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Aims Several studies have evaluated the use of electrically- or imaging-guided left ventricular (LV) lead placement in cardiac re
synchronization therapy (CRT) recipients. We aimed to assess evidence for a guided strategy that targets LV lead position 
to the site of latest LV activation.

Methods 
and results

A systematic review and meta-analysis was performed for randomized controlled trials (RCTs) until March 2023 that eval
uated electrically- or imaging-guided LV lead positioning on clinical and echocardiographic outcomes. The primary endpoint 
was a composite of all-cause mortality and heart failure hospitalization, and secondary endpoints were quality of life, 6-min 
walk test (6MWT), QRS duration, LV end-systolic volume, and LV ejection fraction. We included eight RCTs that comprised 
1323 patients. Six RCTs compared guided strategy (n = 638) to routine (n = 468), and two RCTs compared different guiding 
strategies head-to-head: electrically- (n = 111) vs. imaging-guided (n = 106). Compared to routine, a guided strategy did not 
significantly reduce the risk of the primary endpoint after 12–24 (RR 0.83, 95% CI 0.52–1.33) months. A guided strategy was 
associated with slight improvement in 6MWT distance after 6 months of follow-up of absolute 18 (95% CI 6–30) m between 
groups, but not in remaining secondary endpoints. None of the secondary endpoints differed between the guided strategies.

Conclusion In this study, a CRT implantation strategy that targets the latest LV activation did not improve survival or reduce heart failure 
hospitalizations.

* Corresponding author. Tel: +45 4014 2318. E-mail address: daniel.fyenbo@clin.au.dk
† The first two authors contributed equally to the study.
© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
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Graphical Abstract

Keywords Cardiac resynchronization therapy • Targeting left ventricular lead position • Guided • Electrically • Imaging • Latest 
activation • Echocardiographic outcomes • Clinical outcomes

What’s new?

• This was a comprehensive meta-analysis and systematic review with 
additional data from included trials comparing targeted (electrically- 
or imaging-guided) to routine left ventricular (LV) lead positioning.

• Compared to routine LV lead positioning, a targeted strategy did not 
reduce the risk of all-cause mortality or heart failure hospitalization 
up to 24 months of follow-up.

• A targeted strategy yielded a numerically small improvement in 
walking distance at 6-month follow-up, but did not improve quality 
of life, reduce QRS duration, or lead to left ventricular reverse re
modelling as compared to routine LV lead positioning.

Introduction
Cardiac resynchronization therapy (CRT) is a guideline-recommended 
therapy for patients with symptomatic heart failure (HF), left ventricu
lar (LV) ejection fraction (EF) ≤ 35%, and prolonged QRS duration des
pite optimal medical treatment.1 Despite its well-established effect on 
effect on morbidity and mortality,2 only one-third of eligible patients re
ceive a CRT device,3 and up to one-third of those patients derive no 

measurable benefit from CRT.4 The LV lead position has been identified 
as an important determinant of favourable CRT outcome5 and obser
vational data support positioning the LV lead towards the non-apical 
posterolateral region.6–8 An LV lead position discordant with the site 
of latest activation or within myocardial scar has been associated 
with increased long-term mortality.9 Therefore, individualized strat
egies have been proposed to identify and target the optimal LV lead 
position i.e. the site of the latest activation free from myocardial scar. 
Targeted LV lead positioning can be achieved by imaging modalities 
identifying the latest mechanical activation or by electrophysiological 
mapping identifying the latest electrical activation. Previous randomized 
controlled trials (RCTs) had relatively small sample sizes and reported 
diverging results.10–17 Five reviews and meta-analyses18–22 have been 
published previously. These are however subject to limitations including 
missing data and dissimilar study selection. Therefore, it remains un
answered if a targeted strategy is superior to routine LV lead position
ing and if so, whether electrically- or imaging-guided LV lead positioning 
is the best strategy.

In this systematic review and meta-analysis, we aimed primarily to as
sess evidence for a guided strategy for CRT that targets LV lead position 
to the site of latest LV activation, and secondarily to assess evidence be
tween the strategies. We hypothesized that a targeted strategy would 
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be superior to routine LV lead positioning in terms of clinical and echo
cardiographic parameters, and we hypothesized that electro- and 
imaging-guided LV lead placement would provide similar improvements.

Methods
Sources
We designed this systematic review and meta-analysis according to 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines and registered the review protocol with the 
International Prospective Register of Systematic Reviews (PROSPERO, 
registration number CRD42022355716). The primary endpoint was a com
posite of all-cause mortality and HF hospitalization. Secondary endpoints 
were changes in Minnesota Living with Heart Failure Questionnaire 
(MLHFQ) score, 6-min walk test (6MWT) distance, QRS duration, LV end- 
systolic volume (ESV), and EF. An online literature search of PubMed and 
EMBASE databases was performed from inception through 1 March 
2023, using the Medical Subject Heading (MeSH) terms ‘cardiac resynchro
nization therapy’, ‘guided’, ‘targeted’, ‘positioning’, ‘placement’, and ‘latest 
activation’ with no restrictions on publication dates, language, or article 
type. The search was performed independently by two authors (D.B.F. 
and H.L.B.).

Study selection
Randomized controlled trials comparing targeted LV lead positioning to 
routine LV lead positioning, or comparing different targeting strategies, 
were eligible if they included patients with LV EF ≤ 35%, QRS duration  
≥ 120 ms, and New York Heart Association (NYHA) functional classes 
II–IV. Trials were eligible if they reported on the primary or any secondary 
endpoints.

The study selection followed an independent screening of titles and ab
stracts, and a full-text review by two authors (D.B.F. and H.L.B.) using the 
online platform Covidence (Melbourne, Australia). Disagreements were re
solved by consensus or via consultation with a third author (M.H.J.P.F or 
J.C.N.) when necessary. Finally, the reference lists of included RCTs were 
also reviewed for additional potentially relevant studies.

All pre-defined data of interest from the included RCTs were extracted 
by two independent authors (D.B.F. and H.L.B.) using the module 
Extraction 2.0 (Covidence, Melbourne, Australia). The corresponding 
authors of all included trials were contacted to inquire additional data 
that were not reported in the original papers to limit missing data and to 
enable robust endpoint analysis.

Two authors (D.B.F. and H.L.B.) assessed study quality using the Jadad 
quality scale, which evaluates randomization, blinding, and accounting of 
all patients.23 A score of 0–2 reflects low quality, a score of 3–4 indicates 
moderate quality, and a score of 5 represents a high-quality study.23

Statistics
Values are reported as mean ± standard deviation (SD) for continuous vari
ables and number (%) for categorical variables. If a study did not report 
or provide the pairwise change from baseline to follow-up in mean ± SD, 
we estimated the value using available baseline and follow-up values in ac
cordance with the Cochrane Handbook for Systematic Reviews of 
Interventions.24 Intention-to-treat meta-analyses were conducted for all 
outcomes of interests that were reported in at least two RCTs. For each 
outcome, we report an overall estimate for trials investigating a targeted 
strategy compared to routine positioning. This estimate comprises trials 
that investigated imaging-guided strategy compared to routine and trials in
vestigating electrically-guided strategy compared to routine. Separately, we 
report an overall estimate for trials that compared the two guiding strat
egies head-to-head i.e. electrically- compared to imaging-guided strategy. 
Categorical outcomes were pooled and presented as a risk ratio (RR) 
with 95% confidence interval (CI), while continuous outcomes were pooled 
and presented as mean difference (MD) with 95% CI and illustrated in forest 
plots. Heterogeneity was assessed using a standard χ2 test and the I2 statis
tic, with significance set at P < 0.05 and I2 > 50%, respectively. Recognizing 
the diversity of the trials regarding design, intervention, follow-up time, and 
outcomes, meta-analyses were performed using a DerSimonian–Laird 

random-effects model. Publication bias was estimated by visual inspection 
of funnel plots. A two-tailed P < 0.05 was considered statistically significant. 
All statistical analyses were performed in Stata (StataCorp, TX, USA).

Results
Study characteristics
The literature search strategy retrieved a total of 457 studies (Figure 1). 
Titles and abstracts were reviewed, and 39 articles were subject to full- 
text assessment. This yielded a total of eight studies eligible for inclusion 
in the meta-analysis. Of these, six RCTs11–14,16,17 contributed additional 
data not published previously in the original publications or subsequent 
analyses, and two RCTs could not contribute additional data10,15 (see 
Supplementary material online, Table S1). The present meta-analysis 
comprised a total of 1323 patients. Six RCTs compared a targeted 
LV lead placement (n = 638 patients) to routine LV lead placement 
(n = 468 patients),10–15 and two RCTs compared electrically- (n =  
111 patients) with imaging-guided (n = 106 patients) LV lead place
ment.16,17 Study characteristics are summarized in Table 1, and patient 
baseline characteristics in Table 2.

All-cause mortality and heart failure 
hospitalization
Five studies reported the primary composite endpoint of all-cause mor
tality and HF hospitalization at an intermediate follow-up time; two 
studies after 12 months,14,15 one study after 21 months,11 and two 
studies after 24 months.12,13 This yielded a total of 160 events. We 
found an estimated reduction of 17% in the primary composite end
point at 12 to 24 months of follow-up but it did not reach statistical sig
nificance (RR 0.83, 95% CI 0.52–1.33, Figure 2). The primary composite 
endpoint was also reported after 6 months of follow-up, where 
no benefit of a targeted strategy was observed compared to routine 
positioning (RR 0.92, 95% CI 0.57–1.48; see Supplementary material 
online, Figure S1).12–14 In the two studies comparing electrically- 
vs. imaging-guided strategies, there was a difference favouring 
imaging-guided strategy within the first 6 months (RR 3.43, 95% CI 
1.16–10.17; see Supplementary material online, Figure S1), while no 
data were available beyond this follow-up. No sign of publication bias 
was found in any of the analyses (see Supplementary material online, 
Figures S2 and S3).

Quality of life, exercise capacity, and QRS 
duration
Quality of life assessed by MLHFQ score was available from all studies. 
Targeted LV lead positioning provided no additional improvement in 
quality of life (absolute MD −1 point, 95% CI −6 to 4, Figure 3A). 
Similar results were found in the two studies comparing electrically- 
vs. imaging-guided LV lead implantation (absolute MD 0 points, 95% 
CI −5 to 6, Figure 3A).

Improvement in 6MWT was examined in five studies comparing tar
geted vs. routine LV lead placement.10–14 There was a small difference 
between the two strategies favouring targeted LV lead positioning (ab
solute MD 18 m, 95% CI 6–30, Figure 3B). There was a similar difference 
between electrically- vs. imaging-guided LV lead placement (absolute 
MD 15 m, 95% CI −6 to 35, Figure 3B), but this did not reach statistical 
significance.

Absolute QRS reduction after 6 months was examined in three stud
ies comparing targeted vs. routine strategy,11,12,14 and two studies com
paring electrically- vs. imaging-guided strategy, but none of them 
showed a difference between the strategies (absolute MD −1 ms, 
95% CI −6 to 4 and absolute MD 0 ms, 95% CI −6 to 6, respectively; 
see Supplementary material online, Figure S4).
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No sign of publication bias was found in any of the analyses (see 
Supplementary material online, Figures S5–S7).

Echocardiographic improvement
There were no differences between the targeted strategy and routine 
LV lead implantation in terms of absolute increase in LV EF (absolute 
MD 1%, 95% CI −1 to 2, Figure 4A). At 6 months, there was a slightly 
larger absolute difference in relative LV ESV reduction favouring a 
targeted strategy compared to routine but it did not reach statistical 
significance (absolute MD −5 percentage point, 95% CI −10 to 1, 
Figure 4B). Similar results were found between electrically- 
vs. imaging-guided strategies for both LV EF and LV ESV (Figures 4A 
and B). Both LV EF and LV ESV analyses were without signs of 
publication bias (see Supplementary material online, Figures S8 and S9, 
respectively).

Remote left ventricular lead placement
Five studies comparing targeted vs. routine LV lead positioning re
ported on de facto LV lead position and relation to the latest LV acti
vated area.10–14 This analysis showed a reduced risk of remote LV 
lead positioning in the patients randomized to targeted LV lead place
ment (RR 0.60, 95% CI 0.47–0.76, see Supplementary material online, 
Figure S10). No publication bias was found (see Supplementary 
material online, Figure S11).

Discussion
We found no differences in the primary composite endpoint of all-cause 
mortality and HF hospitalization, as well as in the secondary endpoints of 
quality of life, QRS reduction, or echocardiographic parameters favouring 

targeted as compared to routine LV lead positioning. We observed a 
statistically significant but numerically relatively small difference in the im
provement of walking distance 6 months post-implant in favour of tar
geted LV lead positioning.

The primary composite endpoint was reported at various time 
points in the studies. Only three studies reported on the endpoint with
in the first 6 months post-implant, yielding a total of eight deaths and 
20 HF hospitalization.12–14 With this small number of events, the result 
favouring an imaging-guided strategy as compared to an electrically- 
guided strategy may not necessarily pertain to the overall CRT popula
tion. In our meta-analysis, five studies comparing targeted and routine 
LV lead implantation reported on the primary composite endpoint at 
12, 21, or 24 months, comprising an intermediate follow-up time. 
Unfortunately, intermediate follow-up data from the studies comparing 
the electrically- and imaging-guided strategies head-to-head were not 
available. It is debateable whether a potential difference between strat
egies on hard endpoints would be evident at an intermediate follow-up 
time of 12–24 months, or if any benefit would only show on long-term 
follow-up. In a recent patient-level combined analysis of ‘The Speckle 
Tracking Assisted Resynchronization Therapy for Electrode Region’ 
(STARTER) and ‘Cardiac Resynchronization Therapy Guided by 
Echocardiography, MRI, and CT Imaging’ (CRT Clinic) with a total of 
289 patients followed for a median of 6.3 years, the authors found a re
duced risk of all-cause death and HF hospitalization among patients with 
imaging-guided LV lead implantation,25 mainly driven by a reduced risk 
of HF hospitalization. In contrast, the recent long-term follow-up of 
‘Multimodality Imaging-guided Left Ventricular Lead Placement in 
Cardiac Resynchronization Therapy’ (ImagingCRT) with a median 
follow-up of 6.7 years reported no difference in this composite end
point between the imaging-guided and control group (hazard ratio 
1.22, 95% CI 0.83–1.81).26 This divergence between the long-term 
follow-up studies may be due to several factors. First, the long-term 

565 studies identified by
litterature search

108 dublicates removed

457 total unique studies
screened

418 studies irrelevant

39 studies passed
title/abstract screening

8 studies included for
meta-analysis

31 studies excluded

21 were not original articles
8 were not randomized controlled trials

2 were not targeted to latest activation site

Figure 1 Literature search and study selection.
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follow-up of STARTER and CRT Clinic included 187 patients 
from STARTER between 2005 and 2011 and 102 patients from 
CRT Clinic between 2012 and 2017. The positive effect of a targeted 
strategy reported in this long-term follow-up study may partly be ex
plained by the larger proportion of patients and risk time from the 
STARTER population, in which the control group may have been trea
ted differently from the control groups in more recent studies. Second, 
the modalities used for the targeting strategy differed; STARTER used 
speckle-tracking echocardiography, while CRT Clinic and ImagingCRT 
used multimodality imaging. Third, none of the trials were sufficiently 
powered for these long-term outcomes.

Among the additional clinical endpoints, we observed a small but 
statistically significant longer 6MWT distance after 6 months of follow- 
up in patients having targeted LV lead implantation. It is, however, de
bateable whether an absolute difference of 18 m reflects a meaningful 
clinical difference.

Implantation of a CRT device usually induces QRS narrowing be
cause of a faster electrical activation of the ventricles. In this 
meta-analysis, we did not observe any additional change in QRS dur
ation when utilizing a targeted compared to routine strategy, or be
tween the electrically- vs. imaging-guided targeting strategies. Studies 
applied dissimilar inclusion criteria regarding QRS morphology: the 
early ‘Targeted Left Ventricular Lead Placement to Guide Cardiac 
Resynchronization Therapy’ (TARGET) and STARTER trials included 
any patient with prolonged QRS duration > 120 ms irrespective of 
QRS morphology, while the ‘Targeted Left Ventricular Lead 
Implantation Strategy for Non-Left Bundle Branch Block Patients’ 
(ENHANCE-CRT) study included patients exclusively with 
non-LBBB, and most patients in CRT Clinic, ImagingCRT, and ‘Radial 
Strain Imaging-guided Lead Placement for Improving Response to 
Cardiac Resynchronization Therapy in Patients with Ischaemic 
Cardiomyopathy’ (Raise CRT) trials had LBBB (74%, 86%, and 74%, re
spectively). Considering the superior effect of CRT in classic LBBB com
pared to non-LBBB, this heterogeneity may have masked any potential 
beneficial effect of targeted positioning in patients with LBBB.8

On echocardiographic parameters, we observed no significant differ
ence between targeted and routine LV lead implantation, or between 
electrically- vs. imaging-guided targeting strategies. The TARGET and 
STARTER trials, published in 2012 and 2013 respectively, reported sig
nificantly improved, or a tendency towards more pronounced LV re
modelling with a targeted strategy, while the later studies were all 
neutral, with mean differences in these parameters close to zero. 
The studies were published over an approximate 10-year timespan, 
comprising changes in patient selection criteria, medical therapy and 
guideline recommendations, implant experience, and evolution in 
methodology and technical equipment. This development could have 
reduced the risk of remote lead positioning with routine positioning, 
thereby diminishing the potential additional effect that can be achieved 
by employing a targeted strategy.

Among the studies included, we did find a reduced risk of having the 
LV lead implanted in a remote position to the latest mechanically acti
vated site as compared to a concordant/adjacent position. When in
specting the Forest Plot (see Supplementary material online, 
Figure S10), this effect size seems to gradually abate in more recent 
studies, supporting the notion that routine positioning in the control 
group improved over time. A reduced risk of all-cause death was found 
in patients with concordant/adjacent LV lead position to optimal pacing 
sites in both STARTER, TARGET, and CRT Clinic.10,11,13 This beneficial 
effect persisted in the substudy of TARGET with a follow-up of median 
39 months, where the authors found that suboptimal LV lead place
ment independently predicted all-cause mortality (HR 1.8, 95% CI 
1.08–3.04).27 Similar results were found in sub-studies from the 
STARTER population and CRT Clinic.13,28,29

One of the major determinants of the measurable effect of CRT is LV 
lead position in a non-scarred area30 with an electromechanical 
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substrate,31 which also seems related to reduced arrhythmogenicity.32

To target this optimal LV lead position, several guidance techniques 
have been investigated, including the strategies included in this 
meta-analysis. The imaging-guided strategy is costly and time- 
consuming, especially if including multimodality-imaging techniques. In 
contrast, the electrically-guided strategy without the need for pre- 
procedural imaging may present a more feasible option. However, 
we could include only two small studies with no longer than 6 months 
of follow-up comparing the two strategies, and these results thus 
should be interpreted very cautiously. Both studies used the local LV 
electrical delay (QLV) measured by invasive electrophysiological map
ping to target the site of latest electrical activation. The QLV was pre
viously shown to be associated with favourable CRT response in the 
‘The SmartDelay Determined AV Optimization: A Comparison to 
Other AV Delay Methods Used in Cardiac Resynchronization 
Therapy’ (SMART-AV) substudy,33 and Varma et al. recently showed 
that non-invasive three-dimensional electrical activation mapping to as
sess the QLV was a strong predictor for CRT response.34 In the substu
dy of ImagingCRT however, QLV was not able to discriminate between 
CRT responders and non-responders.35 Instead, a longer inter- 
electrical delay of ≥100 ms was found to be independently associated 
with more pronounced LV reverse remodelling after 6 months of 
follow-up,35 and was associated with reduced all-cause death and HF 
hospitalization during long-term follow-up.26 Other methods to assess 
electrical dyssynchrony have been investigated, including the body sur
face mapping and ECG belts.36,37 The ‘Electrocardiogram Belt 
Guidance for Left Ventricular Lead Placement and Biventricular 
Pacing Optimization’ (ECG Belt Trial) was a multicentre RCT with 
408 patients comparing the ECG Belt System (EBS)-guided LV lead im
plantation or routine CRT care, showing no added value of targeted po
sitioning.36 The EBS is a surface mapping system designed to measure 
electrical dyssynchrony of the LV, and not to specifically target the lat
est electrical activated region. Another recent study evaluated the im
pact of atrioventricular (AV) timing algorithms using non-invasive 

epicardial electrocardiographic imaging (ECGi).38 The authors found 
that dynamic AV delay programming targeting fusion with intrinsic con
duction significantly reduced electrical dyssynchrony, as quantified by 
ECGi and QRS duration for all evaluated pacing modes.38 In addition, 
optimization of CRT is associated with improved clinical and echocar
diographic outcomes when using intracardiac electrocardiograms, 
which are less time-consuming, as compared to echocardiography- 
based methods.39

Previous meta-analyses investigating targeted LV lead placement in 
CRT recipients have certain limitations.18–22 No previous 
meta-analyses included additional data by contacting the correspond
ing authors of original trials. This unavoidably entails some missing 
data, fewer reported endpoints, and fewer studies contributing data 
to each endpoint analysis. Hence, our meta-analysis with additional 
data from most included RCTs provides an extended and comprehen
sive perspective. The most recent meta-analysis is not in agreement 
with our results,22 which may be due to diverse study selection cri
teria. We decided only to include fully published RCTs, while the pre
vious meta-analysis prioritized to also include data from three 
abstracts; one with preliminary data from the recently published 
Raise CRT study,14 and two unpublished studies.40,41 Furthermore, 
the ‘A Multicenter Prospective Randomized Controlled Trial of 
Cardiac Resynchronization Therapy Guided by Invasive dP/dt″ 
(RADI-CRT) comparing haemodynamically-guided or routine LV 
lead placement based on invasive LV dP/dt measurements was in
cluded,42 as well as a study comparing surface ECG-guided LV lead 
placement with routine LV lead placement.43 These five studies re
ported results favouring a guided strategy as compared to routine 
CRT implantation, driving the potential difference between our two 
meta-analyses. The different study selection criteria applied by the dif
ferent meta-analyses provide valuable complementory insights into 
the field. Another recent meta-analysis reported solely on echocar
diographic parameters and NYHA functional class improvement,21

one investigated exclusively imaging-guided strategy compared to 
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routine positioning20 and two18,19 included non-randomized observa
tional studies,44–47 making them subject to risk of selection bias and 
residual confounding.

Limitations
This systematic review and meta-analysis is subject to several limitations, in
cluding the relatively small number of studies eligible for inclusion, particu
larly those comparing electrically-guided with imaging-guided LV lead 
implantation, and the variability of outcome measures and differences in 
techniques used to detect latest activated regions. Follow-up was in a clinical 
context short or moderate, and number of clinically hard endpoints not 
high. Only two of the eight studies included were multicentre studies, 
and therefore generalizability of the findings may be questioned. The 
CRT Clinic was terminated early due to equivocal results between study 
arms, which potentially could introduce bias.13 We included published 
data and additional data provided by investigators from six of eight included 
trials, but we did not use patient-level data as this was not available. Only 
intention-to-treat analyses were available. Patient-level analysis of outcomes 
stratified for remote vs. concordant lead position, LBBB, and QRS duration  
> 150 ms could have provided further insights but these data were not 
available. The present meta-analysis highlights the need for larger multicen
tre studies investigating the role of electrically- and imaging-guided strat
egies. Currently, two ongoing multicentre trials are comparing cardiac 
MRI-guided implantation with routine implantation (Clinical Trials, registra
tion numbers NCT03992560 and NCT05053568),48 and an ongoing 
multicentre trial is comparing electrically-guided LV lead implantation 
with routine implantation (Clinical Trials, registration number NCT0328 
0862).49 These larger trials will provide us with greater insights into targeted 
LV lead implantation and its impact on patient outcomes as compared with 
routine CRT implantation. Furthermore, the potential of alternative meth
ods for delivering CRT, including conduction system pacing and LV endocar
dial pacing, is being investigated and may form a new era in CRT if they turn 
out to be superior to conventional biventricular pacing.50

Conclusion
This comprehensive meta-analysis and systematic review suggests that 
a CRT implantation strategy that targets the latest LV activation does 
not improve survival or HF hospitalizations.
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