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Abstract: Cardiac resynchronization therapy (CRT) constitutes a cornerstone to the treatment of advanced dys-
synchronous heart failure (DyssHF); moreover it represents one of the few instances that a revolutionary approach 
was pursued, yielding previously unfathomable benefits to patients out of realistic therapeutic options. However, 
as is rather extensively established, nonresponse, or even negative response, to CRT continue to plague its course, 
precluding favourable effects in up to 40% of recipients, for a multitude of reasons. Given the scope of the issue of 
nonresponse, attempts to negate it by means of altering CRT delivery mode, and, more specifically, by introducing 
multipoint left ventricular pacing (MPP) have been focused on. Possible reasons for divergent trial results will be 
presented, as well as potential criteria for predicting whether MPP activation may reap additional benefits as com-
pared to conventional biventricular pacing (BVP). Finally, an alternative framework for approaching CRT in general 
will be put forward, including advancements which in the (near) future may once more revolutionise heart failure 
treatment.
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Introduction

Cardiac resynchronization therapy (CRT) aims 
to improve cardiac performance by reversing 
the deleterious effects of dyssynchrony that 
lead to belated activation of left ventricular 
myocardial segments. Currently, the presence 
and degree of dyssynchrony are determined by 
QRS morphology and duration (≥120 or ≥130 
msec per guidelines [1, 2]). Beyond the well-
known and intuitive mechanical effects of si- 
multaneous blood expulsion and benefits to 
energy efficiency of preventing early contrac-
tion against yielding sections, as well as late 
contraction of the latter from an unfavourab- 
le (in terms of Frank-Starling principle) over-
stretched initial condition, several additional 
pathways have been elucidated [3]. In short, 
applying CRT to dyssynchronous heart failure 
(DyssHF) improves cellular bioenergetics by al- 
tering expression levels of key cellular meta- 
bolism-related proteins, thus promoting aero-

bic glycolysis in mitochondria, and by allowing 
for restoration of myosin isomorphs expressi- 
on pattern. The crucial link between contractili-
ty and metabolomics appears to reside in the 
function of costameres, subsarcolemmal multi-
protein complexes that allow for crosstalk bet- 
ween cellular deformation/stretching and ener-
gy metabolism. CRT appears to reverse the del-
eterious effects of supraphysiological defor- 
mation/stretching observed in DyssHF, which 
would normally lead to energy reallocation to- 
wards cell sustenance and survival, forsaking 
function.

Consequently, it is not difficult to imagine, given 
the above effects of CRT, that a “the more the 
better” approach would be appealing and plau-
sible in overcoming the issue of nonresponse to 
CRT which plagues up to 40% of recipients [4, 
5]. Thus, generation of more activation fronts in 
the left ventricle, leading to more synchronized 
activation, as assessed mainly by means of 
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QRS duration shortening [6], and, less often,  
by mechanical dispersion reduction [7], would 
theoretically suffice to procure better short- 
and long-term results and outcomes than con-
ventional biventricular pacing (BVP) as a me- 
ans of CRT delivery. Of the attempts at gener- 
ating multiple left ventricular activation/con-
traction wavefronts, multisite and multipoint 
pacing were the most likely contenders for 
broad clinical use. However, due to the former’s 
requirement for an additional coronary venous 
branch catheterization, leading to unacceptab- 
le complication rates in the 20% range [8-13], 
along with the unavailability of differential pro-
gramming of the 2 left-sided leads (only a Y- 
connector was offered by the industry), multi-
point pacing (MPP) has emerged as the more 
likely potential solution to CRT underperfor- 
mance.

How does MPP differ from (conventional) BVP 
in terms of CRT delivery? Most importantly a 
modern quadripolar coronary sinus (CS) lead 
allows for both BVP and MPP delivery- and 
alternating between them, provided an appro-
priate generator is implanted. The defining fea-
ture is the generation of an additional left-sided 
pulse leading to formation of an additional acti-
vation wavefront [14]. Most commercially avail-
able MPP-capable devices offer the ability  
to program either “local” left ventricular di- 
poles (between poles both located on the CS 
lead) or “extended” ones (one pole on the CS 
and the other provided by the right ventricular 
coil-RVC) or a combination thereof. In theory, 
mixed dipole configurations lead to divergent 
activation planes, increasing myocardial mass 
capture/activation. Intraventricular (LV1-LV2 
pulse) and interventricular (LV2-RV pulse) 
delays are programmable (range 0-80 msec). It 
has been postulated that, should a local LV 
dipole be used, setting a higher-than-required 
output for the pulse may lead to anodal stimu-
lation, which, contrary to its occurrence in con-
ventional LV-RVring BVP configurations, is actu-
ally beneficial, inasmuch as it generates an 
additional activation wavefront in the LV. In 
fact, this may be occurring in almost half of BVP 
patients in whom a CS-only dipole is used for 
left ventricular pacing [15]. Finally, combination 
with preferential, anticipatory, left ventricular 
pacing [16], possible with both MPP and BVP 
modes, yields a fourth or even fifth LV acti- 
vation wavefront, through the interventricular 

septum fibres [17]. Obviously the above is not 
possible in cases of complete, “true”, left bun-
dle branch block or with high-degree atrioven-
tricular block when the RV must be paced. In 
this scenario, each local dipole accounts for 
two wavefronts (should anodal stimulation be 
conscientiously pursued), each extended one 
for a single wavefront, and septum fibres for the 
final one. Moreover, preventing iatrogenic right 
ventricular dyssynchrony has been shown to 
significantly improve patient performance sta-
tus and outcomes [18-20]. Indeed, noninvasive 
ECG-imaging techniques [21] have verified that 
in some (but not all) CRT recipients MPP does 
lead to faster LV activation (see below for 
interpretations).

On a more practical side, configuration possi-
bilities with MPP devices (dipole combinations, 
atrioventricular, intraventricular, and interven-
tricular delays, pairing with preferential LV pac-
ing) are starting to exceed the average HF  
and electrophysiology specialists’ capacity to 
select the unambiguously best one for a given 
DyssHF patient. Furthermore, the additional 
pulse, along with the tendency to overshoot  
the required threshold (see above) will shorten 
generator longevity. Indeed [22], MPP activa-
tion will shorten battery life by 5.6% if th- 
resholds are ≤1.5 V and by up to 16.9% for 
thresholds ≤4.0 V. A dubious solution to this 
issue would be programming LV pulses with  
the one with the higher threshold to be deliv-
ered first, allowing for better use of automa- 
tic capture management algorithms-however  
at the expense of optimal sequencing of LV 
activation.

Clinical evidence of MPP vs. BVP performance

Broadly, CRT-receivers candidates for MPP can 
be classified into 2 categories: i) those with 
more or less clear-cut intraventricular abnor-
malities, such as complete (true) left bundle 
branch (per Strauss criteria [23]) and ii) those 
with myocardium exhibiting complex conduc-
tion abnormalities. These groups display diver-
gent behaviour regarding additional MPP-as- 
sociated benefits, over those of traditional BVP. 
More specifically, in the former case, a single 
pulse distally to the line of block may suffice to 
adequately resynchronise the ventricule, whe- 
reas in the latter multiple wavefronts may be 
necessary to achieve the same effect-thus 
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dilated cardiomyopathy patients may fare suffi-
ciently well with BVP [24, 25], and ischaemic 
ones with MPP [26].

Concerning acute effects, despite encourag- 
ing initial findings for MPP effects on dP/dtmax, 
pressure-volume loop area, and left ventricular 
outflow tract integral [27-29], when compared 
with optimised BVP, optimised MPP showed a 
non-significant increase in pressure rise rate 
[30], with no discernible subgroup trends. On 
the other hand, initial studies used a rather 
rigid programming pattern, without any restric-
tion for dipole selection and combination, while 
setting intraventricular delay to 0 (simultane-
ous LV1 and LV2 pulses). In contrast, when 
there was an explicit search for maximal myo-
cardial mass capture, translated into evaluat-
ing those dipoles with the maximal anatomic 
pole separation, and a small intraventricular 
pulse delay was introduced (10 msec), it led to 
less synchrony but potentially more physiologi-
cal activation sequence [7]. As a matter of fact, 
significant improvements were noted in acute 
response rates (now defined as cardiac index 
increase ≥10%-85.2% vs. 62.9%, P<0.001 fa- 
vouring MPP) and mechanical left ventricular 
dyssynchrony, as assessed by maximal radial 
strain temporal dispersion (P=0.05 favouring 
MPP). Of note, correlation between acute ef- 
fects and outcomes, at least regarding BVP, 
has not been firmly established [17, 31].

Regarding long-term outcomes of MPP com-
pared to BVP, Pappone et al [32] were the first 
to report sustained superior response with 
MPP at 12 months, consisting of significantly 
greater reductions to end-systolic volume and 
increases to ejection fraction (-25% vs. -18% 
and +15% vs. +5%, respectively). However, 
response rates (end-systolic volume reduction 
≥15%) were not statistically significantly differ-
ent among pacing modality groups, although 
this could be attributable to small sample size 
(n=44 patients), given their absolute values 
(76% vs. 57%). Interestingly, although no clear 
trends were noted between LBBB presence 
and aetiology-based groups, those with isch-
emic cardiomyopathy exhibited a trend towards 
greater functional class improvement. MPP op- 
timisation method was quite laborious, using 
invasively determined dP/dt maximisation as 
guide, without any restrictions regarding dipo- 
le selection and intraventricular delay timing-

which in hindsight, and given other studies’ 
findings, may account for the similar MPP per-
formance regardless of LBBB presence and 
cardiomyopathy aetiology.

The pioneer trial of MPP pacing has been the 
randomised MultiPoint Pacing Trial [14], where 
it was shown that MPP is, in general, not inferi-
or to BVP in terms of non-responder rates at 3 
and 9 months and it was confirmed that MPP 
outcomes are heavily dependent on program-
ming. More specifically, should anatomic sepa-
ration be pursued defined as distance between 
cathodes of LV1 and LV2≥30 mm, thus lead- 
ing to pulses/wavefronts with markedly differ-
ent orientation, (even if LV pulses are practical-
ly synchronous, Δt=5 msec) significant improve-
ments are observed regarding responder sta-
tus at 9 months (92% vs. 65%, P<0.001) com-
pared to MPP using any other programming 
configuration. This held true despite the higher 
percentage of ischemic patients in the ana- 
tomic separation MPP group (65% vs. 43%, 
P=0.005). There was no direct comparison of 
MPPanatomic separation and BVP-although an ele- 
ment of bias could have existed, given that only 
patients with increases in mitral E/A integral 
with MPP were subsequently randomized. As 
put forward by the Authors the element of ana-
tomic separation may be crucial to achieving 
MPP superiority over BVP since, due to con-
cealed anodal stimulation, BVP may actually  
be similar to non-anatomic separation MPP in 
terms of wavefronts generated. Unfortunately, 
the recent MORE-CRT MPP trial [33] (544 ran-
domised patients) found only a trend of conver-
sion rate improvement with MPPanatomic separation 
compared with BVP (45.6% vs. 33.8%, P=0.10). 
Similar performance of the two modes was 
noted regarding mortality and end-systolic vol-
ume reduction. No subgroup effects were noted 
in the analysis. Smaller studies have neverthe-
less reported increased super-responder rates 
(end-systolic volume reduction ≥30%), com-
pared to dP/dtmax optimised BVP when the prin-
ciple of cathode anatomic separation is pur-
sued [34] (71% vs. 22%, P<0.005).

A signal for improved MPPanatomic separation perfor-
mance was reported in a post-hoc analysis [35] 
of the MultiPoint Pacing Trial regarding those 
with dilated left ventricles (left ventricular end-
diastolic volume index >1.1 ml/cm). However, 
the difference in the composite clinical score  
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(a combination of NYHA class, Patient Global 
Assessment, heart failure event, and cardio-
vascular death) was mainly driven by improve-
ments in patient quality of life, although posi-
tive trends were noted in the other parameters 
as well. This may be related to more pronounc- 
ed failure of BVP to rapidly capture a sufficient 
percentage of the dilated left ventricle, in whi- 
ch QRS is already widened due to increased 
dimension and mass [36].

More recently, another single-arm trial [37] 
attempted to compare outflow tract velocity-
time integral-optimised MPP and BVP and re- 
ported significant additional MPP effects regar- 
ding outflow tract velocity-time integral, 6-min 
walking distance, NYHA functional class, stroke 
volume, left ventricular ejection fraction, and 
right ventricular 2-dimensional strain-though 
no effects were noted regarding responder 
rates (based on end-systolic volume reduction 
≥15%). All patients initially received velocity-
time integral-optimised BVP for 6 months, sub-
sequently converting to similarly optimised 
MPP and being followed up for additional 6 
months. However, a point of criticism could be 
the absence of a control BVP group at 12 
months, to account for potential accumula- 
tion of late effects-as seen in the MORE-CRT 
MPP study [33]. The encouraging results came 
at the cost of laborious optimization, combin- 
ing both optimising vector selection, as well as 
LV2-RV delay. Other programming principles 
were a mixture of previous ones (similar to [7] 
regarding anatomic separation definition-thou- 
gh not obligatory, and similar to [14] regarding 
LV1-LV2 delay). Additional attempt for a combi-
nation of local and extended dipoles took place 
(thus, a similar effect to cathode separation 
could have been randomly achieved). Unexpec- 
tedly, a loss of available MPP dipoles in the 
20% range was reported, in stark contrast to 
previous studies [14].

A simple, noninvasive blood pressure measure-
ment can be a useful tool in assessing the 
effects of MPP configuration, optimising it, and 
comparing them to those of optimised BVP 
[26]. In a population with mostly non-ischaemic 
heart failure (75%) and LBBB presence (favour-
ing BVP as mentioned above), optimised MPP 
was associated with superior haemodynamic 
effects and increased response rates (althou- 
gh only 5 BVP patients were included in the 

analysis). Notably, in 58% of cases the optimal 
MPP configuration included delays >20 msec, 
as opposed to previous findings. Unfortunately, 
small patient number precluded any analysis 
regarding superiority of anatomical MPP pro-
gramming vs. electrical MPP programming (LV1 
earliest activated site during atrial pacing and 
LV2 the latest one) and vs. spatial MPP progr- 
amming (combination of a local and extended 
dipole as LV1 and LV2 pulses). However, anoth-
er study [38] reported that pressure-volume 
loop-optimised and empirically (with maximal 
cathode anatomical separation and minimal 
delay between pulses) programmed MPP yield-
ed similar 6-month results in terms of ejec- 
tion fraction improvement, responder rate, and 
functional status, without any effect of cardio-
myopathy type on findings.

In any case, atrioventricular delay optimiza- 
tion should not be overlooked, inasmuch as it 
may be crucial in allowing for the septal excita-
tion wavefront to contribute to cardiac resyn-
chronization by an additional 10% QRS dura- 
tion shortening, compared to optimal interven-
tricular delay settings [18] (BVP-only study, 
however findings applicable, in principle, to 
MPP as well). Several studies have indeed sh- 
own superiority of this approach as compared 
with obligatory RV pacing [19, 39-41]. Combin- 
ing meticulous optimal atrioventricular delay 
assessment by means of invasive pressure-
volume loop area maximisation and similarly 
optimized MPP and BVP pacing configurations, 
van Everdingen et al [24] reported that, in 43 
true LBBB patients, there was no difference 
regarding stroke work improvement (however, 
once more, LBBB presence as inclusion criteri-
on may have favoured BVP). Moreover, a wide 
interindividual variation regarding pacing pro- 
tocol necessary to optimise stroke work was 
noted, with no clear advantage of simultane- 
ous LV1 and LV2 delivery. Male sex and more 
severely depressed left ventricular function 
were the only predictors of favourable MPP 
effects vs. optimised BVP in multivariate analy-
sis, with ischemic cardiomyopathy only achiev-
ing significance in the univariate level. Another 
study [43] found that pursuing “multi-fusion 
pacing”, i.e. MPP (in this case with simultane-
ous LV1, LV2 and RV pulses) modified to allow 
for intrinsic septal activation (fused QRS), le- 
ads to significantly larger QRS duration reduc-
tion, as opposed to biventricular fusion pacing 
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(25.6% vs. 22%, P<0.05, nearly double the 
effect without fusion, 13.3% vs. 11.9%, P=NS).

Whether the combination of MPP and preferen-
tial LV pacing (allowing for intrinsic RV activa-
tion) may prove advantageous has not been 
tested so far, yet a relevant trial protocol has 
been published [44]. Theoretically, it would 
combine the best of all approaches: Multipoint 
LV activation (1-2 wavefronts from each LV1/
LV2 pulses-see above, plus 1 wavefront from 
septum if atrioventricular delay is optimized) 
along with normal, fast RV activation.

A recent (although prior to MORE-CRT MPP pub-
lication) meta-analysis [45] of MPP vs. BVP 
clinical outcomes [32, 46-55] (of note including 
one study [49] comparing quadripolar and bipo-
lar CS leads, not pacing modes) reported that  
MPP was associated with reduced heart fail-
ure-related hospitalisations (odds ratio 0.41, 
95% confidence interval 0.33-0.5), greater in- 
creases in ejection fraction (6.37%, 95% confi-
dence interval 3.6%-9.14%), and more than tri-
pled the response rate (odds ratio 3.64, 95% 
confidence interval 1.68-7.87). (The study in 
question was not included in the above met-
rics). Due to inclusion of the questionable study 
no conclusions can be drawn regarding total 
mortality, yet cardiovascular mortality appear-
ed significantly reduced with MPP (odds ratio 
0.21, 95% confidence interval 0.11-0.40).

A schematic comparison between MPP and 
classical BVP is shown in Table 1. To summa-
rize, it appears that, despite all its issues MPP 
remains a valuable tool in the treatment of 
DyssHF, possibly with significant untapped into 
potential. In short, clear-cut conduction abnor-
malities are sufficiently treated with BVP, whe- 
reas more dilated ventricles, with more pro-
nounced reduction of contractility, especially 
when ischemic in origin, may require MPP to 
ensure sufficient response rates. It should be 
highlighted that no definitive guidance can be 
offered and divergent findings of studies sh- 
ould be interpreted in the light of wildly differ- 
ing enrolee characteristics, optimisation-guid-
ing parameter(s), and MPP programming proto-
cols. Although a more arduous optimisation 
[37] process has led to benefits over BVP in a 
mixed ischaemic and non-ischaemic popula-
tion, no group has so far attempted to meticu-
lously study all potential temporal and spatial 
pulse and dipole configurations, not least due 

to logistics (an expert electrophysiologist, a 
technician, and a heart failure/imaging speci- 
alist are required), highlighting the extremely 
important role that accurate modelling of car-
diac contraction and the effects of interven-
tions will play in the future.

Synchrony versus sequence

The problem on non-response, or at least of 
absence of incremental benefit with MPP com-
pared to BVP, is present [33, 37], despite re- 
ports of the contrary [14]. Usual approaches  
to non-response [56] are also applicable with 
MPP, meaning that pacing percent issues 
should be resolved, compliance to therapy 
addressed, and atrioventricular synchrony opti-
mized, to name a few. Right ventricular pacing 
(and dyssynchrony) avoidance can be tackled 
by exploiting the potential for selective LV pac-
ing offered by contemporary devices. However, 
it is the Authors’ belief that evidence from liter-
ature presented herein point to a need for a 
more fundamental modification of CRT notion, 
if we are to improve response rates and make 
the most out of the future combinatorial app- 
roaches (see below).

An often neglected issue is that, in the most 
clinical meaning, CRT should be thought of as  
a work in progress, rather than a single-shot 
intervention that yields the maximal possible 
benefit at once. As myocardial segments are 
resynchronised, cellular energetics and contra- 
ctility recover and normal conduction anisotro-
py is restored (favouring fast coaxial rather 
than slow perpendicular activation wave propa-
gation in cardiomyocytes, and thus orderly and 
timely activation [57-59]). At the same time, 
and partially due to the above, afterload and 
ventriculoarterial coupling may change as well 
so repeated optimal dipole/delay configuration 
changes may needed to elicit further favour-
able remodelling and improved outcomes [60]. 
This perspective may explain the finding that a 
single optimisation attempt fails to deliver even 
when invasive parameters are used [38].

Our very perception of dyssynchrony and CRT 
may need to be modified. Dyssynchrony, or ra- 
ther a-synchrony (lack of synchrony as oppos- 
ed to bad synchrony) exists in every heart, and 
its magnitude is equal to the QRS duration. The 
heart achieves its remarkable efficiency by a 
strictly choreographed sequence of segment 
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Table 1. Comparison of the advantages and disadvantages of MPP and BVP
Feature BVP MPP
Clearly defined target population Several landmark trials have established the DyssHF population that 

may benefit from CRT in its classical BVP mode-however there is no 
certainty that these patients will benefit.

Although still unresolved, it appears that DyssHF patients with extensive, non-
specific intraventricular conduction abnormalities benefit more from multiple LV 
pulses which shorten LV activation time.
Of note, CRT devices from all major manufacturers are MPP-capable (not with the 
same options), allowing for easy transition if deemed necessary.

Complexity of implantation Identical.

Presence of suitable dipoles Almost always achievable (quadripolar leads). Usually achievable.
Due to constraints regarding dipole combination, although multiple BVP-suitable 
dipoles may be present, their serial use may be unfeasible.
Also, rates of MPP loss of up to 20% have been reported.

Ease of programming A basic setting has emerged that is often followed in practice-LV/RV 
pulses either simultaneous (nominal setting) of with up to 30 msec LV 
precedence.
However, regarding reaping maximal benefit, programming becomes 
exponentially more laborious/complex (see text for details).

There is no consensus regarding a basic setting that could be subsequently be 
improved upon.
This notwithstanding, most relevant trials have suggested opting for dipoles 
allowing for maximizing left ventricular myocardial mass capture, thus exploiting 
the innate advantage over BVP, and using minimal delay between LV pulses.
Moreover, achieving optimal settings is quite cumbersome and resource-inten-
sive (see text).

Acute effects In most studies with direct BVP-MPP comparison, the latter outperformed the former regarding acute hemodynamic effects, at least when basic settings 
(see above) were used.

Long-term effects Firmly established survival benefits, at least compared to pharmaco-
therapy.

Encouraging findings regarding reduced cardiovascular mortality and perfor-
mance status compared to BVP, even in their respective optimized modes (non-
randomized studies and meta-analyses).

Pairing with additional modalities (LV-only pacing, 
QRS fusion, magnetic resonance guidance)

Identical.
However, MPP offers more versatility and can better adapt to the suggestions of advanced LV output optimization approaches.

In general, MPP could be considered an enhanced version of conventional BVP, offering more options, especially when non-response remains an issue. Admittedly, the core issue of whether MPP should be pursued in patients with satisfac-
tory response to BVP cannot be resolved, inasmuch as there are randomized long-term trials of the two modalities.
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activation, many of which exhibit differing con- 
traction properties (e.g. different phosphoryla-
tion patterns in papillary muscle myosin allow 
for more protracted contraction to ensure pre-
vention of valvular regurgitation throughout 
systole [61]). The concepts of torsion and 
changes to chamber geometry to ensure 
smooth redirection of blood from the inflow to 
outflow tract, without vortices’ formation [62] 
are firmly established. Indeed, the concept of 
MPP is, in its core, rooted in the ability to more 
precisely and selectively, compared to BVP, 
sculpt the activation pattern of LV. However, the 
unending pursuit of the narrowest QRS may 
constitute a chimera precluding meaningful 
research to alternatives. Intriguingly, studies 
have reported that response to MPP is deter-
mined by the time to activation of 90% of car-
diomyocytes, not by final QRS duration [63], as 
opposed to previously reported [30]. More 
recently [64], absence of correlation between 
QRS duration and acute haemodynamic res- 
ponse with MPP has been reported. This has 
been interpreted as stemming from sacrificing 
sequence for synchrony (i.e. forsaking the most 
belatedly activated cardiomyocytes which-
since they most probably lie between fibrotic 
layers-would not offer any meaningful contribu-
tion to cardiac performance whatsoever). Fur- 
thermore, it has been noted that MPP acute 
effects are mediated by rotation of the QRS 
vector, indication a more left-dominated activa-
tion sequence [64] - possibly related to pres-
ence of more confluent activation wavefronts. 

Thus, perhaps it is time to rebrand CRT as 
Cardiac Resequencing Therapy, in order to hi- 
ghlight that efforts should be directed not to- 
wards bringing all segments’ activation togeth-
er, but towards elucidating the optimal activa-
tion sequence for a given failing heart. Obvious- 
ly for the most part and in most cases with pro-
nounced dyssynchrony QRS narrowing will be 
coterminous with improved cardiac remodell- 
ing and performance. However, given the level 
of experience and degree of resynchronization 
achieved with current means, as well as the, 
rarely seen, deleterious effects of CRT in some 
patients, it may be useful to clarify that proper 
(to the individual patient’s myocardium) se- 
quence of activation is potentially a sine qua 
non for further improving response and out- 
comes.

Future directions

Of all probable future solutions and improve-
ments to CRT, two stand out as having the 
power to radically redefine the field.

i. Untangling the issue of modeling

One of the major hurdles in simulating the 
effects of alternative activation sequences (di- 
pole and delay selection effects on a given 
myocardium with specific fibre orientation, scar 
localization and conduction velocity, all need-
ing to be included in a comprehensive model 
[65]) lies in the obscenely demanding, in terms 
of calculation power, requirements (often ex- 
ceeding 80 minutes for a single beat of a 
patient with the use of 127 processing cores 
[60]). Current computer designs simply cannot 
cope with the number of parameters and down-
stream domino of effects elicited by different 
BVP, let alone MPP programming patterns.

On the other hand, quantum computers [66] 
are poised by design to be incomparably supe-
rior to classical ones regarding optimization 
problems. Briefly, contrary to current proces-
sors’ need for evaluating each programming 
pattern in a serial manner, quantum computers 
take advantage of the phenomenon of quan-
tum entanglement between single “twin” elec-
trons’ spins and evaluate all possible soluti- 
ons simultaneously. Moreover, the potential for 
machine learning (i.e. predicting the best pro-
gramming for the optimal resequencing result 
for a given patient based on previous cases)  
is advanced considerably with quantum com-
puters. It is thus conceivable that, in the near 
future, findings from a high field intensity cardi-
ac magnetic resonance scan [67], determin- 
ing values for fibre orientation, scar location 
and conduction velocity per voxel will be insert-
ed to such a computer and a determination of 
the optimal device programming will be avail-
able in real time. In addition, in a more funda-
mental level, selection of the most appropriate 
target vein prior to device implantation may be 
assisted. 

ii. Illuminating the path to resynchronisation/
resequencing

Another problematic aspect of CRT lies in its 
finite ability to generate activation wavefronts, 
especially in comparison to the intrinsic con-
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duction system with the final branches of Pur- 
kinje fibres. A technology with the potential to 
reshape our approach to pacing and even defi-
brillation is optical pacing-i.e. pacing the heart 
with light [68]. Broadly, optogenetics is the sci-
ence of inserting light-sensitive ion channels  
to cardiomyocytes through use of viral vectors 
and then illuminating cardiomyocytes with light 
of the proper wavelength to induce depolariza-
tion. Given that areas of illumination of 1 cm2 
suffice for ventricular pacing [69], it is conceiv-
able that a significant number of wavefronts 
can be generated with sequential illumination 
through optical fibres of select myocardial 
areas-in fact, these areas, and their sequence 
of illumination, could in theory be modified if 
optimization requires so. Moreover, insertion  
of transmural implantable multi light-emitting 
diode optical probes [70] has been shown, in 
mice, to allow for transmural pacing, overcom-
ing poor penetration of light in the myocardial 
wall of larger animals. Finally, the conduction 
system itself can be specifically targeted and 
improve even more our ability to elicit the de- 
sired activation sequence of the heart, in an 
even more physiological manner [69].

Conclusions

Multipoint left ventricular pacing has offered 
significant improvements in the field of CRT 
regarding patient outcomes and response to 
therapy. However, it is plagued by difficulties  
in determining the right programming for the 
individual patient, and although general guid-
ance has been inferred by existing studies, the 
goal of personalised CRT remains elusive. De- 
spite this, the conceptual framework of CRT 
itself is poised for significant developments 
over the next years, ranging from improved 
evaluation tools (quantum computers) and de- 
livery methods (optical pacing), to redefining  
its very essence (resequencing as opposed to 
resynchronising).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Christina Chryso- 
hoou, First Department of Cardiology, National and 
Kapodistrian University of Athens, Hippokrateion 
General Hospital, 46 Paleon Polemiston Street, 166 
74 Glyfada, Attica, Greece. Tel: +30-2109603116; 

Fax: +30-2109600719; E-mail: chrysohoou@usa.
net

References

[1] Brignole M, Auricchio A, Baron-Esquivias G, 
Bordachar P, Boriani G, Breithardt OA, Cleland 
J, Deharo JC, Delgado V, Elliott PM, Gorenek B, 
Israel CW, Leclercq C, Linde C, Mont L, Pade-
letti L, Sutton R, Vardas PE; ESC Committee for 
Practice Guidelines (CPG), Zamorano JL, 
Achenbach S, Baumgartner H, Bax JJ, Bueno 
H, Dean V, Deaton C, Erol C, Fagard R, Ferrari 
R, Hasdai D, Hoes AW, Kirchhof P, Knuuti J, 
Kolh P, Lancellotti P, Linhart A, Nihoyannopou-
los P, Piepoli MF, Ponikowski P, Sirnes PA, Tam-
argo JL, Tendera M, Torbicki A, Wijns W, Wind-
ecker S; Document Reviewers, Kirchhof P, 
Blomstrom-Lundqvist C, Badano LP, Aliyev F, 
Bänsch D, Baumgartner H, Bsata W, Buser P, 
Charron P, Daubert JC, Dobreanu D, Faer-
estrand S, Hasdai D, Hoes AW, Le Heuzey JY, 
Mavrakis H, McDonagh T, Merino JL, Nawar 
MM, Nielsen JC, Pieske B, Poposka L, Ruschitz-
ka F, Tendera M, Van Gelder IC and Wilson CM. 
2013 ESC Guidelines on cardiac pacing and 
cardiac resynchronization therapy: the Task 
Force on cardiac pacing and resynchronization 
therapy of the European Society of Cardiology 
(ESC). Developed in collaboration with the Eu-
ropean Heart Rhythm Association (EHRA). Eur 
J Heart Fail 2013; 34: 2281-2329.

[2] Ponikowski P, Voors AA, Anker SD, Bueno H, 
Cleland JG, Coats AJ, Falk V, González-Juanat-
ey JR, Harjola VP, Jankowska EA, Jessup M, 
Linde C, Nihoyannopoulos P, Parissis JT, Pieske 
B, Riley JP, Rosano GM, Ruilope LM, Ruschitz-
ka F, Rutten FH and van der Meer P; Authors/
Task Force Members; Document Reviewers. 
2016 ESC Guidelines for the diagnosis and 
treatment of acute and chronic heart failure: 
the Task Force for the diagnosis and treatment 
of acute and chronic heart failure of the Euro-
pean Society of Cardiology (ESC) Developed 
with the special contribution of the Heart Fail-
ure Association (HFA) of the ESC. Eur J Heart 
Fail 2016; 37: 2129-2200.

[3] Antoniou CK, Manolakou P, Magkas N, Kon-
stantinou K, Chrysohoou C, Dilaveris P, Gatzou-
lis KA and Tousoulis D. Cardiac resynchronisa-
tion therapy and cellular bioenergetics: effects 
beyond chamber mechanics. Eur Cardiol 
2019; 14: 33-44.

[4] Birnie DH and Tang AS. The problem of non-
response to cardiac resynchronization therapy. 
Curr Opin Cardiol 2006; 21: 20-26.

[5] Díaz-Infante E, Mont L, Leal J, García-Bolao I, 
Fernández-Lozano I, Hernández-Madrid A, 



Multipoint left ventricular pacing

437 Am J Cardiovasc Dis 2021;11(4):429-440

Pérez-Castellano N, Sitges M, Pavón-Jiménez 
R, Barba J, Cavero MA, Moya JL, Pérez-Isla L 
and Brugada J. Predictors of lack of response 
to resynchronization therapy. Am J Cardiol 
2005; 95: 1436-1440.

[6] Corbisiero R, Mathew A, Bickert C and Muller 
D. Multipoint pacing with fusion-optimized car-
diac resynchronization therapy: using it all to 
narrow QRS duration. J Innov Card Rhythm 
Manag 2021; 12: 4355-4362.

[7] Osca J, Alonso P, Cano O, Andrés A, Miro V, 
Tello MJ, Olagüe J, Martínez L and Salvador A. 
The use of multisite left ventricular pacing via 
quadripolar lead improves acute haemody-
namics and mechanical dyssynchrony as-
sessed by radial strain speckle tracking: initial 
results. Europace 2016; 18: 560-567.

[8] Leclercq C, Gadler F, Kranig W, Ellery S, Gras D, 
Lazarus A, Clémenty J, Boulogne E and Daubert 
JC. A randomized comparison of triple-site ver-
sus dual-site ventricular stimulation in patients 
with congestive heart failure. J Am Coll Cardiol 
2008; 51: 1455-1462.

[9] Lenarczyk R, Kowalski O, Kukulski T, Prusz-
kowska-Skrzep P, Sokal A, Szulik M, Zielińska 
T, Kowalczyk J, Pluta S, Sredniawa B, Musialik-
Łydka A and Kalarus Z. Mid-term outcomes of 
triple-site vs. conventional cardiac resynchroni-
zation therapy: a preliminary study. Int J Cardi-
ol 2009; 133: 87-94.

[10] Lenarczyk R, Kowalski O, Sredniawa B, Prusz-
kowska-Skrzep P, Mazurek M, Jędrzejczyk-
Patej E, Woźniak A, Pluta S, Głowacki J and 
Kalarus Z. Implantation feasibility, procedure-
related adverse events and lead performance 
during 1-year follow-up in patients undergoing 
triple-site cardiac resynchronization therapy: a 
substudy of TRUST CRT randomized trial. J Car-
diovasc Electrophysiol 2012; 23: 1228-1236.

[11] Rogers DP, Lambiase PD, Lowe MD and Chow 
AW. A randomized double-blind crossover trial 
of triventricular versus biventricular pacing in 
heart failure. Eur J Heart Fail 2012; 14: 495-
505.

[12] Anselme F, Bordachar P, Pasquié JL, Klug D, 
Leclercq C, Milhem A, Alonso C, Deharo JC, 
Gras D, Probst V, Piot O and Savouré A. Sa- 
fety, feasibility, and outcome results of car- 
diac resynchronization with triple-site ventricu-
lar stimulation compared to conventional car-
diac resynchronization. Heart Rhythm 2016; 
13: 183-189.

[13] Bordachar P, Gras D, Clementy N, Defaye P, 
Mondoly P, Boveda S, Anselme F, Klug D, Piot 
O, Sadoul N, Babuty D and Leclercq C. Clinical 
impact of an additional left ventricular lead in 
cardiac resynchronization therapy nonrespon- 
ders: the V(3) trial. Heart Rhythm 2018; 15: 
870-876.

[14] Niazi I, Baker J 2nd, Corbisiero R, Love C, Mar-
tin D, Sheppard R, Worley SJ, Varma N, Lee K 
and Tomassoni G; MPP Investigators. Safety 
and efficacy of multipoint pacing in cardiac re-
synchronization therapy: the multipoint pacing 
trial. JACC Clin Electrophysiol 2017; 3: 1510-
1518.

[15] Abu Sham’a R, Kuperstein R, Barsheshet A, 
Bar-Lev D, Luria D, Gurevitz O, Bachar S, Eldar 
M, Feinberg M and Glikson M. The effects of 
anodal stimulation on electrocardiogram, left 
ventricular dyssynchrony, and acute haemody-
namics in patients with biventricular pacemak-
ers. Europace 2011; 13: 997-1003.

[16] Dilaveris P, Antoniou CK, Manolakou P, Ski-
adas I, Konstantinou K, Magkas N, Xydis P, 
Chrysohoou C, Gatzoulis K and Tousoulis D. 
Comparison of left ventricular and biventricu-
lar pacing: Rationale and clinical implications. 
Anatol J Cardiol 2019; 22: 132-139.

[17] Thibault B, Mondésert B, Cadrin-Tourigny J, Du-
buc M, Macle L and Khairy P. Benefits of multi-
site/multipoint pacing to improve cardiac re-
synchronization therapy response. Card Elec- 
trophysiol Clin 2019; 11: 99-114.

[18] Arbelo E, Tolosana JM, Trucco E, Penela D, Bor-
ràs R, Doltra A, Andreu D, Aceña M, Berruezo 
A, Sitges M, Mansour F, Castel A, Matas M, 
Brugada J and Mont L. Fusion-optimized inter-
vals (FOI): a new method to achieve the nar-
rowest QRS for optimization of the AV and VV 
intervals in patients undergoing cardiac resyn-
chronization therapy. J Cardiovasc Electro-
physiol 2014; 25: 283-292.

[19] Birnie D, Hudnall H, Lemke B, Aonuma K, Lee 
KL, Gasparini M, Gorcsan J 3rd, Cerkvenik J 
and Martin DO. Continuous optimization of 
cardiac resynchronization therapy reduces 
atrial fibrillation in heart failure patients: re-
sults of the adaptive cardiac resynchronization 
therapy trial. Heart Rhythm 2017; 14: 1820-
1825.

[20] Gasparini M, Birnie D, Lemke B, Aonuma K, 
Lee KL, Gorcsan J 3rd, Landolina M, Klepfer R, 
Meloni S, Cicconelli M, Grammatico A and Mar-
tin DO. Adaptive cardiac resynchronization 
therapy reduces atrial fibrillation incidence in 
heart failure patients with prolonged AV con-
duction: the adaptive CRT randomized trial. 
Circ Arrhythm Electrophysiol 2019; 12: 
e007260.

[21] Sieniewicz BJ, Jackson T, Claridge S, Pereira H, 
Gould J, Sidhu B, Porter B, Niederer S, Yao C 
and Rinaldi CA. Optimization of CRT program-
ming using non-invasive electrocardiographic 
imaging to assess the acute electrical effects 
of multipoint pacing. J Arrhythm 2019; 35: 
267-275.



Multipoint left ventricular pacing

438 Am J Cardiovasc Dis 2021;11(4):429-440

[22] García Guerrero JJ, Fernández de la Concha 
Castañeda J, Chacón Piñero A, Hidalgo Mar-
tínez C, Badie N, McSpadden L and Ryu K. Ex-
tending multipoint pacing CRT battery longevi-
ty by swapping left ventricular pulse configura- 
tions. J Interv Card Electrophysiol 2020; 57: 
481-487.

[23] Strauss DG, Selvester RH and Wagner GS. De-
fining left bundle branch block in the era of 
cardiac resynchronization therapy. Am J Cardi-
ol 2011; 107: 927-934.

[24] van Everdingen WM, Zweerink A, Salden OAE, 
Cramer MJ, Doevendans PA, Engels EB, van 
Rossum AC, Prinzen FW, Vernooy K, Allaart CP 
and Meine M. Pressure-volume loop analysis 
of multipoint pacing with a quadripolar left 
ventricular lead in cardiac resynchronization 
therapy. JACC Clin Electrophysiol 2018; 4: 881-
889.

[25] Borgquist R. One size doesn’t fit all: a closer 
look at the effects of multipoint pacing in car-
diac resynchronization therapy. JACC Clin Elec-
trophysiol 2018; 4: 890-892.

[26] Lercher P, Lunati M, Rordorf R, Landolina M, 
Badie N, Qu F, Casset C, Ryu K, Ghio S, Singh 
JP and Leclercq C. Long-term reverse remodel-
ing by cardiac resynchronization therapy with 
MultiPoint Pacing: a feasibility study of nonin-
vasive hemodynamics-guided device program-
ming. Heart Rhythm 2018; 15: 1766-1774.

[27] Thibault B, Dubuc M, Khairy P, Guerra PG, Ma-
cle L, Rivard L, Roy D, Talajic M, Karst E, Ryu K, 
Paiement P and Farazi TG. Acute haemody-
namic comparison of multisite and biventricu-
lar pacing with a quadripolar left ventricular 
lead. Europace 2013; 15: 984-991.

[28] Pappone C, Ćalović Ž, Vicedomini G, Cuko A, 
McSpadden LC, Ryu K, Romano E, Saviano M, 
Baldi M, Pappone A, Ciaccio C, Giannelli L, Io-
nescu B, Petretta A, Vitale R, Fundaliotis A, 
Tavazzi L and Santinelli V. Multipoint left ven-
tricular pacing improves acute hemodynamic 
response assessed with pressure-volume 
loops in cardiac resynchronization therapy pa-
tients. Heart Rhythm 2014; 11: 394-401.

[29] Rinaldi CA, Leclercq C, Kranig W, Kacet S, Bet-
ts T, Bordachar P, Gutleben KJ, Shetty A, Donal 
E, Keel A, Ryu K, Farazi TG, Simon M and Naqvi 
TZ. Improvement in acute contractility and he-
modynamics with multipoint pacing via a left 
ventricular quadripolar pacing lead. J Interv 
Card Electrophysiol 2014; 40: 75-80.

[30] Zanon F, Baracca E, Pastore G, Marcantoni L, 
Fraccaro C, Lanza D, Picariello C, Aggio S, Ron-
con L, Dell’Avvocata F, Rigatelli G, Pacetta D, 
Noventa F and Prinzen FW. Multipoint pacing 
by a left ventricular quadripolar lead improves 
the acute hemodynamic response to CRT com-
pared with conventional biventricular pacing at 
any site. Heart Rhythm 2015; 12: 975-981.

[31] Duckett SG, Ginks M, Shetty AK, Bostock J, Gill 
JS, Hamid S, Kapetanakis S, Cunliffe E, Razavi 
R, Carr-White G and Rinaldi CA. Invasive acute 
hemodynamic response to guide left ventricu-
lar lead implantation predicts chronic remodel-
ing in patients undergoing cardiac resynchroni-
zation therapy. J Am Coll Cardiol 2011; 58: 
1128-1136.

[32] Pappone C, Ćalović Ž, Vicedomini G, Cuko A, 
McSpadden LC, Ryu K, Jordan CD, Romano E, 
Baldi M, Saviano M, Pappone A, Vitale R, Cata-
lano C, Ciaccio C, Giannelli L, Ionescu B, Pe-
tretta A, Fragakis N, Fundaliotis A, Tavazzi L 
and Santinelli V. Improving cardiac resynchro-
nization therapy response with multipoint left 
ventricular pacing: twelve-month follow-up 
study. Heart Rhythm 2015; 12: 1250-1258.

[33] Leclercq C, Burri H, Curnis A, Delnoy PP, Rinaldi 
CA, Sperzel J, Lee K, Calò L, Vicentini A, Con-
cha JF and Thibault B. Cardiac resynchroniza-
tion therapy non-responder to responder con-
version rate in the more response to cardiac 
resynchronization therapy with MultiPoint Pac-
ing (MORE-CRT MPP) study: results from Phase 
I. Eur Heart J 2019; 40: 2979-2987.

[34] Schiedat F, Schöne D, Aweimer A, Bösche L, 
Ewers A, Gotzmann M, Patsalis PC, Mügge A 
and Kloppe A. Multipoint left ventricular pac-
ing with large anatomical separation improves 
reverse remodeling and response to cardiac 
resynchronization therapy in responders and 
non-responders to conventional biventricular 
pacing. Clin Res Cardiol 2020; 109: 183-193.

[35] Varma N, Baker J 2nd, Tomassoni G, Love CJ, 
Martin D, Sheppard R, Niazi I, Cranke G, Lee  
K and Corbisiero R. Left ventricular enlarge-
ment, cardiac resynchronization therapy effi-
cacy, and impact of multipoint pacing. Circ Ar-
rhythm Electrophysiol 2020; 13: e008680.

[36] Varma N, Lappe J, He J, Niebauer M, Manne M 
and Tchou P. Sex-specific response to cardiac 
resynchronization therapy: effect of left ven-
tricular size and QRS duration in left bundle 
branch block. JACC Clin Electrophysiol 2017; 3: 
844-853.

[37] Antoniou CK, Dilaveris P, Chrysohoou C, Kon-
stantinou K, Magkas N, Xydis P, Manolakou P, 
Skiadas I, Gatzoulis KA, Tousoulis D and Tsiou-
fis C. Multipoint left ventricular pacing effects 
on hemodynamic parameters and functional 
status: HUMVEE single-arm clinical trial (NCT- 
03189368). Hellenic J Cardiol 2021; [Epub 
ahead of print].

[38] Ciconte G, Ćalović Ž, McSpadden LC, Ryu K, 
Mangual J, Caporaso I, Baldi M, Saviano M, 
Cuko A, Vitale R, Conti M, Giannelli L, Vicedo-
mini G, Santinelli V and Pappone C. Multipoint 
left ventricular pacing improves response to 
cardiac resynchronization therapy with and 



Multipoint left ventricular pacing

439 Am J Cardiovasc Dis 2021;11(4):429-440

without pressure-volume loop optimization: 
comparison of the long-term efficacy of two dif-
ferent programming strategies. J Interv Card 
Electrophysiol 2019; 54: 141-149.

[39] van Gelder BM, Bracke FA, Meijer A and Pijls 
NH. The hemodynamic effect of intrinsic con-
duction during left ventricular pacing as com-
pared to biventricular pacing. J Am Coll Cardiol 
2005; 46: 2305-2310.

[40] Kurzidim K, Reinke H, Sperzel J, Schneider HJ, 
Danilovic D, Siemon G, Neumann T, Hamm CW 
and Pitschner HF. Invasive optimization of car-
diac resynchronization therapy: role of sequen-
tial biventricular and left ventricular pacing. 
Pacing Clin Electrophysiol 2005; 28: 754-761.

[41] Lee KL, Burnes JE, Mullen TJ, Hettrick DA, Tse 
HF and Lau CP. Avoidance of right ventricular 
pacing in cardiac resynchronization therapy 
improves right ventricular hemodynamics in 
heart failure patients. J Cardiovasc Electro-
physiol 2007; 18: 497-504.

[42] Briceño DF and Lin D. Multisite pacing: have 
we reached the tipping point of managing car-
diac resynchronization therapy nonrespond- 
ers? Heart Rhythm 2018; 15: 1775-1776.

[43] O’Donnell D, Wisnoskey B, Badie N, Odgers L, 
Smart T, Ord M, Lin T, Mangual JO, Cranke G, 
McSpadden LC, Ryu K, Bianchi V, D’Onofrio A, 
Pappone C, Calò L, Chow A, Betts TR, Thibault 
B and Varma N. Electrical synchronization 
achieved by multipoint pacing combined with 
dynamic atrioventricular delay. J Interv Card 
Electrophysiol 2020; [Epub ahead of print].

[44] Dilaveris P, Antoniou CK, Chrysohoou C, Xydis 
P, Konstantinou K, Manolakou P, Kordalis A, 
Gatzoulis KA and Tsioufis C. Comparative trial 
of the effects of left ventricular and biventricu-
lar pacing on indices of cardiac function and 
clinical course of heart failure patients: ratio-
nale and design of the READAPT randomized 
trial. Angiology 2021; [Epub ahead of print].

[45] Hu F, Zheng L, Ding L, Du Z, Liang E, Wu L, 
Chen G, Fan X, Yao Y and Jiang Y. Clinical out-
come of left ventricular multipoint pacing ver-
sus conventional biventricular pacing in cardi-
ac resynchronization therapy: a systematic 
review and meta-analysis. Heart Fail Rev 2018; 
23: 927-934.

[46] Behar JM, Bostock J, Zhu Li AP, Chin HM, Jubb 
S, Lent E, Gamble J, Foley PW, Betts TR, Rinaldi 
CA and Herring N. Cardiac resynchronization 
therapy delivered via a multipolar left ventricu-
lar lead is associated with reduced mortality 
and elimination of phrenic nerve stimulation: 
long-term follow-up from a multicenter registry. 
J Cardiovasc Electrophysiol 2015; 26: 540-
546.

[47] Forleo GB, Di Biase L, Bharmi R, Dalal N, Pan-
attoni G, Pollastrelli A, Tesauro M, Santini L, 
Natale A and Romeo F. Hospitalization rates 

and associated cost analysis of cardiac resyn-
chronization therapy with an implantable defi-
brillator and quadripolar vs. bipolar left ven-
tricular leads: a comparative effectiveness 
study. EP Europace 2014; 17: 101-107.

[48] Bencardino G, Di Monaco A, Russo E, Colizzi C, 
Perna F, Pelargonio G, Narducci ML, Gabrielli 
FA, Lanza GA, Rebuzzi AG and Crea F. Outcome 
of patients treated by cardiac resynchroniza-
tion therapy using a quadripolar left ventricu-
lar lead. Circ J 2016; 80: 613-618.

[49] Turakhia MP, Cao M, Fischer A, Nabutovsky Y, 
Sloman LS, Dalal N and Gold MR. Reduced 
mortality associated with quadripolar com-
pared to bipolar left ventricular leads in cardi-
ac resynchronization therapy. JACC Clin Elec-
trophysiol 2016; 2: 426-433.

[50] Zanon F, Marcantoni L, Baracca E, Pastore G, 
Lanza D, Fraccaro C, Picariello C, Conte L, Ag-
gio S, Roncon L, Pacetta D, Badie N, Noventa F 
and Prinzen FW. Optimization of left ventricu-
lar pacing site plus multipoint pacing improves 
remodeling and clinical response to cardiac 
resynchronization therapy at 1 year. Heart 
Rhythm 2016; 13: 1644-1651.

[51] Behar JM, Chin HM, Fearn S, Ormerod JO, 
Gamble J, Foley PW, Bostock J, Claridge S, 
Jackson T, Sohal M, Antoniadis AP, Razavi R, 
Betts TR, Herring N and Rinaldi CA. Cost-effec-
tiveness analysis of quadripolar versus bipolar 
left ventricular leads for cardiac resynchroniza-
tion defibrillator therapy in a large, multicenter 
UK registry. JACC Clin Electrophysiol 2017; 3: 
107-116.

[52] Forleo GB, Santini L, Giammaria M, Potenza D, 
Curnis A, Calabrese V, Ricciardi D, D’agostino 
C, Notarstefano P, Ribatti V, Morani G, Mantica 
M, Di Biase L, Bertaglia E, Calò L and Zanon F. 
Multipoint pacing via a quadripolar left-ventric-
ular lead: preliminary results from the Italian 
registry on multipoint left-ventricular pacing in 
cardiac resynchronization therapy (IRON-MPP). 
EP Europace 2016; 19: 1170-1177.

[53] Gu M, Jin H, Hua W, Fan XH, Ding LG, Wang J, 
Niu HX, Cai C and Zhang S. Repetitive optimiz-
ing left ventricular pacing configurations with 
quadripolar leads improves response to cardi-
ac resynchronization therapy: a single-center 
randomized clinical trial. Medicine (Baltimore) 
2017; 96: e8066.

[54] Leyva F, Zegard A, Qiu T, Acquaye E, Ferrante G, 
Walton J and Marshall H. Cardiac resynchroni-
zation therapy using quadripolar versus non-
quadripolar left ventricular leads programmed 
to biventricular pacing with single-site left ven-
tricular pacing: impact on survival and heart 
failure hospitalization. J Am Heart Assoc 2017; 
6: e007026.

[55] Leshem E, Suleiman M, Laish-Farkash A, Haim 
M, Geist M, Luria D, Glikson M, Goldenberg I 



Multipoint left ventricular pacing

440 Am J Cardiovasc Dis 2021;11(4):429-440

and Michowitz Y; Israeli Working Group of Pac-
ing and Electrophysiology. Impact of quadripo-
lar LV leads on heart failure hospitalization 
rates among patients implanted with CRT-D: 
data from the Israeli ICD Registry. J Interv Card 
Electrophysiol 2018; 51: 5-12.

[56] Sieniewicz BJ, Gould J, Porter B, Sidhu BS, 
Teall T, Webb J, Carr-White G and Rinaldi CA. 
Understanding non-response to cardiac resyn-
chronisation therapy: common problems and 
potential solutions. Heart Fail Rev 2019; 24: 
41-54.

[57] Akar FG, Nass RD, Hahn S, Cingolani E, Shah 
M, Hesketh GG, DiSilvestre D, Tunin RS, Kass 
DA and Tomaselli GF. Dynamic changes in con-
duction velocity and gap junction properties 
during development of pacing-induced heart 
failure. Am J Physiol Heart Circ Physiol 2007; 
293: H1223-1230.

[58] Dunn CA and Lampe PD. Injury-triggered Akt 
phosphorylation of Cx43: a ZO-1-driven mo-
lecular switch that regulates gap junction size. 
J Cell Sci 2014; 127: 455-464.

[59] Zhao G, Qiu Y, Zhang HM and Yang D. Interca-
lated discs: cellular adhesion and signaling in 
heart health and diseases. Heart Fail Rev 
2019; 24: 115-132.

[60] Okada JI, Washio T, Nakagawa M, Watanabe 
M, Kadooka Y, Kariya T, Yamashita H, Yamada 
Y, Momomura SI, Nagai R, Hisada T and Sugi-
ura S. Multi-scale, tailor-made heart simula-
tion can predict the effect of cardiac resyn-
chronization therapy. J Mol Cell Cardiol 2017; 
108: 17-23.

[61] Stelzer JE, Patel JR, Walker JW and Moss RL. 
Differential roles of cardiac myosin-binding 
protein C and cardiac troponin i in the myofi-
brillar force responses to protein kinase a 
phosphorylation. Circ Res 2007; 101: 503-
511.

[62] Siciliano M, Migliore F, Badano L, Bertaglia E, 
Pedrizzetti G, Cavedon S, Zorzi A, Corrado D, 
Iliceto S and Muraru D. Cardiac resynchroniza-
tion therapy by multipoint pacing improves re-
sponse of left ventricular mechanics and fluid 
dynamics: a three-dimensional and particle 
image velocimetry echo study. Europace 2017; 
19: 1833-1840.

[63] Sohal M, Shetty A, Niederer S, Lee A, Chen Z, 
Jackson T, Behar JM, Claridge S, Bostock J, 
Hyde E, Razavi R, Prinzen F and Rinaldi CA. 
Mechanistic insights into the benefits of multi-
site pacing in cardiac resynchronization thera-
py: the importance of electrical substrate and 
rate of left ventricular activation. Heart Rhythm 
2015; 12: 2449-2457.

[64] Engels EB, Vis A, van Rees BD, Marcantoni L, 
Zanon F, Vernooy K and Prinzen FW. Improved 
acute haemodynamic response to cardiac re-
synchronization therapy using multipoint pac-
ing cannot solely be explained by better re- 
synchronization. J Electrocardiol 2018; 51: 
S61-S66.

[65] Lee AWC, Costa CM, Strocchi M, Rinaldi CA and 
Niederer SA. Computational modeling for car-
diac resynchronization therapy. J Cardiovasc 
Transl Res 2018; 11: 92-108.

[66] Solenov D, Brieler J and Scherrer JF. The poten-
tial of quantum computing and machine learn-
ing to advance clinical research and change 
the practice of medicine. Mo Med 2018; 115: 
463-467.

[67] Kariki O, Antoniou CK, Mavrogeni S and Gat-
zoulis KA. Updating the risk stratification for 
sudden cardiac death in cardiomyopathies: 
the evolving role of cardiac magnetic reso-
nance imaging. An approach for the electro-
physiologist. Diagnostics (Basel) 2020; 10: 
541.

[68] de Vries AAF, Nussinovitch U, Sasse P, Brüg-
mann T, Nyns E and Pijnappels DA. Chapter 
38-Optogenetics for cardiac pacing, resynchro-
nization, and arrhythmia termination. In: Nussi-
novitch U, editor. Emerging Technologies for 
Heart Diseases. Academic Press; 2020. pp. 
861-890.

[69] Boyle PM, Williams JC, Ambrosi CM, Entcheva 
E and Trayanova NA. A comprehensive multi-
scale framework for simulating optogenetics in 
the heart. Nature Communications 2013; 4: 
2370.

[70] Zgierski-Johnston CM, Ayub S, Fernández MC, 
Rog-Zielinska EA, Barz F, Paul O, Kohl P and 
Ruther P. Cardiac pacing using transmural mul- 
ti-LED probes in channelrhodopsin-expressing 
mouse hearts. Prog Biophys Mol Biol 2020; 
154: 51-61.


