99), respectively (P= 0.69). Electrical
resynchronization (QRS shortening at follow-up) and mechanical
resynchronization (≥50% decrease in peak radial strain delay in
the anteroseptal-to-posterior wall or TDI opposing-wall delay in
patients with baseline dyssynchrony) was comparable between
study groups (see the Supplementary material online, Table S2).
Electrical, but not mechanical, resynchronization was associated
with improved clinical and echocardiographic outcome (see the
Supplementary material online, Table S3, and Figures S1 and S2)

Optimal coronary sinus branch and left
ventricular pacing site
The distribution of optimal CS tributaries, optimal LV pacing sites,
and anatomical LV lead positions showed no differences between
groups (Table 2). The imaging group had a larger proportion of
LV leads positioned in the first priority CS branch. Distribution
of concordant, adjacent, and remote leads as well as LV lead
electrical delay was comparable between groups (Table 2). Detailed
data on the relationship between LV lead position and electrical
delay are provided in the Supplementary material online (Table S4).
In all study patients, the first priority CS branch was overlying
concordant, adjacent, and remote segments in 55%, 44%, and 0%
of the patients compared with 17%, 76%, and 7% for second or
third priority CS branches (P< 0.001). ..
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Figure 3 Clinical non-response to cardiac resynchronization
therapy (CRT) in the imaging and control group (P= 0.02).

In 40 randomly selected patients, intra- and inter-observer
agreements for selecting the optimal CS branch (combining
speckle-tracking radial strain, SPECT, and cardiac CT venography)
were 90% (! = 0.77) and 87.5% (! = 0.73), respectively.

Impact of imaging-guided left ventricular
lead placement on clinical response to
cardiac resynchronization therapy
At 6 months of follow-up, 23 patients (26%) in the imaging
group reached the primary endpoint vs. 39 patients (42%) in the
control group (P= 0.02) (Figure 3). Primary endpoint events
included three deaths (2%) (one patient in the imaging group) and
four hospitalizations owing to heart failure (2%) (three patients
in the imaging group). Among patients not hospitalized for heart
failure during follow-up, 19 patients (22%) in the imaging group
failed to improve in NYHA class and had <10% increase in
6MWT compared with 36 patients (40%) in the control group
(P= 0.01).

Adjusting for the pre-specified baseline covariates, the stan-
dard care control group approach for LV lead placement was
independently associated with clinical non-response to CRT
[odds ratio (OR) 2.29, 95% confidence interval (CI) 1.17–4.47;
P= 0.02], which was also the case for scar burden assessed
by SPECT [OR 1.07 (per point increase), 95% CI 1.01–1.13;
P= 0.03].
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Table 3 Clinical and echocardiographic changes after cardiac resynchronization therapy (CRT) according to group
assignment and selected coronary sinus (CS) branch for left ventricular (LV) lead placement

Imaging group
(n= 88)

Control group
(n= 91)

P First priority
CS branch
(n= 132)

Second/third
priority CS
branch (n= 47)

P

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NYHA class: worse/unchanged/ improved 0(0)/35(40)/53(60) 1(1)/44(48)/46(51) 0.23 1(1)/50(38)/81(61) 0(0)/29(61)/18(38) 0.01
6MWT:

Change, m 65± 73 37± 51 0.01 55± 59 36± 75 0.01
>10 % increase 44 (59) 38 (46) 0.12 68 (60) 14 (33) <0.01

MLHFQ change −16±18 −14± 19 0.37 −15±17 −14± 22 0.68
LV EDV: relative change, % −24± 20 −22± 23 0.52 −23± 21 −21±14 0.49
LV ESV: relative change, % −34± 23 −33± 23 0.80 −35± 22 −31± 27 0.26
LV EF: absolute increase, % 12± 9 12± 8 0.83 12± 9 10± 9 0.19

6MWT, 6-min walk test; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; LV, left ventricular; MLHFQ, Minnesota Living with Heart Failure
Questionnaire; NYHA, New York Heart Association.
Values are n (%) or mean± SD. Data were missing for three patients who died during follow-up (one patient in the Imaging group). Owing to physical disabilities, 22 patients
(13 in the imaging group) were unable to perform a 6MWT at follow-up.
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Figure 4 Kaplan-Meier plots of the combined endpoint of all-cause hyphenated mortality and heart failure hospitalization according to group
assignment (a) and the selected coronary sinus branch for left ventricular pacing (b).

for imaging-guided LV lead placement, and follow-up cardiac CT
to determine final lead position. Using echocardiographic guidance
without pre-implant visualization of cardiac venous anatomy and
evaluation of lead position by biplane fluoroscopy and chest radio-
graphs, more patients in the intervention groups of TARGET and
STARTER had the LV lead positioned remote to the optimal pacing
site or in scarred myocardium compared with the imaging group
of ImagingCRT.8,9 This may reflect the importance of pre-implant
visualization of a limited and variable CS anatomy to reach a pre-
defined optimal myocardial pacing site, the uncertainties of aligning
echocardiographic views with procedural fluoroscopy, and the inac-
curacy of assessing final lead position by fluoroscopy and chest
radiographs in heart failure patients.8,9,12,13,22 However, the limi-
tations of cardiac venous anatomy to reach an optimal pacing site
were also evident in our study. A CT-verified LV lead position in the
optimal CS branch coincided with the optimal pacing site in only
55% of patients. However, the imaging-guided approach resulted in ..
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. a larger proportion of LV leads localized in the optimal CS branch
and pacing within this branch was associated with a reduced rate
of clinical non-responders.

Despite a comparable pronounced LV remodelling in both
groups of ImagingCRT, the imaging group had fewer clinical
non-responders underscoring the importance of positioning the
LV lead in the CS branch closest to the optimal pacing site. It
is well-known that a considerable proportion of patients show
disagreement between clinical improvement and reverse LV
remodelling after CRT.23 The results of ImagingCRT support the
use of an individualized approach for LV lead placement. However,
larger studies with longer follow-up are warranted to validate a
clear impact of an imaging-guided strategy on harder endpoints.
Furthermore, the alternative individualized strategy for LV lead
placement, without the need for pre-procedural imaging, targeting
the region with latest electrical activation remains to be evaluated
in a prospective randomized setting.19
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Table 2 Distribution of optimal left ventricular (LV) pacing sites and characteristics of LV lead positions

Imaging group (n= 89) Control group (n= 93) P
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Optimal CS tributary 0.90
Anterior vein 1 (1) 1 (1)
Left marginal vein 62 (70) 62 (67)
Posterior vein 26 (29) 29 (31)
Middle cardiac vein 0 (0) 1 (1)

Optimal LV pacing site 0.75
Anterior 1 (1) 1 (1)
Lateral 62 (70) 61 (66)
Posterior 26 (29) 29 (31)
Inferior 0 (0) 2 (2)

Distribution of LV lead position by cardiac CT 0.11
LV short-axis

Anterior 4 (5) 2 (2)
Lateral 41 (47) 38 (42)
Posterior 39 (44) 50 (56)
Inferior 4 (5) 0 (0)

LV long-axis 0.43
Basal 48 (55) 52 (58)
Mid-LV 36 (41) 37 (41)
Apical 4 (5) 1 (1)

LV lead electrical delay, % of QRS 80 (72–85) 78 (68–84) 0.24
Relationship of LV lead to optimal CS branch 0.01

1. priority 74 (83) 60 (65)
2. or 3. priority 15 (17) 32 (35)

Relationship of LV lead to optimal pacing site 0.66
Concordant 43 (49) 39 (43)
Adjacent 44 (50) 49 (54)
Remote 1 (1) 2 (2)

Scar at LV pacing site 3 (3) 2 (2) 0.68

CS, coronary sinus; CT, computed tomography.
Values are n (%) or median (interquartile range). Data on the distributions of LV lead position and the relationship to the optimal pacing site were missing for four patients
who had displacement of the LV lead to the CS or died during follow-up (one patient in the imaging group and three patients in the control group). Data on the relationship
of the LV lead to the optimal CS branch and LV lead electrical delay was missing for one patient (control group) in whom LV lead implantation failed; this patient died during
follow-up.

supporting an individualized approach for LV lead positioning.6,7,10

Recently, the Targeted Left Ventricular Lead Placement to Guide
Cardiac Resynchronization Therapy (TARGET) and the Speckle
Tracking Assisted Resynchronization Therapy for Electrode Region
(STARTER) trials demonstrated an improved outcome when tar-
geting LV lead placement by speckle-tracking echocardiography.8,9

In agreement with these trials, the present study demonstrated a
clinical benefit of multimodality imaging-guided LV lead placement.

In contrast to the TARGET and STARTER trials, we were unable
to demonstrate a favourable effect of the imaging-guided strategy
on reverse LV remodelling, or the combined endpoint of death
and hospitalization because of heart failure. These discrepancies
may be explained by significant differences in patient selection
and study designs. Patients in our study were less symptomatic
and more likely to receive optimal medical therapy. We included
only patients with LBBB or wide-paced QRS complex, in whom
the latest electrical activation usually occurs in the LV non-apical
posterolateral region.18 In the control group of ImagingCRT, we ..
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. targeted LV lead positioning towards non-apical posterolateral
segments with late electrical activation, thereby employing an
approach associated with improved CRT outcome and included
in the current guidelines.4,19–21 This resulted in LV lead electrical
delays that were comparable between treatment groups, which
tends to reduce outcome differences. In contrast, the control
group strategy in TARGET and STARTER did not include targeting
segments with late electrical activation. This may explain that a
substantial proportion of patients in these control groups had
an unfavourable LV lead position remote to the site with latest
mechanical activation or in an apical location.8,9 A considerable per-
centage of the TARGET control group even had the LV lead located
in scar.9 These LV lead position characteristics are associated with
a worse CRT outcome6,7,10,20 and may explain the superior-
ity of the echocardiography-guided approach in TARGET and
STARTER.

In addition to speckle-tracking echocardiography, ImagingCRT is
the first prospective study to include pre-implant SPECT to local-
ize myocardial scar, cardiac CT to identify available CS branches
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Distribution of LV lead position by cardiac CT 0.11
LV short-axis

Anterior 4 (5) 2 (2)
Lateral 41 (47) 38 (42)
Posterior 39 (44) 50 (56)
Inferior 4 (5) 0 (0)

LV long-axis 0.43
Basal 48 (55) 52 (58)
Mid-LV 36 (41) 37 (41)
Apical 4 (5) 1 (1)

LV lead electrical delay, % of QRS 80 (72–85) 78 (68–84) 0.24
Relationship of LV lead to optimal CS branch 0.01

1. priority 74 (83) 60 (65)
2. or 3. priority 15 (17) 32 (35)

Relationship of LV lead to optimal pacing site 0.66
Concordant 43 (49) 39 (43)
Adjacent 44 (50) 49 (54)
Remote 1 (1) 2 (2)

Scar at LV pacing site 3 (3) 2 (2) 0.68

CS, coronary sinus; CT, computed tomography.
Values are n (%) or median (interquartile range). Data on the distributions of LV lead position and the relationship to the optimal pacing site were missing for four patients
who had displacement of the LV lead to the CS or died during follow-up (one patient in the imaging group and three patients in the control group). Data on the relationship
of the LV lead to the optimal CS branch and LV lead electrical delay was missing for one patient (control group) in whom LV lead implantation failed; this patient died during
follow-up.

supporting an individualized approach for LV lead positioning.6,7,10

Recently, the Targeted Left Ventricular Lead Placement to Guide
Cardiac Resynchronization Therapy (TARGET) and the Speckle
Tracking Assisted Resynchronization Therapy for Electrode Region
(STARTER) trials demonstrated an improved outcome when tar-
geting LV lead placement by speckle-tracking echocardiography.8,9

In agreement with these trials, the present study demonstrated a
clinical benefit of multimodality imaging-guided LV lead placement.

In contrast to the TARGET and STARTER trials, we were unable
to demonstrate a favourable effect of the imaging-guided strategy
on reverse LV remodelling, or the combined endpoint of death
and hospitalization because of heart failure. These discrepancies
may be explained by significant differences in patient selection
and study designs. Patients in our study were less symptomatic
and more likely to receive optimal medical therapy. We included
only patients with LBBB or wide-paced QRS complex, in whom
the latest electrical activation usually occurs in the LV non-apical
posterolateral region.18 In the control group of ImagingCRT, we ..
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. targeted LV lead positioning towards non-apical posterolateral
segments with late electrical activation, thereby employing an
approach associated with improved CRT outcome and included
in the current guidelines.4,19–21 This resulted in LV lead electrical
delays that were comparable between treatment groups, which
tends to reduce outcome differences. In contrast, the control
group strategy in TARGET and STARTER did not include targeting
segments with late electrical activation. This may explain that a
substantial proportion of patients in these control groups had
an unfavourable LV lead position remote to the site with latest
mechanical activation or in an apical location.8,9 A considerable per-
centage of the TARGET control group even had the LV lead located
in scar.9 These LV lead position characteristics are associated with
a worse CRT outcome6,7,10,20 and may explain the superior-
ity of the echocardiography-guided approach in TARGET and
STARTER.

In addition to speckle-tracking echocardiography, ImagingCRT is
the first prospective study to include pre-implant SPECT to local-
ize myocardial scar, cardiac CT to identify available CS branches
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Introduction
Cardiac resynchronization therapy (CRT) is shown to prolong 

survival, decrease hospitalizations and improve symptoms in 
patients with left ventricular ejection fraction (LVEF) of ≤35% and 
evidence of ventricular dysynchrony demonstrated by prolonged 
QRS duration on an electrocardiogram.1-3 Despite, the effectiveness 
of CRT, there are several challenges associated with implantation 
of the left ventricular (LV) lead such as inability to cannulate the 
target cardiac vein, lead instability, high pacing thresholds, excessive 
phrenic nerve stimulation (PNS) and lead deactivation, lead revision 
or replacement.4-6

Recently, quadripolar LV lead (QL) has been a new innovation in 
pacing lead technology. The QL, by using 4-electrodes offers greater 
flexibility and programmability in LV lead placement and CRT by 
offering ten possible unipolar and bipolar pacing configurations and 
is designed to improve ease of implantation, decrease short-term and 
long term complications.7,8

Several recent studies have demonstrated that CRT using a QL 
was associated with lower PNS, procedure and fluoroscopy times and 
fewer lead related complications including lead deactivation, lead 
revision or replacement.7-18 We aimed to conduct a meta-analysis 
from eligible randomized controlled trials (RCTs) and observational 
studies comparing QL versus bipolar LV leads (BL) performance 
and its impact on post-procedural CRT outcomes.
Methods
Search Strategy  

We searched MEDLINE, the Web of Science, EBSCO database, 
Cochrane Central Register of Controlled Trials, Google Scholar, 
scientific conference sessions and the reference lists of retrieved 
reports from inception to June 30, 2015 using the search terms 
‘cardiac resynchronization therapy’; ‘quadripolar lead’; ‘bipolar lead’ 
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Abstract
Objective: We aimed to perform a meta-analysis from eligible studies to analyze the true impact of QL when compared with BL with regard 

to post-procedural outcomes including lead deactivation, revision or replacement.
Background: Many observational and retrospective studies showed that quadripolar left ventricular leads (QL) are associated with better 

outcomes and fewer complications when compared with bipolar leads (BL).
Methods: We performed a comprehensive literature search through June 30, 2015 using: quadripolar, bipolar, left ventricular lead and 

CRT in Pubmed, Ebsco and google scholar databases.
Results: The analysis included 8 studies comparing QL and BL implantation. Post-procedural outcomes such as lead deactivation, revision 

or replacement were used as primary outcome and assessed with Mantel–Haenszel risk ratio (RR). Secondary outcomes included total 
fluoroscopy/procedure time, occurrence of phrenic nerve stimulation (PNS) and all-cause mortality on follow up. Follow-up duration for the 
studies ranged from 3 to 60 months. Compared with BL, the use of QL is associated with 52 % reduction (relative risk 0.48; 95% CI: 0.36-
0.64, p=0.00001) in the risk of deactivation, revision or replacement of the LV lead. QL had significantly lower fluoroscopy/procedure time, 
PNS and all-cause mortality when compared with BL.

Conclusion: Our meta-analysis shows that QL implantation was associated with decreased risk of LV lead deactivation, revision or 
replacement when compared with BL.
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Introduction
Cardiac resynchronization therapy (CRT) is shown to prolong 

survival, decrease hospitalizations and improve symptoms in 
patients with left ventricular ejection fraction (LVEF) of ≤35% and 
evidence of ventricular dysynchrony demonstrated by prolonged 
QRS duration on an electrocardiogram.1-3 Despite, the effectiveness 
of CRT, there are several challenges associated with implantation 
of the left ventricular (LV) lead such as inability to cannulate the 
target cardiac vein, lead instability, high pacing thresholds, excessive 
phrenic nerve stimulation (PNS) and lead deactivation, lead revision 
or replacement.4-6

Recently, quadripolar LV lead (QL) has been a new innovation in 
pacing lead technology. The QL, by using 4-electrodes offers greater 
flexibility and programmability in LV lead placement and CRT by 
offering ten possible unipolar and bipolar pacing configurations and 
is designed to improve ease of implantation, decrease short-term and 
long term complications.7,8

Several recent studies have demonstrated that CRT using a QL 
was associated with lower PNS, procedure and fluoroscopy times and 
fewer lead related complications including lead deactivation, lead 
revision or replacement.7-18 We aimed to conduct a meta-analysis 
from eligible randomized controlled trials (RCTs) and observational 
studies comparing QL versus bipolar LV leads (BL) performance 
and its impact on post-procedural CRT outcomes.
Methods
Search Strategy  

We searched MEDLINE, the Web of Science, EBSCO database, 
Cochrane Central Register of Controlled Trials, Google Scholar, 
scientific conference sessions and the reference lists of retrieved 
reports from inception to June 30, 2015 using the search terms 
‘cardiac resynchronization therapy’; ‘quadripolar lead’; ‘bipolar lead’ 
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Abstract
Objective: We aimed to perform a meta-analysis from eligible studies to analyze the true impact of QL when compared with BL with regard 

to post-procedural outcomes including lead deactivation, revision or replacement.
Background: Many observational and retrospective studies showed that quadripolar left ventricular leads (QL) are associated with better 

outcomes and fewer complications when compared with bipolar leads (BL).
Methods: We performed a comprehensive literature search through June 30, 2015 using: quadripolar, bipolar, left ventricular lead and 

CRT in Pubmed, Ebsco and google scholar databases.
Results: The analysis included 8 studies comparing QL and BL implantation. Post-procedural outcomes such as lead deactivation, revision 

or replacement were used as primary outcome and assessed with Mantel–Haenszel risk ratio (RR). Secondary outcomes included total 
fluoroscopy/procedure time, occurrence of phrenic nerve stimulation (PNS) and all-cause mortality on follow up. Follow-up duration for the 
studies ranged from 3 to 60 months. Compared with BL, the use of QL is associated with 52 % reduction (relative risk 0.48; 95% CI: 0.36-
0.64, p=0.00001) in the risk of deactivation, revision or replacement of the LV lead. QL had significantly lower fluoroscopy/procedure time, 
PNS and all-cause mortality when compared with BL.

Conclusion: Our meta-analysis shows that QL implantation was associated with decreased risk of LV lead deactivation, revision or 
replacement when compared with BL.

Turagam MK et al. J Atr Fibrillation. 2016 Aug-Sep; 9(2): 1472
Behar JM et al. JACC Clin Electrophysiol. 2017 Feb;3(2):107-116
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Impact On Lead Longevity  
The current meta-analysis confirms the findings of several 

recent studies showing that QL are more durable. The most 
plausible explanation for the decreased need for lead revision or 
lead replacement with QL is the flexibility in programming in the 
presence of multiple poles.
Impact On The Procedure Duration  

The current meta-analysis results are consistent with the findings 
of prior studies demonstrating superiority of QL when compared 
with BL.12,13,20 Our meta-analysis including 26,657 patients 
demonstrated that QL was associated with a 52% reduction in post 
procedural complications in a median follow up of 7.5 months when 

reduction (relative risk 0.56; 95% CI: 0.38-0.81, p=0.002) in the risk 
of all-cause mortality at follow up (Figure 5).
Discussion
Major Findings  

The principal finding of this meta-analysis of RCTs and 
observational studies is that QL had lower post-procedural 
complications including lead deactivation, lead revision or 
replacement when compared with BL. To our knowledge, this is so 
far the first comprehensive meta-analysis comparing post procedural 
CRT lead outcome of QL and BL.

compared with BL placement. Our data supports and extends the 
current notion that optimal lead implantation using QL is easier 
than BL. A significantly lower fluoroscopy and procedure time was 
noted with QL when compared with BL with a mean difference 
-5.21 minutes and -10.33 minutes respectively. The lower rate of lead 
revision and total procedure/fluoroscopy time in the QL versus BL 
was most likely due to ease of implantation from the programming 
flexibility due to multiple pacing vectors the lead has offered. The 
alternative pacing vectors with the QL can also overcome other 
commonly encountered challenges commonly seen with BL such as 
PNS, higher pacing thresholds and micro-dislodgement of the LV 
lead without the need for another surgical procedure. Furthermore, 
QL are reported to have lower impedance and use lower energy to 
capture the left ventricle that promotes longevity of the device and 
lowers the need for replacement.11,12

Impact Of QL Leads On The PNS  
While implanting a CRT, it is of paramount importance to locate 

a suitable coronary sinus vein or tributary which is associated with 
low PNS and pacing thresholds. Prior studies have reported post-
implantation PNS rates with bipolar leads ranged from 7.4-14% 
and were more commonly associated with the LV lead location.21-24 

PNS was more commonly seen with the LV lead in the mid-apical, 
posterior and lateral sites and less common with the LV lead in the 
anterior or basal site. Our meta-analysis demonstrates that compared 
with BL, the use of QL is associated with 76 % reduction in PNS. 
The QL has low PNS as it offers LV pacing from any of the four 
electrodes as cathode, and RV coil and LV electrodes as anode when 
compared with BL that offer LV pacing from the ring or the tip 
as cathode with various anode options. Furthermore, PNS can be 
posture-dependent and is usually detected post-implantation rather 
than during implantation. Post-procedural lead re-intervention 
including CRT termination due to PNS with BL was reported to be 
2-13%.21-25 A QL due to its multiple electrodes and pacing options 

Figure 4:

Forest plot showing relative risk (RR) of phrenic nerve stimulation 
(PNS) with quadripolar lead (QL) and bipolar lead (BL) at follow-
up. The use of QL results in a 76 % reduction (relative risk 0.24; 
95% CI: 0.09-0.65, p=0.005) of PNS when compared with BL. 
M-H: Mentel-Haenszel

Figure 3B:

Reduction in procedure duration. Forest plot showing unadjusted 
difference in mean (95% confidence interval [CI]) procedure 
duration with quadripolar lead (QL) and bipolar lead (BL). QL 
results a reduction in mean procedure duration of 10.33 minutes 
(95% CI: -16.85 to -3.81, P=0.002) when compared with BL. IV: 
inverse variance

Table 1:

Study ID Type of Study Age Mean±SD Sample Size Longest follow up Risk difference between QL versus BL (95% CI)

Arias et al 2012 Prospective Observational 65.6 ± 9.9 42 9 months -0.05 [-0.20, 0.11]

Forleo et al 2012 Retrospective 68.3±10.7 45 6 months -0.23 [-0.43, -0.03]

Corbisiero et al 2014 Retrospective No data 79 3 months -0.02 [-0.09, 0.04]

Dhillion et al 2014 Retrospective 71±8 29 6 months 0.00 [-0.12, 0.12]

MORE-CRT 2014 Prospective randomized 68±10 1,068 6 month -0.03 [-0.06, 0.01]

Turakhia et al 2014 Prospective Observational 69.8±11.3 24,293 12 months -0.01 [-0.02, -0.01]

Forleo et al 2015 Prospective Observational 70.3±9.2 418 39 months -0.05 [-0.10, -0.01]

Behar et al 2015 Prospective Observational 68.4 ± 0.55 721 60 months -0.08 [-0.12, -0.05]

Figure 3A:

Reduction in fluoroscopy duration. Forest plot showing 
unadjusted difference in mean (95% confidence interval [CI]) 
fluoroscopy duration with quadripolar lead (QL) and bipolar lead 
(BL). QL results a reduction in mean fluoroscopy duration of 5.21 
minutes (95% CI: -7.67 to -2.75, P<0.0001) when compared with 
BL. IV: inverse variance
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procedural complications including lead deactivation, revision or 
replacement than BL in patients referred for CRT implantation. This 
meta-analysis encourages the use of QL and also highlights the need 
for large-scale multicenter trials to further validate the effectives of 
this LV lead technology.
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overcomes the necessity for re-intervention by physically moving the 
LV lead to another location or CRT termination.
Improved Survival With QL  

Our meta-analysis also demonstrates that compared with BL, 
the use of QL is associated with 44 % reduction in risk of all-cause 
mortality. These finding can be attributed to the ease of implantation 
and identification of optimal pacing site with QL which could 
have resulted in reverse myocardial remodeling and hemodynamic 
benefit when compared with BL. Implantation of LV lead at the site 
of a myocardial scar in patients with ischemic cardiomyopathy and 
presence of atrial arrhythmias has been associated with non-CRT 
responders.6,26,27 QL with their multiple programming and pacing 
vectors can avoid such areas of myocardial scar improving outcomes 
in patients when compared with BL.
Strengths Of The Current Meta-Analysis  

The potential strengths of this meta-analysis are that it is large and 
includes 26,657 patients. There was no heterogeneity or publication 
bias among individual studies as noted from our analysis. There is 
no previous meta-analysis comparing the effectiveness of QL when 
compared with BL with respect to post procedural complications. 
The current meta-analysis is the first attempt to explore the beneficial 
effects of QL over BL in regards to post procedural complications.
Study Limitations  

The study has some potential limitations.
1.Most of the studies performed on QL have been from prospective 

registries. Only one study was a RCT. We cannot exclude the existence 
of potential unmeasured confounding factors in the included studies.

2.There were more patients in the BL (N=20,894) than compared 
to the QL (N=5,763) which can lead to some discrepancy in 
interpretation of results and the sample size may be not large enough 
to draw firm conclusions.

3.The type of lead implanted in the studies was at the discretion of 
the invasive cardiac electrophysiologist that could result in a selection 
bias.

4.Median follow- up in our study was limited to 7.5 months, so 
we cannot exclude the possibility of lead complications arising over a 
longer follow-up period.

5.Our meta-analysis does not include data regarding number of 
patients with ischemic cardiomyopathy and atrial arrhythmias in 
each individual group as it may impact CRT response and mortality.

6.We are unable to perform additional analysis due to limited 
number of studies and unpublished data.
Conclusions

Overall, this meta-analysis confirms and extends the findings 
of most clinical trials by demonstrating that QL have lower post 

Figure 5:

Forest plot showing relative risk (RR) of all-cause mortality with 
quadripolar lead (QL) and bipolar lead (BL) at follow-up. The use 
of QL results in a 44 % reduction (relative risk 0.56; 95% CI: 0.38-
0.81, p=0.002) in all-cause mortality when compared with BL. 
M-H: Mentel-Haenszelwww.jafib.com Aug-Sep 2016| Volume 9| Issue 2
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and ‘left ventricular lead’ to identify all RCT’s and observational 
studies comparing the effects of QL with BL lead on outcomes of 
CRT. A hand search was also performed in major search databases 
to identify potentially relevant literature on QL with regard to CRT.
Study Selection  

The inclusion criteria of our meta-analysis consisted of RCTs and 
observational studies of patients undergoing biventricular device 
implantation in age ≥18 years’ assigned to QL or BL which reported 
post-procedural outcomes including lead deactivation, revision or 
replacement at any time during follow-up. Our literature search was 
limited to studies published in peer-review journals in English. We 
excluded studies having no reported procedural outcomes. Studies 
published in animal models and foreign languages were excluded. A 
search for unpublished literature was not performed.
Data Extraction  

Two investigators independently performed a search strategy for 
eligible studies. All items were initially reviewed at the title and 
abstract level. Potential eligible manuscripts were reviewed in full 
text. The data was extracted using a standardized form.
Primary Outcome  

The primary endpoint was post-procedural outcomes including 
lead deactivation, lead revision or replacement.
Secondary Outcome  

Total duration of the procedure/fluoroscopy, PNS and all-cause 
mortality were assessed as secondary outcomes with random effect 
meta-analysis.
Quality Assessment  

We followed the criteria established by Juni et al in the quality 
assessment of the included RCTs in the meta-analysis.19

Statistical Analysis  
After the data elements were verified for accuracy, systematic and 

statistical analyses were conducted using Cochrane RevMan version 
5.3, and results were expressed as risk ratio (RR) for dichotomous 
outcomes and mean difference for continuous variables with 95% 
confidence intervals (CIs). The difference between the QL and 
BL were estimated by weighted mean difference (WMD) with a 
two-tailed 95% CI in a DerSimonian-Laird random-effects model 
for heterogeneous studies. Statistic value I2 was used to quantify 

the degree of inconsistency. P < 0.05 was considered statistically 
significant. For the I2 statistic, heterogeneity was defined as low 
(25%–50%), moderate (50%–75%), or high (>75%). A fixed-effects 
model was only used if heterogeneity was low.
Results
Search Results  

The original search strategy retrieved 29 clinical studies. The 
title and abstract were reviewed and after applying the inclusion 
and exclusion criteria, 20 articles were selected for further detailed 
assessment. After the exclusion of review articles, duplicates and 
studies with irrelevant outcomes, we found a total of 8 studies 
comparing QL and BL implantation in CRT outcomes for inclusion 
in the final analysis (Figure 1). Follow-up duration for the studies 
ranged from 3 to 60 months. The years of publication ranged from 
2012 to 2015 (Table 1).
Study Characteristics  

Table 1 summarizes the characteristics of included studies. The 
meta-analysis includes a total of 8 studies (one randomized control 
study, four prospective observational and three retrospective studies). 
Baseline characteristics, procedural details and patient’s follow up 
were similar across all studies. A total of 5,763 patients with QL and 
20,894 patients with BL were found. The median follow-up duration 
was 7.5 months (range 3 months to 60 months), and the median 
sample size was 248 patients (range 29 to 24,293 patients).
Quadripolar Leads Last Longer Than Bipolar Leads  

Compared with BL, the use of QL is associated with 52 % 
reduction (relative risk 0.48; 95% CI: 0.36-0.64, p=0.00001) in the 
risk of deactivation, lead revision or replacement of the LV lead 
(Figure 2).
QL Leads Require Reduced Fluoroscopic Exposure And Procedure 
Time For Optimal Placement  

Compared with BL, the use of QL reduced fluoroscopy by a mean 
duration of 5.21 minutes (95% CI: -7.67 to -2.75, P<0.0001) and 
mean procedure time by 10.33 minutes (95% CI: -16.85 to -3.81, 
P=0.002) (Figure 3A, 3B).
QL Leads Are Associated With Decreased Phrenic Nerve 
Stimulation  

Compared with BL, the use of QL is associated with 76 % 
reduction (relative risk 0.24; 95% CI: 0.09-0.65, p=0.005) in risk of 
PNS due to the LV lead (Figure 4).
Placement Of QL Leads Improves Survival   

Compared with BL, the use of QL is associated with 44 % 

Figure 1: Flow diagram for the included studies

Figure 2:

Forest plot showing relative risk (RR) of lead deactivation, revision 
or replacement with quadripolar lead (QL) and bipolar lead (BL) at 
follow-up. The use of QL results in a 52% reduction (relative risk 
0.48; 95% confidence interval [CI]: 0.36-0.64, p=0.00001) when 
compared with BL. M-H: Mentel-Haenszel
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ABSTRACT

OBJECTIVES The objective of this study was to evaluate the cost-effectiveness of quadripolar versus bipolar cardiac

resynchronization defibrillator therapy systems.

BACKGROUND Quadripolar left ventricular (LV) leads for cardiac resynchronization therapy reduce phrenic nerve

stimulation (PNS) and are associated with reduced mortality compared with bipolar leads.

METHODS A total of 606 patients received implants at 3 UK centers (319 Q, 287 B), between 2009 and 2014; mean

follow-up was 879 days. Rehospitalization episodes were costed at National Health Service national tariff rates, and EQ-

5D utility values were applied to heart failure admissions, acute coronary syndrome events, and mortality data, which

were used to estimate quality-adjusted life-year differences over 5 years.

RESULTS Groups were matched with regard to age and sex. Patients with quadripolar implants had a lower rate of

hospitalization than those with bipolar implants (42.6% vs. 55.4%; p ¼ 0.002). This was primarily driven by fewer

hospital readmissions for heart failure (51 [16%] vs. 75 [26.1%], respectively, for quadripolar vs. bipolar implants; p ¼
0.003) and generator replacements (9 [2.8%] vs. 19 [6.6%], respectively; p ¼ 0.03). Hospitalization for suspected acute

coronary syndrome, arrhythmia, device explantation, and lead revisions were similar. This lower health-care utilization

cost translated into a cumulative 5-year cost saving for patients with quadripolar systems where the acquisition cost

was <£932 (US $1,398) compared with bipolar systems. Probabilistic sensitivity analysis results mirrored the deter-
ministic calculations. For the average additional price of £1,200 (US $1,800) over a bipolar system, the incremental cost-

effective ratio was £3,692 per quality-adjusted life-year gained (US $5,538), far below the usual willingness-to-pay

threshold of £20,000 (US $30,000).

CONCLUSIONS In a UK health-care 5-year time horizon, the additional purchase price of quadripolar cardiac

resynchronization defibrillator therapy systems is largely offset by lower subsequent event costs up to 5 years after

implantation, which makes this technology highly cost-effective compared with bipolar systems. (J Am Coll Cardiol EP

2017;3:107–16) © 2017 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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lead revisions were similar between the groups (p ¼
NS). Each hospitalization, irrespective of cause, was
counted as a separate event (Table 3); these values
were multiplied by the appropriate tariff (Table 1) to
produce health-care utilization costs for each group
over the 5-year period.

Table 4 represents the proportion of patients
implanted with either quadripolar or bipolar leads
who had at least 1 admission for the listed reasons.
The absolute values for the hospitalization causes are
therefore less than in Table 3, because each of the
events are only counted once per patient. The pro-
portions of patients hospitalized at least once for
heart failure (8.8% [quadripolar] vs. 13.9% [bipolar];
p ¼ 0.05) or generator replacement (2.5% [quad-
ripolar] vs. 6.6% [bipolar]; p ¼ 0.02) were signifi-
cantly lower in those in whom a quadripolar lead was
implanted. The average number of admissions for

those who were hospitalized was similar in each
group (1.40 vs. 1.42, quadripolar vs. bipolar).

COST-EFFECTIVENESS ANALYSIS. The base-case
ICER was £3,692 ($5,538) in the deterministic model
(i.e., based on point estimates) and £3,835 ($5,753) in
the probabilistic model. Up to an additional purchase
cost of £932 ($1,398), quadripolar leads translated into
a cumulative cost saving compared with bipolar leads
because of the higher health-care utilization costs
associated with the latter (Figure 3). The cost saving
was up to £1,000 ($1,500) for purchasing a quadripolar
system for the same price as a bipolar system
(Table 5). Beyond £932 ($1,398), the additional ICER
was up to £20,288 ($30,432) (Figure 3). Figure 2 shows
the impact of varying a range of input parameters by
" 95% confidence intervals. The analysis was most
sensitive to the utility of patients with heart failure,
because death resulted in a loss of 0.8808 QALYs in
each patient who died. All resulting ICERs remained
<£4,000 per QALY gained.

In the probabilistic sensitivity analysis, quad-
ripolar CRTD was 97.1% likely to be cost-effective at
£20,000 per QALY gained and 99.3% likely to be cost-
effective at £30,000 per QALY gained (Figure 4). A
cost-effectiveness panel showing the results of each
of the 1,000 simulations provides a visualization of
the proportion of cases for which quadripolar systems
were more effective and more expensive and for
which they were more effective and less expensive
(Figure 5).

DISCUSSION

This is the first comprehensive health economic anal-
ysis to use real-world UK clinical data from hospitali-
zation events and mortality to produce an accurate
comparison of cumulative cost differences between
implanting quadripolar versus bipolar CRTD systems.

The main findings were as follows:

1. There was a lower absolute number of hospitali-
zations in patients in whom quadripolar CRTD
systems were implanted, predominantly driven by
a reduction in readmissions for heart failure and
generator replacements.

2. Quadripolar CRTD systems, if purchased for up to
£932 ($1,398) more than bipolar systems, yielded a
cost saving over a 5-year period after health-care
utilization costs were considered.

3. Quadripolar CRTD systems with an additional
purchase price of £933 to £2,400 ($1,400 to $3,600)
compared with bipolar systems remained cost-
effective, with ICER values well within the range
of acceptability used by NICE.

TABLE 3 Absolute Numbers of Hospitalization, Split by Cause,
and Corresponding Health-Care Costs*

Quadripolar
(n ¼ 319)

Bipolar
(n ¼ 287)

p Valuen Cost (£) n Cost (£)

ACS 35 115,029 21 67,544 0.13

Arrhythmia 59 51,218 65 55,557 0.23

Heart failure 51 137,695 75 195,841 0.003

System explantation
and reimplantation

5 121,122 6 136,788 0.76

Generator replacement 9 142,026 19 273,276 0.03

RA/RV lead revision 27 88,918 24 69,840 0.21

LV lead revision 5 16,466 15 43,650 0.02

Total episodes/cost 191 672,474 225 842,484 <0.001

Some patients were hospitalized for the same category more than once, and some
not at all. The cost of events was calculated by multiplying the number of events
in each year by the cost of the event for that year (i.e., events beyond year 1 were
multiplied by the discounted cost for the year in which the event occurred). *Based
on the tariff codes in Table 1.

ACS ¼ acute coronary syndrome; LV ¼ left ventricular; RA ¼ right atrial; RV ¼
right ventricular.

TABLE 4 Numbers and Proportions of Patients in Each Group Who Have Been
Hospitalized Once (or More)

Quadripolar
(n ¼ 319)

Bipolar
(n ¼ 287) Odds Ratio (95% CI) p Value

ACS 26 (8.2%) 17 (5.9%) 1.40 (0.75–2.66) 0.34

Arrhythmia 39 (12.2%) 45 (15.7%) 0.75 (0.47–1.19) 0.24

Heart failure 28 (8.8%) 40 (13.9%) 0.59 (0.36–0.99) 0.05

System explantation and
reimplantation

5 (1.6%) 6 (2.1%) 0.75 (0.23–2.47) 0.83

Generator replacement 8 (2.5%) 19 (6.6%) 0.36 (0.15–0.84) 0.02

Lead revision (RA/RV/LV) 30 (9.4%) 32 (11.2%) 0.83 (0.49–1.40) 0.50

Hospitalization (any cause) 136 (42.6%) 159 (55.4%) 0.59 (0.43–0.83) 0.002

Values are n (%).

CI ¼ confidence interval; other abbreviations as in Table 3.
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Elettrocatetere Quadripolare sinistro

• Tutte le aziende 
hanno un 
elettrocatetere 
sx quadripolare

+10
anni di 

esperienza

+100
pubblicazioni

+100K
impianti nel 

mondo
18%

$ 87% IN MENO SUI COSTI DI RICOVERO nei primi 100 giorni dopo l’impianto.3

18% RIDUZIONE RELATIVA DELLA MORTALITÀ PER QUALSIASI CAUSA a 18 
mesi rispetto ai sistemi di CRT bipolari.2

41% RIDUZIONE DEL RISCHIO RELATIVO rispetto ai sistemi CRT bipolari.1

1. Borianiet  al., Cardiac resynchronization therapy with a novel quadripolar lead decreases complications at six months: preliminary results of the MORE-CRT trial, ESC 2014, FP# 887.
2. TurakhiaM,  et al. Reduced Mortality with QuadripolarVersus Bipolar Left Ventricular Leads in Cardiac Resynchronization Therapy. PO01-51. HRS 2014. Datidi analisi retrospettiva.

3. CorbisieroR, et al. Reduced Costs Post CRT with QuadripolarLV leads compared to Bipolar LV leads. 2014 PO01-195. HRS 2014. San Francisco, California. 7-10 maggio2014.



Elettrocatetere Quadripolare sinistroStimolazione Multisito

MultiPoint Pacing:

Razionale

Stimolazione
da singolo elettrodo

Stimolazione
da array lineare

I numeri rappresentatno i tempi di attivazione in ms relativi al punto più precoce

Resultati:

§ Mappe ottiche di attivazione ottenute con laser scanning

§ Dimostrano che la stimolazione da singolo elettrodo genera un fronte d’onda più ellittico, mentre la 
stimolazione da array lineare genera un fronte d’onda più piatto

§ La maggior curvatura del fronte d’onda più ellittico provoca una minor velocità di conduzione del 13,3%.

Fast et al., Cardiovascular Research  1997; 33: 258–271



Poor CRT response due to significant  

number of factors with complex  

interactions

MPP:

Decreased LV total activation by ~50%

Reduced TDI measured dyssynchrony

Improved LV ESV, LV EF, and pressure

volume loops

In USA IDE Trial

Converted non-responders to  

responders

Increased both super-responder  

& responder rates

Multipoint Pacing (MPP)

Convert Non-responder/responder toSuper-Responder?

*

Menardi E, et al. Heart Rhythm 2015; 12(8):1762-9  

Rinaldi CA, et al. J Card Fail. 2013; 19(11):731-8  

Pappone C, et al. Heart Rhythm 2014; 11(3):394-401  

Tomassoni F, et al. LBCT Abstract HRS2016

MPP: 3-Month  

non-responder  

to 9-Month  

responder rate



Elettrocatetere Quadripolare sinistroStimolazione Multisito

MultiPoint Pacing:

Evidenze Cliniche

Menardi et al. Heart Rhythm 2015 

MPP
MIGLIORA L’EMODINAMICA

MIGLIORA LA MECCANICA

MIGLIORA L’ATTIVAZIONE ELETTRICA



Stimolazione endocardica



Successful LV endocardialLV lead  
insertion: 89%

5 peri-procedural CVA
14 TIA’s in 9 pts (86% low PT INR)
6 LV lead dislodgements

Prospective trial (18 centers
138  failed/non-response 
CRT pts)  Lifelong 
anticoagulation  Response 
at 12M F/up





Usefulness of His Bundle Pacing to Achieve Electrical
Resynchronization in Patients With Complete Left Bundle
Branch Block and the Relation Between Native QRS Axis,

Duration, and Normalization

Alexandra E. Teng, MDa, Daniel L. Lustgarten, MD, PhDb, Pugazhendhi Vijayaraman, MDc,
Roderick Tung, MDd, Kalyanam Shivkumar, MD, PhDa, Galen S. Wagner, MDe, and

Olujimi A. Ajijola, MD, PhDa,*

His Bundle pacing (HBP) restores electrical synchronization in left bundle branch block
(LBBB); however, the underlying mechanisms are poorly understood. We examined the
relation between native QRS axis in LBBB, a potential indicator of the site of block, and
QRS normalization in patients with LBBB. Data from patients (n[ 41) undergoing HBP at
3 sites were studied (68 – 13 years, 13 women). Study criteria included strictly defined
complete LBBB and successful implantation of a permanent HBP lead. Preprocedure and
postprocedure electrocardiograms were reviewed independently by 2 blinded readers. QRS
axis and duration were measured to the nearest 10! and 10 ms, respectively. QRS narrowing
or normalization was the primary end point. Of 29 patients meeting study criteria, 9 had
frontal plane QRS axes between L60! and L80!, 10 from L40! to 0!, and 10 from D1!
to D90!. QRS narrowing occurred in 24 patients (83%, 44 – 34 ms, p <0.05). Percent QRS
narrowing by axis were 26 – 19%, 29 – 25%, and 28 – 23%, respectively. No correlation
between prepacing QRS axis and postpacing narrowing was identified (r2 [ 0.001, p [
0.9). In patients with or without QRS normalization after HBP, mean QRS duration was
155 – 21 vs 171 – 8 ms, respectively, p [ 0.014. HBP induces significant QRS narrowing in
most patients and normalization in patients with shorter baseline QRS duration. In
conclusion, the lack of correlation between native QRS axis and narrowing suggests that
proximal His-Purkinje block causes most cases of LBBB, or that additional mechanisms
underlie HBP efficacy. Further studies are needed to better understand how to predict those
patients in whom HBP will normalize LBBB. ! 2016 Elsevier Inc. All rights reserved.
(Am J Cardiol 2016;118:527e534)

Left bundle branch block (LBBB) causes asynchronous
contraction of the left ventricle (LV), which may potentially
lead to eventual global LV dysfunction.1e4 Cardiac
resynchronization therapy has emerged as a technique to
overcome this electrical delay and has been associated with
a reduction in all-cause mortality and nonfatal heart failure
events.5e8 The idea of resynchronization and its clinical
benefits has been extrapolated to support His bundle pacing
(HBP) in patients with LBBB and cardiomyopathy. HBP
has been shown to achieve significant QRS narrowing, with
improved LV ejection fraction, New York Heart Association
functional class, and cardiopulmonary reserve.9 The mech-
anisms underlying HBP-mediated improvement in

conduction remain poorly understood and have been
explained by the concept of longitudinal dissociation that
fibers within the His bundle are predestined for the left and
right bundle branches (Figure 1). Given the well-described
anatomy of the proximal His-Purkinje system,10e12

fibers
exiting into the left posterior fascicle (LPF) before the site of
block will result in earlier activation of the posterior-inferior
LV, and hence, a left or extreme left axis deviation
(Figure 1). Based on the concept of longitudinal dissociation
and the anatomy of the HB, we hypothesized that pre-
procedure extreme left axis deviation indicates distal His-
Purkinje block and a lower likelihood that HBP would
normalize the QRS duration.

Methods

The study was approved by the institutional review board
at the 3 centers. Data from 41 patients who underwent
permanent HBP at these sites were evaluated retrospectively
and included 17 patients from Geisinger Clinic (site 1), 14
from University of Vermont (site 2), and 10 from University
of California, Los Angeles (site 3). The study period
included 7 years of implantation (2008 to 2015). Patients
who met a strict criteria for complete LBBB (QRS duration
" 140 ms in men or 130 ms in women; a QS or RS in leads

aUniversity of California Los Angeles Cardiac Arrhythmia Center, Los
Angeles, California; bUniversity of Vermont Medical Center, Burlington,
Vermont; cGeisinger Medical Center, Wilkes-Barre, Pennsylvania; dUniver-
sity of Chicago Heart Rhythm Center, Chicago, Illinois; and eDuke Uni-
versity School of Medicine, Durham, North Carolina. Manuscript received
February 25, 2016; revised manuscript received and accepted May 5, 2016.
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V1 or V3; and a mid-QRS slowing or notching in !2 of the
leads V1, V2, V5, V6, I, or aVL)13 had an indication for
pacing or cardiac resynchronization, and who underwent a
successful implantation of an HBP lead were included in
this study (Figure 2). Criteria for LBBB were made from a
standard 12-lead electrocardiogram (ECG; 25 mm/s paper
speed) or ECGs recorded using an electrophysiological
mapping system (CardioLab; GE Healthcare, Ohio).

After femoral venotomy, a multipolar catheter was
advanced to the region of the His bundle and used to map a
discrete His potential. Using standard lead and device im-
plantation techniques, a defibrillator lead was placed into the
right ventricle for patients undergoing cardiac resynchroni-
zation therapy device implantation. Next, using a SelectSite
C304 or C315 catheter system (Medtronic, Minneapolis,
Minnesota), a SelectSecure 3830 lead (Medtronic) was
secured to a site demonstrating a discrete His potential,
guided by the multipolar catheter (Figure 3). An atrial lead
and generator were placed in the standard fashion. Device
programming was at the discretion of the implanting
physician.

Of the patients who met study criteria, pre-HBP proce-
dure ECGs were evaluated by 2 blinded readers in an in-
dependent ECG core laboratory. Native QRS axis was
measured to the nearest 10", and preprocedure QRS duration
was measured to the nearest 10 ms. Postprocedure ECGs
were deidentified. The same 2 blinded readers measured
postprocedure QRS to the nearest 10 ms. Any discordant
measurements between readers were reread in a group
conference where a third blinded reader was present. On
postprocedure ECGs and electrophysiologic tracings, QRS
was measured from the onset of the first deviation from
baseline for selective HBP (after the His-ventricular, or
“HV”, interval) and from the onset of steepest deflection in
nonselective HBP (Figure 4).

The primary study outcome was the degree of QRS
narrowing with HBP (absolute narrowing and percent nar-
rowing) relative to the mean QRS axis in LBBB at baseline.
The secondary outcomes were the relation between QRS
narrowing and QRS axis, and the relation between QRS
narrowing and ischemic versus nonischemic
cardiomyopathy.

Data are expressed as mean # SD. All indexes reported
were measured from consistent tracings without artifact or
loss of capture. The study data were normally distributed,
and paired comparisons were made using the Student t test.
Data from !2 groups were compared using the one-way
analysis of variance. A p value $ 0.05 was considered sta-
tistically significant. Correlation between QRS narrowing
and mean native QRS axis or preprocedure QRS duration
was determined using linear regression. Correlation between
QRS narrowing and type of cardiomyopathy was deter-
mined using one-way analysis of variance, whereas
normalization was evaluated using Fisher’s exact test. An-
alyses were performed using Systat Software, version 13
(San Jose, California).

Results

Of the 41 patients studied, 29 patients fulfilled study
criteria (including strict LBBB as defined previously) and
were included in the study (Figure 5). Sixteen patients were
men and 13 were women. The frontal plane axis of 9 pa-
tients ranged from % 60" to % 80", 10 from % 40" to 0", and
10 from þ 1" to þ 90" (Table 1).

In 24 of the 29 study patients (83%), HBP resulted in
some degree of QRS narrowing, whereas 21 of 29 patients
(72%) showed complete QRS normalization, as defined by a
postprocedure QRS duration of $ 120 ms. Overall, the mean
QRS duration from preprocedure to postprocedure
decreased from 160 # 16 ms to 115 # 36 ms, respectively
(p <0.0001). Figure 6 depicts the change in QRS duration
from pre-to post-HBP procedure. Mean preprocedure QRS
duration in patients who had QRS normalization was 155 #
21 ms compared with those with no significant change or
incomplete normalization with a mean preprocedure QRS
duration of 171 # 8 ms (p ¼ 0.014), as shown in Figure 6.
Mean QRS narrowing in patients with nonselective (n ¼ 8)
versus selective (n ¼ 21) HBP was 68 # 26 versus 36 #
33 ms (p ¼ 0.024).

Across the study population, there was no correlation
between preprocedure QRS axis and postprocedure percent

Figure 3. His bundle lead placement and QRS response to pacing. (A)
Fluoroscopy image after His bundle lead placement. Also shown are the RV
defibrillator lead and the RA lead. The fluoroscopic image is shown in the
AP projection. (B) Representative example of 12-ECG showing QRS nar-
rowing pre-HBP and post-HBP. AP ¼ anteroposterior; RA ¼ right atrial;
RV ¼ right ventricular.
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Figure 1. His-Purkinje anatomy and theory of longitudinal dissociation. (A)His-Purkinje anatomy with longitudinal dissociation. Fibers are longitudinally oriented
and “predestined” from theHis bundle to the bundle branches. (B)Proximal LBBB,where the block is before the exit of anyfibers of the LPF. (C)Distal LBBB,where
some of the LPF fibers have exited before the level of the block. Sketch adapted from Rosenbaum. AVN ¼ atrioventricular node; HB ¼ His bundle; LAF ¼ left
anterior fascicle.

Figure 2. Strict criteria for complete LBBB. Sample 12-lead ECG of patient who meets strict LBBB criteria. In this example male patient, the QRS duration is
>140 ms, there is an RS in lead V3, and there is mid-QRS slowing/notching in leads V1, V2, V5, and V6.

528 The American Journal of Cardiology (www.ajconline.org)

Figure 6. Relation between QRS axis, duration, and QRS narrowing with HBP. (A) Pre-HBP and post-HBP QRS duration for all included study patients. (B)
Relation between QRS normalization and baseline QRS duration. (C) Correlation between QRS axis and percent QRS narrowing. (D) Correlation between
QRS axis and change in QRS duration. (E) Correlation between baseline pre-HBP QRS duration and percent QRS narrowing.
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Left bundle branch block (LBBB) causes asynchronous
contraction of the left ventricle (LV), which may potentially
lead to eventual global LV dysfunction.1e4 Cardiac
resynchronization therapy has emerged as a technique to
overcome this electrical delay and has been associated with
a reduction in all-cause mortality and nonfatal heart failure
events.5e8 The idea of resynchronization and its clinical
benefits has been extrapolated to support His bundle pacing
(HBP) in patients with LBBB and cardiomyopathy. HBP
has been shown to achieve significant QRS narrowing, with
improved LV ejection fraction, New York Heart Association
functional class, and cardiopulmonary reserve.9 The mech-
anisms underlying HBP-mediated improvement in

conduction remain poorly understood and have been
explained by the concept of longitudinal dissociation that
fibers within the His bundle are predestined for the left and
right bundle branches (Figure 1). Given the well-described
anatomy of the proximal His-Purkinje system,10e12
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exiting into the left posterior fascicle (LPF) before the site of
block will result in earlier activation of the posterior-inferior
LV, and hence, a left or extreme left axis deviation
(Figure 1). Based on the concept of longitudinal dissociation
and the anatomy of the HB, we hypothesized that pre-
procedure extreme left axis deviation indicates distal His-
Purkinje block and a lower likelihood that HBP would
normalize the QRS duration.

Methods

The study was approved by the institutional review board
at the 3 centers. Data from 41 patients who underwent
permanent HBP at these sites were evaluated retrospectively
and included 17 patients from Geisinger Clinic (site 1), 14
from University of Vermont (site 2), and 10 from University
of California, Los Angeles (site 3). The study period
included 7 years of implantation (2008 to 2015). Patients
who met a strict criteria for complete LBBB (QRS duration
" 140 ms in men or 130 ms in women; a QS or RS in leads
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V1 or V3; and a mid-QRS slowing or notching in !2 of the
leads V1, V2, V5, V6, I, or aVL)13 had an indication for
pacing or cardiac resynchronization, and who underwent a
successful implantation of an HBP lead were included in
this study (Figure 2). Criteria for LBBB were made from a
standard 12-lead electrocardiogram (ECG; 25 mm/s paper
speed) or ECGs recorded using an electrophysiological
mapping system (CardioLab; GE Healthcare, Ohio).

After femoral venotomy, a multipolar catheter was
advanced to the region of the His bundle and used to map a
discrete His potential. Using standard lead and device im-
plantation techniques, a defibrillator lead was placed into the
right ventricle for patients undergoing cardiac resynchroni-
zation therapy device implantation. Next, using a SelectSite
C304 or C315 catheter system (Medtronic, Minneapolis,
Minnesota), a SelectSecure 3830 lead (Medtronic) was
secured to a site demonstrating a discrete His potential,
guided by the multipolar catheter (Figure 3). An atrial lead
and generator were placed in the standard fashion. Device
programming was at the discretion of the implanting
physician.

Of the patients who met study criteria, pre-HBP proce-
dure ECGs were evaluated by 2 blinded readers in an in-
dependent ECG core laboratory. Native QRS axis was
measured to the nearest 10", and preprocedure QRS duration
was measured to the nearest 10 ms. Postprocedure ECGs
were deidentified. The same 2 blinded readers measured
postprocedure QRS to the nearest 10 ms. Any discordant
measurements between readers were reread in a group
conference where a third blinded reader was present. On
postprocedure ECGs and electrophysiologic tracings, QRS
was measured from the onset of the first deviation from
baseline for selective HBP (after the His-ventricular, or
“HV”, interval) and from the onset of steepest deflection in
nonselective HBP (Figure 4).

The primary study outcome was the degree of QRS
narrowing with HBP (absolute narrowing and percent nar-
rowing) relative to the mean QRS axis in LBBB at baseline.
The secondary outcomes were the relation between QRS
narrowing and QRS axis, and the relation between QRS
narrowing and ischemic versus nonischemic
cardiomyopathy.

Data are expressed as mean # SD. All indexes reported
were measured from consistent tracings without artifact or
loss of capture. The study data were normally distributed,
and paired comparisons were made using the Student t test.
Data from !2 groups were compared using the one-way
analysis of variance. A p value $ 0.05 was considered sta-
tistically significant. Correlation between QRS narrowing
and mean native QRS axis or preprocedure QRS duration
was determined using linear regression. Correlation between
QRS narrowing and type of cardiomyopathy was deter-
mined using one-way analysis of variance, whereas
normalization was evaluated using Fisher’s exact test. An-
alyses were performed using Systat Software, version 13
(San Jose, California).

Results

Of the 41 patients studied, 29 patients fulfilled study
criteria (including strict LBBB as defined previously) and
were included in the study (Figure 5). Sixteen patients were
men and 13 were women. The frontal plane axis of 9 pa-
tients ranged from % 60" to % 80", 10 from % 40" to 0", and
10 from þ 1" to þ 90" (Table 1).

In 24 of the 29 study patients (83%), HBP resulted in
some degree of QRS narrowing, whereas 21 of 29 patients
(72%) showed complete QRS normalization, as defined by a
postprocedure QRS duration of $ 120 ms. Overall, the mean
QRS duration from preprocedure to postprocedure
decreased from 160 # 16 ms to 115 # 36 ms, respectively
(p <0.0001). Figure 6 depicts the change in QRS duration
from pre-to post-HBP procedure. Mean preprocedure QRS
duration in patients who had QRS normalization was 155 #
21 ms compared with those with no significant change or
incomplete normalization with a mean preprocedure QRS
duration of 171 # 8 ms (p ¼ 0.014), as shown in Figure 6.
Mean QRS narrowing in patients with nonselective (n ¼ 8)
versus selective (n ¼ 21) HBP was 68 # 26 versus 36 #
33 ms (p ¼ 0.024).

Across the study population, there was no correlation
between preprocedure QRS axis and postprocedure percent

Figure 3. His bundle lead placement and QRS response to pacing. (A)
Fluoroscopy image after His bundle lead placement. Also shown are the RV
defibrillator lead and the RA lead. The fluoroscopic image is shown in the
AP projection. (B) Representative example of 12-ECG showing QRS nar-
rowing pre-HBP and post-HBP. AP ¼ anteroposterior; RA ¼ right atrial;
RV ¼ right ventricular.
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BACKGROUND Biventricular pacing (Bi-V) is an important adjunctive treatment in advanced heart failure, but almost
one-third of patients experience no improvement with this therapy and are labeled as nonresponders. Adding a third

ventricular lead (Tri-V) has been shown to be feasible and provides favorable acute results when assessed by using

echocardiographic, hemodynamic, and clinical endpoints. However, the long-term effects of Tri-V pacing and how it

affects long-term survival remains unknown.

METHODS This single-center, propensity score–matched cohort study compared 34 patients with advanced heart failure

who underwent implantation with Tri-V devices versus 34 control subjects treated with Bi-V pacing. Clinical outcomes

during a median of 2,478 days (IQR: 1,183 to 3,214 days) were compared.

RESULTS Tri-V–treated patients compared with Bi-V–treated patients presented with a trend for shorter battery

longevity (time to box change, 1,758 ! 360 days vs. 1,993 ! 408 days; p ¼ 0.072). Incidence of lead dislodgement (Tri-V

vs. Bi-V, 0.86 vs. 1.10 per 100 patient-years; p ¼ 0.742), device-related infection (Tri-V vs. Bi-V, 1.83 vs. 1.76 per 100
patient-years; p ¼ 0.996), and refractory phrenic nerve capture (Tri-V vs. Bi-V, 0.48 vs. 1.84 per 100 patient-years;

p ¼ 0.341) was comparable in the 2 groups. Episodes of ventricular arrhythmia requiring implantable cardioverter-

defibrillator intervention occurred more frequently in the Bi-V group versus the Tri-V group (6.55 vs. 16.88 per 100

patient-years; adjusted hazard ratio: 0.31; 95% confidence interval: 0.14 to 0.66; p ¼ 0.002). Lower all-cause mortality

and heart transplant was observed in the Tri-V group compared with the Bi-V group (6.99 vs. 11.92 per 100 patient-

years; adjusted hazard ratio: 0.44; 95% confidence interval: 0.23 to 0.85; p ¼ 0.015).

CONCLUSIONS Tri-V displayed a similar safety profile compared with Bi-V and was associated with potential

benefits regarding long-term survival and ventricular arrhythmia burden. (J Am Coll Cardiol EP 2016;2:825–35)
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C ardiac resynchronization therapy (CRT) has
emerged as one of the major developments
in the treatment of advanced heart failure,

providing symptom relief and improved survival
benefit (1–3). Unfortunately, almost one-third of pa-
tients experience no improvement with this therapy
and are labeled as nonresponders (4).

Standard CRT consists of biventricular pacing (Bi-V)
from the right ventricle and coronary sinus (CS) aiming
to correct electrical dyssynchrony/delayed activation
of the lateral left ventricular (LV) wall (5). There are
many variables that determine patient outcome to
CRT, including differences in regional myocardial
response to pacing, scar burden and degree of
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that to obtain sufficient antiarrhythmic effects, the
pacing site should be positioned in the latest sites of
activation that may be responsible for the develop-
ment of re-entrant tachyarrhythmia. Pacing in a site
nondelayed region can result in either no effects or
pro-arrhythmic effects (22). Therefore, pacing with an
additional lead could be beneficial in the latter group
(pro-arrhythmic LV lead positioning) by making con-
duction more uniform or provide penetration of the
wavefront into the re-entrant circuit, making the
circuit less likely to develop sustained VTs. Our data
show a reduction in ventricular arrhythmia events,
mostly monomorphic VTs (events in the VT zone),
which support the hypothesis of Tri-V pacing having
some antiarrhythmic effect on these re-entrant
circuits.

The impact of the third ventricular lead position to
provide optimal resynchronization is a factor that still
needs to be investigated, as previous studies have
either included individuals with 2 RV leads (14) or 2
anterolateral branches of the CS leads (6,11,18). In our
small cohort, the 2 groups are represented (group A
and group B), with no difference observed in major
clinical outcomes. However, this outcome needs to be
interpreted with caution because our study was not
powered to show minor differences among the 2
strategies of lead placement. Therefore, the compa-
rable outcomes observed with both configurations,
which in theory may lead to different electrophysio-
logical and structural remodeling overtime, may be
coincidental.

Behar et al. (23) recently reported the potential
impact of the new quadripolar anterolateral branch
of the CS leads on survival. Therefore, it would be
important to ascertain whether multisite and multi-
polar LV pacing leads provide similar benefit, as the
latter could be advantageous from the perspective
that with fewer leads and material used, a shorter
duration procedure would be needed. Therefore, the
risk of complications such as lead dislodgement,
lead failure, and infection would theoretically be
lower.

The 3 currently ongoing randomized controlled tri-
als (TRIUMPH CRT [Triple-site Bi-Ventricular Stimu-
lation in the Optimization of CRT; NCT02350842],
STRIVE HF [Standard Care Versus Tri-Ventricular
Pacing in Heart Failure; NCT02529410], and Efficacy
and Safety of Multisite Cardiac Resynchronization
Therapy; NCT01966016), are feasibility studies,
assessing the improvement in echocardiography pa-
rameters with Tri-V devices. Randomized clinical
trials of Tri-V pacing versus Bi-V devices assessing
clinical outcomes should be the next step for this
promising approach. It would be of utmost importance

to know if Tri-V can further improve the results of
conventional CRT (Bi-V) in patients with broad com-
plex QRS (particularly those who are classified as
nonresponders to Bi-V pacing) or whether Tri-V pacing
has a role in CRT devices in the population of patients
with advanced heart failure and a narrow QRS
complex.

STUDY LIMITATIONS. First, the results of this single-
center study should be interpreted carefully in view
of the small sample size and absence of randomiza-
tion. The use of propensity score matching provided
an appropriately matched control group, attempting
to minimize that issue. However, because small
samples can sometimes lead to misleading results,
our findings require validation in larger samples.
Second, some patients with narrow QRS complex
underwent implantation on the basis of echocardi-
ography dyssynchrony practice at the time, which
was abandoned after the landmark studies PROSPECT
(Predictors of Response to CRT) (24) and EchoCRT
(Echocardiography Guided Cardiac Resynchroniza-
tion Therapy) (25). However, groups were also

FIGURE 3 All-Cause Mortality and Heart Transplant During Follow-Up
(As-Treated Analysis)

CI ¼ confidence interval; HR ¼ hazard ratio.
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Bi-V device and died 2,244 days after the initial Tri-V
implant. A third patient, with a Tri-V device with 2 CS
leads, had phrenic nerve capture with one of the CS
leads, reason why he had to be programmed as a
standard CRT device with ICD (i.e., the CS lead with
phrenic nerve capture was switched off). This patient
died 68 days after the initial Tri-V implantation
procedure.

ARRHYTHMIC EVENTS. Almost one-half of patients
(47.1% [n ¼ 32]) experienced at least 1 VT/VF
episode requiring an appropriate ICD intervention
(incidence 9.70 per 100 patient-years; 95% confi-
dence interval [CI]: 7.91 to 11.84). These arrhythmia
episodes occurred more frequently in the Bi-V
group (Tri-V 6.55 per 100 patient-years; Bi-V 16.88
per 100 patient-years [p ¼ 0.019]; adjusted hazard
ratio [HR]: 0.31; 95% CI: 0.14 to 0.66; p ¼ 0.002)
(Figure 2).

The higher incidence of arrhythmic episodes in Bi-
V–treated patients was driven by a higher number of
arrhythmia episodes successfully terminated with
ATPs (Bi-V, 14.12 per 100 patient-years; Tri-V, 4.10 per
100 patent-years [p ¼ 0.008]). No significant differ-
ences were observed in the incidence of arrhythmia
episodes requiring termination with shock (Tri-V, 2.81
per 100 patient-years; Bi-V, 4.37 per 100 patient-years
[p ¼ 0.512]) (Table 3).

Bi-V pacing recipients presented more frequently
with ventricular arrhythmia episodes in the VT zones
requiring therapy (Bi-V vs. Tri-V, 52.9% vs. 29.4%;
p ¼ 0.049). The occurrence of episodes in the VF zone
requiring therapy was similar in both groups (Bi-V vs.
Tri-V, 14.7% vs. 11.8%; p ¼ 0.720). The occurrence of
arrhythmia storm was more frequent in the Bi-V
group (2.9% vs. 17.6%; p ¼ 0.046). One patient in
the Bi-V group underwent VT ablation.

The cumulative analysis of all ventricular
arrhythmia episodes revealed that Tri-V–treated pa-
tients presented with fewer sustained episodes in the
VT zone requiring ICD intervention (Tri-V vs. Bi-V,
0.8 " 1.7 vs. 3.8 " 7.4; p ¼ 0.027) and had a lower
incidence of VT requiring ATP termination (Tri-V vs.
Bi-V, 0.6 " 1.5 vs. 3.1 " 5.8; p ¼ 0.018). No differences
were observed regarding the incidence of detections
in the VF zone requiring ICD termination (Tri-V vs.
Bi-V, 0.4 " 1.6 vs. 0.3 " 0.9; p ¼ 0.707) or the number
of appropriate shocks for ventricular arrhythmias
(Tri-V vs. Bi-V, 0.6 " 2.1 vs. 1.0 " 2.7; p ¼ 0.551).

The incidence of inappropriate shocks was 1.84 per
100 patient-years (95% CI: 0.90 to 3.75) and was
similar in both treatment groups (Tri-V vs. Bi-V, 1.96
per 100 patient-years vs. 1.70 per 100 patient-years;
p ¼ 0.734). These occurred mostly in the setting of
AF (71.4%), with the remaining cases occurring as a
result of sinus tachycardia.

LONG-TERM SURVIVAL. During follow-up, 37 pa-
tients (16 Tri-V vs. 21 Bi-V recipients) died, and 1 pa-
tient of the Bi-V group underwent heart
transplantation. The overall incidence of all-cause
mortality or heart transplantation was 9.17 per 100
patient-years (95% CI: 6.75 to 12.33).

A trend for lower all-cause mortality and heart
transplantation was observed in the Tri-V group (Tri-V
vs. Bi-V, 6.99 per 100 patient-years vs. 11.92 per 100
patient-years; p ¼ 0.059). After adjustment, on mul-
tivariate Cox regression, treatment with Tri-V devices
(HR: 0.44; 95% CI: 0.23 to 0.85; p¼ 0.015) and ischemic
cardiomyopathy (HR: 2.54; 95% CI: 1.26 to 5.11;
p ¼ 0.009) were the only independent predictors of
all-cause mortality or heart transplant (Figure 3).

Intention-to-treat analysis comparing all 45 pa-
tients implanted with Tri-V devices compared with

TABLE 3 Study Outcomes: Comparison of Tri-V–Treated Versus Bi-V–Treated Patients

Incidence
(Per 100 Patient-Yrs)

Hazard Ratio 95% CI p ValueTri-V Bi-V

All-cause mortality and/or heart transplant 6.99 (4.35-11.05) 11.92 (0.80-17.39) 0.54 0.28–1.02 0.059

Heart transplant 0 (0-1.65) 0.54 (0.10-0.30) 0.14 0–139,801 0.605

All-cause mortality 6.99 (4.35-11.05) 11.38 (7.57-16.77) 0.57 0.30–1.10 0.096

Appropriate ICD intervention (ATP/shock) 6.55 (3.79-11.10) 16.88 (11.20-24.65) 0.42 0.21–0.87 0.019

ATP termination of VT/VF 4.10 (2.09-7.89) 14.12 (9.12-21.22) 0.32 0.14–0.75 0.008

Appropriate shock 2.81 (1.29-6.00) 4.37 (2.13-8.75) 0.69 0.23–2.07 0.512

Inappropriate shock 1.96 (0.77-4.93) 1.70 (0.58-4.89) 1.30 0.29–5.81 0.734

Device-related infection 1.83 (0.71-4.60) 1.76 (0.60-5.05) 1.00 0.22–4.54 0.996

Lead failure 0.86 (0.24-3.09) 1.10 (0.30-3.91) 0.72 0.10–5.11 0.742

Lead dislodgement 1.91 (0.74-4.80) 2.03 (0.87-4.66) 0.73 0.19–2.72 0.635

Refractory phrenic nerve capture 0.48 (0.08-2.65) 1.84 (0.55-4.67) 0.33 0.04–3.20 0.341

ATP ¼ antitachycardia pacing; CI ¼ confidence interval; ICD ¼ implantable cardioverter-defibrillator; VT/VF ¼ ventricular tachycardia/ventricular fibrillation.
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standard CRT device with ICD (i.e., the CS lead with
phrenic nerve capture was switched off). This patient
died 68 days after the initial Tri-V implantation
procedure.
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dence interval [CI]: 7.91 to 11.84). These arrhythmia
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group (Tri-V 6.55 per 100 patient-years; Bi-V 16.88
per 100 patient-years [p ¼ 0.019]; adjusted hazard
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TABLE 3 Study Outcomes: Comparison of Tri-V–Treated Versus Bi-V–Treated Patients

Incidence
(Per 100 Patient-Yrs)

Hazard Ratio 95% CI p ValueTri-V Bi-V

All-cause mortality and/or heart transplant 6.99 (4.35-11.05) 11.92 (0.80-17.39) 0.54 0.28–1.02 0.059

Heart transplant 0 (0-1.65) 0.54 (0.10-0.30) 0.14 0–139,801 0.605

All-cause mortality 6.99 (4.35-11.05) 11.38 (7.57-16.77) 0.57 0.30–1.10 0.096

Appropriate ICD intervention (ATP/shock) 6.55 (3.79-11.10) 16.88 (11.20-24.65) 0.42 0.21–0.87 0.019

ATP termination of VT/VF 4.10 (2.09-7.89) 14.12 (9.12-21.22) 0.32 0.14–0.75 0.008

Appropriate shock 2.81 (1.29-6.00) 4.37 (2.13-8.75) 0.69 0.23–2.07 0.512

Inappropriate shock 1.96 (0.77-4.93) 1.70 (0.58-4.89) 1.30 0.29–5.81 0.734

Device-related infection 1.83 (0.71-4.60) 1.76 (0.60-5.05) 1.00 0.22–4.54 0.996

Lead failure 0.86 (0.24-3.09) 1.10 (0.30-3.91) 0.72 0.10–5.11 0.742

Lead dislodgement 1.91 (0.74-4.80) 2.03 (0.87-4.66) 0.73 0.19–2.72 0.635

Refractory phrenic nerve capture 0.48 (0.08-2.65) 1.84 (0.55-4.67) 0.33 0.04–3.20 0.341

ATP ¼ antitachycardia pacing; CI ¼ confidence interval; ICD ¼ implantable cardioverter-defibrillator; VT/VF ¼ ventricular tachycardia/ventricular fibrillation.
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45 Bi-V–treated control subjects (Online Figure 1)
revealed lower all-cause mortality and heart trans-
plant in the Tri-V group (log rank p ¼ 0.027; HR: 0.55;
95% CI: 0.32 to 0.94; p ¼ 0.029).

Subanalyses regarding baseline QRS width and
presence/absence of AF and their impact on the
overall survival of these patients (Online Figures 2
and 3) suggest a possible benefit of Tri-V pacing in
these subsets of patients (Online Appendix). Assess-
ment of the type of Tri-V modality (group A or group
B) and interaction with survival and arrhythmic
events suggests that the location of the third ven-
tricular lead in the Tri-V group (whether RV or ante-
rolateral branch of the CS) does not seem to affect the
incidence of all-cause mortality or heart transplant,
nor the ventricular arrhythmia profile (Online
Figures 4 to 7).

DISCUSSION

We observed a potential benefit of Tri-V pacing
compared with standard Bi-V pacing in long-term
survival, ventricular arrhythmia burden, and need

of ICD interventions. In addition, the incidence of
safety-related events or complications with Tri-V was
comparable to standard BI-V devices, with a low
incidence of lead failure, lead dislodgment, and
infections.

To the best of our knowledge, this study is the first
demonstrating an impact of Tri-V on long-term clin-
ical outcomes. Previous studies have reported a
potential improvement in patients’ heart failure
symptoms (New York Heart Association functional
class and quality of life score on the Minnesota Living
With Heart Failure questionnaire [7,10,11], peak oxy-
gen consumption [10], 6-min walking distance [7,10])
and hemodynamic (increase in dP/dT and cardiac
output [12–14]) benefit, as well as echocardiographic
evidence of reverse remodeling (improvement in
LVEF [6,7,10], LV dimensions [7], and intraventricular
synchrony [10]).

Bi-V pacing is believed to improve synchrony in
patients with left bundle branch block by enhancing
myocardial recruitment through simultaneous stim-
ulation of the LV free wall and septum, thus reducing
regional dispersions of delayed activation. However,
both the hemodynamic response and progression of
the depolarizing wavefront can be affected by the
conduction properties of the myocardium (15). The
location and extent of myocardial scarring may also
influence response to Bi-V because scarred regions
can prevent or delay progression of the activation
wavefront and the synchronized engagement of
viable tissue, or if scarring is extensive, there may be
inadequate volume of healthy myocardium recruited
to improve hemodynamics (16,17). The potential
advantage of Tri-V pacing and the mechanism un-
derlying the observed clinical and echocardiographic
benefit may reside in the possibility of direct stimu-
lation of wider regions of myocardial tissue simulta-
neously, or allowing the depolarization wavefront to
bypass regions of slow conduction or scar and
reaching previously delayed or remote sites more
quickly (7).

Ogano et al. (18) have also suggested that Tri-V
pacing might affect repolarization indexes (e.g., cor-
rected QT interval, transmural dispersion of repolar-
ization) and therefore exert antiarrhythmic effects
leading to a reduction in ventricular arrhythmia (18).
Other contributory factors can be LV reverse remod-
eling itself, as previously suggested in the MADIT-
CRT study (19), and reduction of dispersion of
refractoriness. It has been previously suggested that
Bi-V pacing can prevent or reduce the induction of
VT/VF (20,21). However, this outcome seems to
depend on the position of the pacing site, in relation
to the slow conduction area. It has been suggested

FIGURE 2 Incidence of Appropriate ICD Intervention Over Time in Bi-V– and
Tri-V–Treated Patients

CI ¼ confidence interval; HR ¼ hazard ratio; ICD ¼ implantable cardioverter-defibrillator;
other abbreviations as in Figure 1.
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TRAINING FOR LEADLESS PACEMAKER 
IMPLANTATION
One important consideration is the manner of elabora-
tion of this novel technology beyond the clinical trials 
to clinical practice. With regard to the physicians that 
should be performing leadless pacemaker implantation, 
it probably matters less the type (electrophysiologist, 
nonelectrophysiologist pacemaker-implanting cardi-

ologist, or cardiac surgeon), but it is important for the 
physician to have the necessary skills: (1) technical, 
particularly catheter experience including vascular ac-
cess/management, and catheter manipulation within the 
heart, and (2) cognitive, such as pacemaker indications, 
programming, and troubleshooting. Given that the skills 
for acute device retrieval overlap with those for device 
implantation, it is less necessary to have experience with 
lead extraction, a somewhat specialized skill. Of course, 

Figure 3. Overview of leadless cardiac device concepts.
In this figure, an overview of leadless device concepts is displayed. For bradycardia pacing, leadless device concepts include leadless 
single-chamber and dual-chamber pacemakers, consisting of communicating leadless modules. Single-chamber leadless pacing is 
currently available. The subcutaneous implantable cardioverter defibrillator (S-ICD) currently provides defibrillation therapy without using 
a transvenous lead. Future concepts include adding a leadless pacing component to the S-ICD capable of providing both brady- and an-
titachypacing therapy. Furthermore, leadless cardiac resynchronization therapy concepts include self-contained or externally powered 
leadless pacers in the right atrium, right ventricle, and left ventricle (LV). Once combined with an S-ICD, this system could provide lead-
less cardiac resynchronization therapy. In the middle, a future universal leadless device concept is portrayed consisting of communicat-
ing leadless pacing components placed in the right atrium, right ventricle and left ventricle, an S-ICD, coupled with a pulmonary pres-
sure monitor providing CRT-D therapy and heart failure monitoring in 1 leadless device system that has the potential to further optimize 
cardiac device management therapy. CRT-D indicates cardiac resynchronization therapy device; and CRT-P, cardiac resynchronization 
therapy pacemaker. Adapted from Miller et al55 and Gold MR56 with permission of the publisher. Copyright © 2015, Elsevier, Inc.
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Fleur V.Y. Tjong, MD
Vivek Y. Reddy, MD

ABSTRACT: A new technology, leadless pacemaker therapy, was recently 
introduced clinically to address lead- and pocket-related complications in 
conventional transvenous pacemaker therapy. These leadless devices are 
self-contained right ventricular single-chamber pacemakers implanted by using 
a femoral percutaneous approach. In this review of available clinical data on 
leadless pacemakers, early results with leadless devices are compared with 
historical results with conventional single-chamber pacing. Both presently 
manufactured leadless pacemakers show similar complications, which 
are mostly related to the implant procedure: cardiac perforation, device 
dislocation, and femoral vascular access site complications. In comparison 
with conventional transvenous single-chamber pacemakers, slightly higher 
short-term complication rates have been observed: 4.8% for leadless 
pacemakers versus 4.1% for conventional pacemakers. The complication 
rate of the leadless pacemakers is influenced by the implanter learning curve 
for this new procedure. No long-term outcome data are yet available for the 
leadless pacemakers. Larger leadless pacing trials, with long-term follow-up 
and direct randomized comparison with conventional pacing systems, will be 
required to define the proper clinical role of these leadless systems. Although 
current leadless pacemakers are limited to right ventricular pacing, future 
advanced, communicating, multicomponent systems are expected to expand 
the potential benefits of leadless therapy to a larger patient population.

Permanent Leadless Cardiac Pacemaker Therapy
A Comprehensive Review
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Although current leadless pacemakers are
limited to right ventricular pacing, future
advanced, communicating, multicomponent
systems are expected to expand the potential
benefits of leadless therapy to a larger
patient population

Reddy V, Tjong FVJ – Circulation, 2017

Leadless CRT



•  Synchronized 

•  Targeted LV pacing 
• Phased Array Ultrasound Transmitter 

is Implanted in Intercostal Space

• Receiver Electrode (RE) is Implanted in 
LV endocardium

• Converts ultrasound energy to 
electrical pulse.

WISE Technology
Leadless LV Endocardial pacing

• SELECT LV Study* 
– Prospective, non randomized 

study with LV pacing pellet
– 35 patients who failed 

conventional CRT
– Early data looks good

• SOLVE-CRT underway
* Reddy V et al. HRS 2015, *  Singh JP,  JACC: Clinical EP August 2015 
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Feasibility, safety, and short-term outcome
of leadless ultrasound-based endocardial left
ventricular resynchronization in heart failure
patients: results of the Wireless Stimulation
Endocardially for CRT (WiSE-CRT) study
Angelo Auricchio1*, Peter-Paul Delnoy2, Christian Butter3, Johannes Brachmann4,
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Aims Left ventricular (LV) endocardial pacing may address the limitations in the selection of an LV pacing site and provide
improvements in cardiac resynchronization therapy (CRT) effectiveness. We report on the feasibility, the safety, and
the short-term outcome of a leadless ultrasound-based technology for LV endocardial resynchronization in heart
failure (HF) patients enroled into the Wireless Stimulation Endocardially for CRT (WiSE-CRT) study.

Methods
and results

Seventeen HF patients were enroled and categorized as: (i) patients in whom attempted coronary sinus lead implantation
for CRT had failed (n ¼ 7); (ii) patients with a previously implanted CRT device, not responding to CRT (n ¼ 2); and
(iii) patients with previously implanted pacemakers or implantable cardioverter-defibrillator and meeting the standard
indications for CRT (n ¼ 8). System implantation was achieved in 13 patients (76.5%); mean R-wave amplitude was
5.6+ 3.2 mV and the mean pacing threshold was 1.6+1.0 V, respectively. In one patient, no sufficient pacing thresholds
were found; in three patients pericardial effusion occurred. Biventricular pacing was recorded in 83% and 92% of the
patients at 1 month and 6 months, respectively. QRS duration was shorter during biventricular pacing compared with
right ventricular pacing at 1 month (241 ms; P ¼ 0.0002) and 6 months (242 ms; P ¼ 0.0011), respectively. At the
6-month follow-up, two-thirds of the patients had at least one functional class change. Left ventricular ejection fraction
significantly increased (P , 0.01) by 6 points at the 6-month follow-up.

Conclusion The feasibility of providing an endocardial stimulation for CRT with a leadless technology was successfully demonstrated.
Despite the promising results for a novel technology, further study is required to definitively conclude the safety and the
performance of the system.
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Aims Left ventricular (LV) endocardial pacing may address the limitations in the selection of an LV pacing site and provide
improvements in cardiac resynchronization therapy (CRT) effectiveness. We report on the feasibility, the safety, and
the short-term outcome of a leadless ultrasound-based technology for LV endocardial resynchronization in heart
failure (HF) patients enroled into the Wireless Stimulation Endocardially for CRT (WiSE-CRT) study.

Methods
and results

Seventeen HF patients were enroled and categorized as: (i) patients in whom attempted coronary sinus lead implantation
for CRT had failed (n ¼ 7); (ii) patients with a previously implanted CRT device, not responding to CRT (n ¼ 2); and
(iii) patients with previously implanted pacemakers or implantable cardioverter-defibrillator and meeting the standard
indications for CRT (n ¼ 8). System implantation was achieved in 13 patients (76.5%); mean R-wave amplitude was
5.6+ 3.2 mV and the mean pacing threshold was 1.6+1.0 V, respectively. In one patient, no sufficient pacing thresholds
were found; in three patients pericardial effusion occurred. Biventricular pacing was recorded in 83% and 92% of the
patients at 1 month and 6 months, respectively. QRS duration was shorter during biventricular pacing compared with
right ventricular pacing at 1 month (241 ms; P ¼ 0.0002) and 6 months (242 ms; P ¼ 0.0011), respectively. At the
6-month follow-up, two-thirds of the patients had at least one functional class change. Left ventricular ejection fraction
significantly increased (P , 0.01) by 6 points at the 6-month follow-up.

Conclusion The feasibility of providing an endocardial stimulation for CRT with a leadless technology was successfully demonstrated.
Despite the promising results for a novel technology, further study is required to definitively conclude the safety and the
performance of the system.
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description of the study system and of the implant procedure has
beenprovided previously.14 Inbrief, following the insertionof a steer-
able sheath/catheter delivery system into the LV by using a percutan-
eous aortic retrograde approach, pacing–sensing mapping of the LV
anterolateral wall was performed during site selection (Figure 1);
tissue viability was confirmed by using intracardiac electrogram and
by pacing threshold done with an external electrophysiology (EP)
stimulator connected to the electrode before its release (Figure 1).
Two criteria have been adopted to assess a suitable pacing site: (i)
an R-wave during the sinus rhythm above 5 mV15 and the pacing
threshold margin being at least 50% of the maximum device output
(3 V). The LV electrode was attached to the ventricular wall with
an anchor-style fixation barb (Figure 1). This fixation mechanism
greatly reduces tissue trauma as was demonstrated in the pre-clinical
studies.16 After the implant of the electrode onto the LV, the

transmitter and the battery were positioned in subcutaneous
pockets, and additional pace–sense testing was performed
(Figure 1). After the observation of the biventricular pacing on the
12-lead EKG, the transmitter and the battery were sutured and the
respective pocket closed (Figure 1).

System performance and clinical
outcomes
All intra-, peri-, and post-operative complications or adverse events
were reviewed and adjudicated by the CEC, which also functioned as
a Safety Review Board. Changes in the clinical status, the echocardio-
graphic parameters, and the system performance were evaluated at
regular follow-up intervals (1, 3, and 6 months).

Figure1 (A) The threekeystepsduring the deliveryof theLVelectrode. In Step #1, the tip of thedeliverysystem is gently advanced to touch the LV
wall, then the cathode still connected to an external electrophysiology stimulator assesses the pacing threshold. The intracardiac electrogram shows
the current of the injury. The R-wave and the pacing thresholds are recorded in a conventional manner. In Step #2, the electrode is advanced out of
the sheath to anchor the LV electrode to the LV endocardium; then in Step #3, the mechanism holding the LV electrode is released. (B) An X-ray
imaging of an implanted electrode, the dimensions of the LV electrode are given (C), the attachment to the LV wall (D) in a goat specimen, and the full
endothelialization of the receiver in a goat specimen (E).16 (F ) A typical operation of the WICS-LV system is presented. The pacing spike of the
co-implants (RA and RV) is detected (second line); within the 10 ms following the RV spike detection, the WiCS ultrasound output system starts
the LV targeting with very short impulses (third line). Once the transmitter is electronically optimally aligned, a longer ultrasound wave is emitted
which is converted into the pacing energy and the LV activation (third line). Finally, (G) shows a chest and an abdomen X-ray of the CRT-D in the left
subclavicular region; RA lead; RV lead; and LV lead in the CS, the WiCS transmitter (volume: 13 cc; thickness: 7 mm), receiver, and the pulse gen-
erator battery (volume: 40 cc; thickness: 11 mm; weight: 70 g); also shown is a MitraClip.
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25+4.0% vs. 6 months: 31+7.0%, P , 0.01). Phrenic nerve
stimulation by the study device was never reported.

Safety
There were 19 SAE occurring within 6 months of the study proce-
dures, most of these (12 events, 63%) were comorbidities that
were neither procedure-related nor system-related. Seven of these
events were adjudicated to be procedure-related in six patients
(35%). As noted above, there were three peri-procedural pericardial
effusionevents thatoccurred; onepatient deathoccurredwith oneof
these events. One SAE occurred as a groin haematoma. In two
events, a transmitter position revision was needed due to the loss
of the biventricular pacing. One battery replacement was performed
during one of the transmitter revisions. As noted above, one other
battery replacement was needed but not performed.

Discussion
To the best of our knowledge, the current manuscript represents the
first feasibility, performance, and short-term evaluation study for
a novel leadless endocardial LV resynchronization device to treat
HF patients with an abnormal QRS complex. The study demon-
strateda significant subjective improvementof the patients functional
status and a significant increase of the LVEF. Since the procedures on
the patients with advanced HF carry a certain peri- and post-
procedural morbidity and mortality risk, these results should be
interpreted in the context of the patient population that was
treated. The patients in this study had several demographic
characteristics that distinguished them from a typical CRT patient
population: some patients were non-responders to CRT, and some
had failed at least one conventional LV lead implantation attempt.
Hence, the patients in this population had limited options for any
other implantable device therapy. Moreover, a significant proportion
of the patients had ischaemic cardiomyopathy, a group of the CRT

patients who usually show minor EF increase at follow-up after the
therapy. The pacing effect obtained with the WICS-LV system pro-
vided better haemodynamics than the pacing from the epicardial
surface by the CS in those chronic non-responders to CRT,
whereas the increase in the LVEF in the ischaemic patients was com-
parable with those observed for the other CRT patient groups and
in the other CRT trials showing the response in the LVEF. Whether
these short-term effects will sustain over time remains to be
determined.

Advantages of endocardial pacing
Several previous pre-clinical and human acute studies have shown
that pacing at the optimal individual LV endocardial site yields
enhanced LV performance in comparison with conventional CS
site stimulation.9 – 13 In a canine model of the left bundle branch
block, van Deursen et al.9 showed an enhanced contractile function
during the endocardial LV pacing compared with the conventional
epicardial CRT regardless of the pacing site. These effects were
ascribed to a faster impulse conduction in the subendocardial myo-
cardium. Spragg et al.11 demonstrated that CRT delivered at the
best LV endocardial sites is more effective than via pre-implanted
CS lead pacing. However, the location of the optimal LV endocardial
pacing varies among patients with ischaemic cardiomyopathy, and
individual tailoring may improve CRT efficacy in such patients.
Similarly, Padeletti et al.13 found that the magnitude of the haemo-
dynamic benefits because of the endocardial LV pacing varied
widely with the position of the pacing lead. Indeed, the optimal LV
pacing site seemed specific to each patient and was not predicted
by the anatomical position. Taken all together, these results
support the premise that the endocardial LV pacing constitutes an
alternative approach to the cardiac stimulation treatment when the
conventional CS pacing is not viable.

Another significant advantage of endocardial pacing is represented
by the absence of phrenic nerve stimulation. Phrenic nerve
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stimulation by the study device was never reported.

Safety
There were 19 SAE occurring within 6 months of the study proce-
dures, most of these (12 events, 63%) were comorbidities that
were neither procedure-related nor system-related. Seven of these
events were adjudicated to be procedure-related in six patients
(35%). As noted above, there were three peri-procedural pericardial
effusionevents thatoccurred; onepatient deathoccurredwith oneof
these events. One SAE occurred as a groin haematoma. In two
events, a transmitter position revision was needed due to the loss
of the biventricular pacing. One battery replacement was performed
during one of the transmitter revisions. As noted above, one other
battery replacement was needed but not performed.

Discussion
To the best of our knowledge, the current manuscript represents the
first feasibility, performance, and short-term evaluation study for
a novel leadless endocardial LV resynchronization device to treat
HF patients with an abnormal QRS complex. The study demon-
strateda significant subjective improvementof the patients functional
status and a significant increase of the LVEF. Since the procedures on
the patients with advanced HF carry a certain peri- and post-
procedural morbidity and mortality risk, these results should be
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whereas the increase in the LVEF in the ischaemic patients was com-
parable with those observed for the other CRT patient groups and
in the other CRT trials showing the response in the LVEF. Whether
these short-term effects will sustain over time remains to be
determined.

Advantages of endocardial pacing
Several previous pre-clinical and human acute studies have shown
that pacing at the optimal individual LV endocardial site yields
enhanced LV performance in comparison with conventional CS
site stimulation.9 – 13 In a canine model of the left bundle branch
block, van Deursen et al.9 showed an enhanced contractile function
during the endocardial LV pacing compared with the conventional
epicardial CRT regardless of the pacing site. These effects were
ascribed to a faster impulse conduction in the subendocardial myo-
cardium. Spragg et al.11 demonstrated that CRT delivered at the
best LV endocardial sites is more effective than via pre-implanted
CS lead pacing. However, the location of the optimal LV endocardial
pacing varies among patients with ischaemic cardiomyopathy, and
individual tailoring may improve CRT efficacy in such patients.
Similarly, Padeletti et al.13 found that the magnitude of the haemo-
dynamic benefits because of the endocardial LV pacing varied
widely with the position of the pacing lead. Indeed, the optimal LV
pacing site seemed specific to each patient and was not predicted
by the anatomical position. Taken all together, these results
support the premise that the endocardial LV pacing constitutes an
alternative approach to the cardiac stimulation treatment when the
conventional CS pacing is not viable.

Another significant advantage of endocardial pacing is represented
by the absence of phrenic nerve stimulation. Phrenic nerve
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2.7 m
m

12.7 mm

3.6 mm Woven polyester 
outer jacket

0.05 cc, 0.12 g

Cathode

• Attached to LV endocardium with 5 barb fixation anchor
• Woven polyester outer jacket

– Enhanced endothelialisation
– Minimised risk of thromboembolic events

WiSE CRT SystemWiSE CRT System
ElectrodeElectrode  



WISE (Wireless Stimulation  
Endocardially Technology)  

System

W ireless pacing by transmitting  
ultrasonic energy from pulse generator  
transmitter implanted SQ to a receiver  
electrode in theLV



WISE (Wireless  
Stimulation  

Endocardially  
Technology) System

JACC 2017 69;17.

Prospective multicenter 35 pts failed  
CRT implant/non-responders  
Successful implant:97%

Improvement in HF CCSin 85% pts  
Positive CRT Echo (reduction in  
LVESV >15%): 52% pts at6M

Complications: 8.6% pts at 24 hrs
22% at 24 hr – 1M





Newer pacingstrategies
Epicardial (Access to greater number of LV sites)

New leads (Xiphoid approach, Improved  
Thoracoscopic access)

Endocardial (More physiological activation of LV)  
Improved transseptal/endocardial technology
WISE technology(SOLVE-CRT)

Multisite Pacing (Improve intra LV synchrony)  
2 CS leads (1 CS & 1 epicardial)

Multipoint Pacing (MORE CRT Trial, MPPregistry)  
Integration of CRT pacing

CRT & LVAD, Cardiac contractility modulation (CCM),  
Baroreflex activationtherapy

Future of CRT



Summary

CRT Response: Inadequate and unpredictable
CRT Non-response can be attributed to many factors  
LV lead placement is important
Patient specific not anatomical based LV Lead placement
Target the site of maximal electrical delay or maximal  
mechanical delay
Quadripolar LV leads: Standard of care
MPP or multisite LV lead pacing if single site not effective
Newer technologies may favor greater CRT response by  
LV endocardial pacing compared to standard transvenous  
CS pacing


