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a b s t r a c t

Left ventricle (LV) pacing can be considered peculiar due to its different lead/tissue interface (epicardial
pacing) and the small vein wedging lead locations with less reliable lead stability. The current tech-
nologies available for LV capture automatic confirmation adopt the evoked response (ER), as well as “LV
pace to right ventricular (RV) sense” algorithms. The occurrence of anodal RV capture is today completely
solved by the use of bipolar LV leads, while intriguing data are recently published regarding the unin-
tentional LV anodal capture beside the cathodal one, which may enlarge the front wave of cardiac
resynchronization therapy (CRT) delivery. The LV threshold behavior over time leading to ineffective CRT
issues (subthreshold stimulation or concealed loss of capture), the extracardiac capture with phrenic
nerve stimulation (PNS), the flexible electronic cathode reprogramming and the inadequate CRT delivery
related to inadequate AV and VV pace timing (and its management by LV “dromotropic pace-condi-
tioning”) are discussed.

Moreover, recently, His bundle pacing (HBP) and left bundle branch pacing (LBBP) have shown
growing interest to prevent pacing-induced cardiomyopathy as well as for direct intentional CRT.

The purpose of the present review is to explore these new challenges regarding LV pacing starting
from old concepts.
Copyright © 2021, Indian Heart Rhythm Society. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiac electrical resynchronization has completely changed the
care of patients with reduced ejection fraction and electrical dys-
synchrony. In late 90s, CRT became available and proved to
ameliorate patients’ outcome; however, patient selection as well as
post implant pacing CRT optimization are important variables,
since one third of CRT patients are non-responder. The innovations
of pacing algorithms may improve CRT delivery as well as increase
technical challenges [1].

Automatic threshold test is also now available for LV pacing and
includes the ER and other dedicated algorithms for capture
confirmation [2e6]. With this regard, an increased device longevity
and a fully pacing automaticity are associated with a better cost-
effectiveness of cardiac resynchronization therapy-defibrillators
(CRT-D) [7e10].
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Intriguing data regarding a useful though unintentional LV
anodal capture beside the cathodal one have been recently pub-
lished. Moreover, new peculiar issues have to be addressed
regarding the LV threshold behavior over time (leading to inter-
mittent ineffective CRT), and the extracardiac capture (which may
be fixed by a flexible electronic cathode reprogramming). Inade-
quate CRT delivery may also be related to inadequate atrio-
ventricular (A-V) and right ventricular-left ventricular (VeV) pace
timing.

Moreover, recent data have highlighted the HBP and LBBP in the
setting of preventing the pacing-induced cardiomyopathy, due to
standard right ventricle pacing. On these basis, emerging data are
now suggesting these pacing techniques for direct intentional CRT
as well.

Our aim is to describe some pacing management features,
including some technical and peculiar challenges.
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2. The LV automatic capture confirmation

The technologies for the LV capture automatic confirmation are
based on ER, available for Boston Scientific, Biotronik and Abbott
Medical devices, or “LV pace to RV sense” analysis, available only for
Medtronic devices. The Microport and the MedicoPace CRT devices
are not yet equipped with ER based auto-threshold algorithm
[11e15].

It should be underlined that, unlike most of the RV automatic
threshold measurement algorithms, all the LV automatic threshold
tests adopted by all CRT systems do not run on a “beat to beat”
fashion, being a programmable safety pacing margin available.
Moreover, the following algorithms have never been suggested
neither they have been validated for alternative CRT techniques,
such as His bundle or left bundle branch pacing (see section 5).

The main features are summarized in Table 1 and Fig. 1.

2.1. Capture confirmation by ER

The ER is currently the most used parameter adopted by the
majority of CIED manufacturers to confirm myocardium capture in
both ventricles, with the exception of the RV sensed LV capture
confirmation adopted byMedtronic systems (Fig. 1, panels BeC -D).

In 2007, Biffi et al. published their data about the feasibility of
transvenous LV pacing in patients requiring ‘conventional’ dual
chamber pacing, without class I CRT indication. The study relates to
the possibility of using the same auto-capture technology currently
employed in RV pacing, for this peculiar left epicardial pacing site
and, even though the number of the recruited patients was quite
low, the authors demonstrated that a reliable LV ERmight allow the
use of the same algorithm as for RV automatic capture manage-
ment. Their data showed that no special requirements were needed
to reliably detect LV ER as well as for RV ER. These results had been
confirmed both at the end of implant and over long term. In their
Table 1
LV automatic algorithms according to manufacturers.

LV lead auto-threshold features ABBOTT (LVCapConfirm) MEDTRON
(LVCM)

Default enabled at implant no yes
Algorithm ER LV pace to
ER Analysis Area under the curve /

Capacitor special setup no /
Mode of programming ON/Monitor

/OFF
Adapted/M
OFF

LV Pacing polarity All LV pacing vectors are
programmable

All LV paci
vectors are
programm

Simultaneous pacing from multiple LV
electrodes for quadripolar leads (only recent
models)

yes yes

Safety margin Programmable form
0.25V to 2.5V (1 V
nominal)

Programm
þ0.5 to þ
“AUTO”

Test Time Interval Every 8 h o 24 h Daily at 1:

Back-up pulse during the test 5V RV pulse same amp
but @1 ms

Pulse width Programmable 0.4 ms or 1
Diagnostics yes yes
Available on models All models All models

VVT and DDT mode available yes no

LV ¼ left ventricle; RV ¼ right ventricle, ER ¼ evoked response; LVcapConfirm, LVCM
MPP ¼ multipoint pacing; V ¼ volt.
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study, the pacing algorithm provided beat-to-beat capture verifi-
cation outputs only 0.5 V above threshold. ER needed to be reliably
distinguished by the polarization artifact at the tissue-electrode
interface: the authors stated that the reduced (2.2 mF) coupling
capacitor technology of the pacemaker used (Insignia DDD - Boston
Scientific), might speed the slope of decay time of the post-pacing
artifact, thus allowing reliable ER detection regardless of pacing
configuration and, importantly, of the pacing lead technology
[15e17]. Alternatively, a technology based on independent vectors
for LV pacing and ER detection (other than a specific capacitor set-
up), proved to be superior, but a bipolar LV lead was mandatory for
this purpose.

Thus, the major technical obstacle for the conventional auto-
threshold testing using the ER detection is the magnitude of pac-
ing induced artifact, which is linearly related with the capacitor
coupling technology.

Early in the past decade, a milestone paper by Sperzel et al.
focused on this issue, using a custom-made external pacing system
equipped with a 10- mF pacing storage capacitor and a 2.2- mF
coupling capacitor, in series, which is equivalent to an output
capacitance of 1.8 mF. They evaluated the ER response in both bi-
polar and unipolar leads; both acutely and chronically implanted
leads were included. Capture verification was based on peak am-
plitudesmeasuredwithin a timewindow from 10 to 64ms after the
pacing stimulus. The polarization artifact decay is determined by
the time constant formed by the product of the coupling capacitor
and the load (combination impedance of lead, electrode to tissue
interface, and myocardium). If the capacitance is reduced, the
artifact initially larger, dissipates faster and, consequently a further
capacitance reducing will lead to a much faster return to the
baseline of the intracardiac signals, that will even advance the
onset of ER. They demonstrated that pacing output capacitance can
be safely reduced to 1.8 mF allowing an effective ER sensing with
minimal changes in the pacing threshold [18].
IC BIOTRONIK (VCC) BOSTON SCIENTIFIC (PaceSafe LVAT)

yes no
RV sense ER ER

Peak timing Peak timing and first peak morphology/
amplitude

no No for the LV threshold
onitor/ ON/Monitor

/OFF
ON/Daily Trend/OFF

ng

able

All LV pacing vectors are
programmable

All LV pacing vectors are programmable

yes yes

able
2.5 or

Programmable:
1V, 1.2V (1V nominal)

Programmable from 0.5 V to 2.5V (1V
nominal)

00 a.m. Intervals (0,1; 0,3; 1; 3; 6;
12; 24 h)
Time (00:00.23:50 hh:mm,
nominal 00:30)

Every 21 h

litude 5V@1 ms 5V RV pulse

.5 ms max 0.4 ms Programmable
yes yes
All, but not for the models:
Ilesto, Idova and the 3-Series

Only for the models: Resonate, Perciva,
Charisma, Vigilant, Momentum, Autogen

no no

, VCC and PaceSafe LVAT are the manufacturers’ algorithms for LV capture tests;



Fig. 1. LV lead threshold management according to manufacturer
Fig. 1 Legend:
Panel A: LV automatic threshold test for Medtronic devices (Vector Express), displaying loss of capture with intrinsic RV conduction. The channels displayed are: EGM 1 ¼ atrial
channel; ECG ¼ the “large” RV dipole (coil to can) with A-V markers; EGM 3 ¼ the “LV cathodeeRV coil” dedicated channel (the same used for the “EffectivCRT” algorithm)
displaying the “QR” morphology during LV capture and the “RS” morphology as loss of capture occurs at the ninth beat of the test (RV sense).
Panel B LV auto-threshold for Boston Scientific devices, with the ER dedicated channel showing the pacing artifact changes corresponding to the loss of capture (LOC)
Panel C: LV auto-capture test for Biotronik devices, with RV back up pacing occurring at loss of capture during the 0.6 V step threshold search. The red arrow in the left side of the
tracing indicates RV and LV synchronous pacing; the red arrow in the right side of the tracing indicates the sequential RV to LV during back up RV pacing, as loss of LV capture occurs.
Panel D: the algorithm LV ACap Confirm (Abbot Medical devices), adopts the ER by comparing the polarization artifact. to confirm capture. Tracings available in the patients’ data by
remote monitoring.
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2.2. Capture confirmation by RV sensing

The Left Ventricular Capture Management™ is an automatic
algorithm, adopted by Medtronic devices, which monitors the
pacing amplitude threshold and adjusts LV outputs, by means of RV
sensing (Fig. 1, panel A).

During the test pace, the ventricular pacing configuration
switches to LV-only. The test looks for an RV sense to determine
capture in the following pacing mode:

1) Capture is confirmed when LV-only pacing is delivered, and RV
sensing is detected shortly after the LV pace (to check for a VeV
conduction), in case of sinus rhythm as well as atrial fibrillation.

2) Loss of capture is confirmed when LV-only pacing is delivered,
and an RV sense is detected at the intrinsic AV interval (con-
duction from atrial pace or sense) or when an RV sense is not
detected (pacemaker dependent patients).

A recent algorithm, which evaluates the morphology of the LV
EGM to determine, beat to beat, an effective LV capture, has been
also assessed. The algorithm analyzes the morphology of a dedi-
cated unipolar LV EGM (for CRTD LV cathodeeRV coil EGM, for CRTP
LV cathode-can) during biventricular or LV pacing. The algorithm
was validated as compared to a 12-lead surface ECG with 98%
sensitivity for effectiveness [5,11]. (Fig. 2)

The EffectivCRT™ Diagnostic algorithm is now available in some
Medtronic CRT-D systems; it analyzes 100 consecutive ventricular
events every hour and determines the percentage of effective CRT
pacing. All encountered ventricular safety pacing (back up paced
events) and/or ventricular sensing events noted in the 100
consecutive ventricular events, are reject. During data collection,
the device transiently switches to the dedicated LV to RV coil uni-
polar EGM [19].
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3. The cathodal-anodal coupling

In the early era of unipolar LV lead, the anodal part of the pacing
circuit was set in the shocking coil or the RV lead ring. In the last
decade, there were only few papers addressing the problem of an
anodal myocardium capture for CRT-P systems (with LV tip to RV
ring configuration) as well as CRT-D systems, a rare phenomenon
which could be under-recognized and therefore under-reported.
The RV leads used in these latter systems are different from stan-
dard pacemaker leads due to different design, for the presence of
shocking coils and for the diameter; moreover, an active fixation
system is mostly used. Thibault et al., found an evidence of the
anodal capture during LV stimulation in 11 of 11 patients (100%)
with a RV defibrillation lead with true bipolar design and in none of
the 15 patients with a system using an integrated design for RV
pacing. The most likely explanation for this discrepancy may be the
higher current density associated with the smaller surface of the
proximal RV ring with the first design, compared to themuch larger
surface of the distal RV shocking coil used with the second design.
The authors also state that, because of the small number of patients
included in the study, anodal capture cannot be excluded for in-
tegrated lead technology as well. The anodal occurrence might be
under-recognized also for the current bi or quadripolar lead tech-
nology and ignoring it could lead to inadequate device program-
ming. In inexperienced hands, loss of anodal capture could be
mistaken with the loss of LV cathodal capture and, therefore, LV
“pure" threshold could be overestimated. The ECG changes asso-
ciated with anodal capture are more easily noticed in lead V1, even
though a12-lead recordings are more helpful.

Another important observation relates to the differential effects
of pulse width variation on capture thresholds of the RV anode and
LV cathode. In the previously mentioned study by Thibault, it was
found that decreasing the pulse duration had more significant



Fig. 2. Left ventricle capture confirmation by “EffectivCRT Diagnostic” algorithm
Fig. 2 legend: dedicated unipolar LV EGM (LV cathodeeRV coil EGM) during biventricular or LV pacing; until the third paced beat a “Qr” morphology indicate the effective LV
capture; the fourth beat represent a kind of fusion and the further beats are represented by an “rS” morphology indicating the loss of LV capture. (with permission by
Medtronic).LV ¼ left ventricle; RV ¼ right ventricle; Y ¼ LV effective OK; N ¼ loss of LV effective capture; AS ¼ atrial sense; Ab ¼ atrial blanking; VS ¼ ventricular.
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effects on the anodal threshold compared to the LV cathodal
threshold; this difference should always be searched andmeasured
and could be used in some patients to overcome the narrow safety
margin between LV and anodal threshold [20,21].

In a recent paper Dell’Era et al. showed that a “pure” anodal
capture from multiple electrodes of the LV lead might occur in
quadripolar LV leads. The authors stated that the myocardium
located below the epicardium of the left ventricle could also be
captured by the anode of the stimulating dipole, provided that the
programmed energy was above the anodal threshold. With this
regard, indeed they found a higher LV threshold of the latter, for
each specific dipole [22].

Thus, even though, in the era of unipolar LV leads, anodal cap-
ture has been regarded as an undesirable CRT, determining “double
capture” from RV lead, several methods have been proposed in
order to avoid it (coil-integrated RV ICD lead dipole, as first). Some
authors have also suggested that adding an intentional RV anodal
capture to CRT pacing could improve resynchronization and narrow
the QRS complex [16e22].

Interestingly it has also been speculated about the shortening of
the local mechanical systole (probably by a larger tissue recruit-
ment), arguing whether, the newer commercially available multi-
point LV CRT systems may give the same clinical and electrical
advantage as an unintentional concomitant cathodal and anodal
capture do in traditional CRT leads. Moreover, in some cases, the
cathodal/anodal capture inevitably occurs for a given LV dipole;
indeed, when the anodal threshold of the programmed anode is
lower than the output programmed for the cathode, unintentional
“multipoint” stimulation is obtained [22e24].

Regarding anodal stimulation, another potential field of interest
may be the direct effect of the new cathode-anode configuration on
myocardial contractility. Some authors have observed an increase
in ventricular function and contraction in animal models during
unipolar anodal stimulation, when mediated by tissue hyperpo-
larization before depolarization [25e28].

4. LV pacing counter vs CRT effectiveness

4.1. - Ineffective CRT due to pacing-timing

The causes of ineffective CRT can be related to pacing timing
other than pacing capture issues.

The former can occur by fusion or pseudo-fusion paced com-
plexes, in case of sensed atrio - ventricular interval, with preserved
or with frequent changes of dromotropic properties of nodal or
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infranodal His Purkinje conduction. Both conditions, can be cor-
rected by A-V reprogramming to obtain an AV “dromotropic pace
conditioning”.

In other cases, during simultaneous biventricular pacing, the
dominant contribution of RV pacing front wave, may render the LV
tissue somehow refractory (regionally or temporally) with tran-
sient loss or just local capture. This can be fixed by selecting a
different LV pacing electrode in multipolar leads, or, more intrigu-
ingly, by enhance a LV pacing pre-excitation by 10 up to 80 msec
(advance the LV capture, thus reducing the LV recruitment by RV
sensed or paced activation, in a kind of “dromotropic RV to LV pace
conditioning”).

Finally, a rate competitive atrial fibrillation (AF) or a high daily
burden of premature ventricular contractions (PVC) may also affect
the CRT, by means of fusion or pseudo-fusion captures as well. In
this case little can be done by re-programming. In atrial fibrillation
patients, with adequate dromotropic drug control, but highly var-
iable R-R cycles, it may be discussed whether a triggered VVT
pacing mode, including the “LV pre-excitation” may improve a LV
capture by increasing the fusion captures instead of pseudo-fusion
complexes. Based on this concept, most modern devices have “VVT-
like” (V sensed-triggered) features designed to increase effective
pacing during AF and to respond to PVCs; however, few of these
devices have been shown to substantially increase CRT pacing
percentage, and none has been evaluated for effective CRT pacing.
Anyway, in AF patients with difficult rate control, on top of rate-
controlling drugs, the AV node ablation remains the first choice,
to ensure effective CRT delivery [29,30].

The timely delivery of LV pacing and eventual LV-RV pre-
excitation, should be addressed by direct electrogram interven-
tricular delay, during the CRT implant. Patients with stricter LBBB
criteria have shown to have a better outcome, as compared with
RBBB and nonspecific intraventricular conduction delay patterns.
This underlines that the QRS absolute width itself may not reflect
the real pattern of conduction delay to the LV, which may be
measured by the Q-LV interval. The Q-LV interval is defined as the
interval from the onset of the intrinsic QRS on the 12-lead surface
ECG to the first large positive or negative peak of the LV EGM
[31,32].

In a recent paper by Pastore et al., it has been reported that the
Q-LV measure is able to detect a highly prolonged LV conduction
delay in patient presenting stricter criteria for LBBB; such delay is
just limited to the RV in RBBB patients. More important and quite
unexpected, patients with nonspecific intraventricular conduction
delay showed a very high variability in Q-LV interval, from a poor to
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a very long, being the latter better CRT candidate. Moreover, pa-
tients with an ECG pattern resembling RBBB in lead V1, but without
the terminal S waves in the lateral limb ECG leads (I and aVL),
presented an unexpectedly long Q-LV interval [31].

The above discussed ECG and echocardiographic outcomes
represent the routine periprocedural target in the daily practice,
easily guided by the Q-LV delay; this interval has shown to be a
strong predictor also for the acute hemodynamic response. In a
recent and interesting study by Van Gelder et al., a direct LV dP/dt
max measure has been performed at CRT implant. An acute 15%
increase in LV dP/dt max corresponded to a better hemodynamic
response and correlated with the longest Q-LV measured interval,
leading to LV lead repositioning into different coronary sinus trib-
utaries, guided by that hemodynamic index. Interestingly, the LV
endocardial pacing opposite to those epicardial sites did not show
acute hemodynamic improvement; this led the authors to state
that the epicardial pacing at the optimal site may be a good alter-
native, avoiding the risk of an endocardial LV lead placement, even
though, a validated LV dP/dt cut off still remain uncertain [32].

In summary, the pacing timing may affect the effective CRT
delivery in several ways, this should be addressed at implant (inter-
ventricular EGM delay) as well as along the follow up by ECG
changes. In patients with stricter LBBB criteria, the search for LV
fusion with intrinsic right bundle branch conduction, may need a
LV offset (preexcitation) which may be empirical (QRS width
guided) or speculatively set based on the intrinsic RV activation via
right bundle branch (therefore considering the HV interval). Over
time, some LBBB patients may develop complete AV block, by losing
the right bundle branch intrinsic conduction, becoming pace
dependent; in such cases, it may be discussed whether an “exten-
sive” LV offset may offer a better resynchronization compared with
simultaneous biventricular pacing.

4.2. - LV pacing threshold fluctuation over time

Beside some accepted clinical characteristics associated with
improved CRT response, such as nonischemic etiology of the car-
diomyopathy or a stricter definition of left bundle branch block ECG
criteria, there is still a need for additional markers to identify non
responders as early as possible [28,29]. Among potential de-
terminants, LV lead position away from myocardial scar areas has
been shown to play an important role. With this regard, a high LV
pacing threshold may be a marker of inadequate lead positioning
and thus a risk for future lead dislodgement, as well as a mani-
festation of diseased myocardium both resulting in loss or even
suboptimal LV pacing [33].

In a recent paper, Pires et al. reported a sub-analysis of data from
a MADIT CRT randomized trial, concerning a significant relation-
ship between LV lower threshold and echocardiographic and clin-
ical outcome in CRT-D patients. Higher LV threshold was associated
with substantially lower left atrium and LV long term reverse
remodeling [34].

In the daily practice, the placement of LV lead at the latest
activated segment or away from scar areas seems to be associated
to better clinical outcome, but scar localization requires specialized
imaging techniques that may not be preoperatively available
[35e38]. Moreover, the lead positioning at a pre-specified site is not
always feasible due to the lack of suitable coronary sinus anatomy,
lead stability or PNS.

The further rise in LV threshold, in patients with an already
elevated threshold, may lead to loss of LV effective pacing; in these
cases, a traditional threshold safety margin of two-to three-fold of
output during “in office” device programming, may not be enough
[39e41].

What is already known is that the LV pacing percentage relates
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linearly with outcome.
Koplan et al. compared patients’ outcomes and LV pacing per-

centage and reported a 44% reduction in the risk of death or HF
hospitalizations among those paced >92% [39]. However the worst
outcome of patients with higher LV threshold (1.8 V) could be better
explained by the progression of the disease which causes a change
in LV threshold, rather than by the of loss of biventricular pacing, as
suggested by Pires et al. [34].

In this view, the automatic threshold measurement beside as-
suring an effective LV capture, could be a marker of electrical
viability of the paced region, providing information on the pro-
gression of the disease, thus leading to a close follow up.

In summary, the efficacy of CRT and its overall percentage over
time, may be reduced due to pacing inhibition (by sensed LV ac-
tivity) or inadequate capture due to subthreshold current or pacing
into refractory tissue. These considerations may weaken the pre-
dictive power of traditional LV pacing percentage counter and, it
may be discussed if an RV sensed (V to V interval counter) based LV
- auto threshold algorithm could be superior to a traditional ER
technology to detect effective LV capture. An intermittent loss of LV
capture may also represent an important contributor to ineffective
pacing, and a mere LV pacing percentage counter may overestimate
this data.

The EffectivCRT™ algorithm, above described, may be helpful to
fix such a pacing/capture mismatch.

5. Alternative resynchronization

5.1. His bundle/left bundle branch pacing using the device LV
connector port

Nowadays, HBP is a field of growing interest to prevent pacing-
induced cardiomyopathy and it has also been proposed to be
applied in the setting of CRT. In spite of its newly clinical applica-
tions, there has been minimal evolution in technologies or pacing
systems dedicated to His bundle anatomy. To date, there are no HBP
specific commercially available pacemakers or algorithms. New
unmet pacing challenges encountered during HBP are mainly
related to sensing issues (proximity atrial and His bundle EGM
magnitude) and to His EGM signal amplitudes, which are lower
because of the surrounding interventricular membranous septum.
Moreover, depending on the pacing lead fixation site, multiple
tissues may be recruited each with a distinct pacing threshold,
including atrial and ventricular myocardium and His bundle itself.
Briefly, at least 3 anatomical variants of the His bundle have been
described by Kawashima et al.: Type I, which includes the His
bundle course just along the lower border of the membranous
septum, but covered with a thin layer of common myocardium fi-
bers; Type II, which includes a course apart from the lower border
of the membranous septum running within the interventricular
septum muscle and, Type III with the His bundle course immedi-
ately beneath the endocardium onto the interventricular septum
(so called naked His) [42].

At present, the lumen-less Medtronic 3830 lead model with an
IS-1 ring and pin arrangement (combined with a dedicated delivery
sheath, pre-shaped for HBP only) is the main lead model suggested
for HBP, with a 1.8 mm-long active screw, the length of which may
be more than what is necessary for a type III variant, but possibly
not long enough for a type II. Even though a solid literature, have
been collected with regard to this lead model, recently, data
regarding an alternative use of standard stylet-driven lead (Solia
S60eS52 Biotronik model), combined with dedicated delivery
sheaths, have been reported, showing comparable acute bio-
electric performance and safety profile. The latter systems intro-
duce the standard active fixationwith extendable helix lead feature
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in the field of HBP procedure, otherwise traditionally attempted by
means of the 3830 lumen-less leads. These lead models are the
same suggested also in the setting of LBBP [43,44].

On the basis of the above discussed anatomical issues, concerns
are now arising regarding higher pacing thresholds, lower R-wave
signals, and the possibility to develop distal conduction block have
limited the clinical application of HBP in certain subgroups of pa-
tients. This is stimulating a development of the LBBP, as an alter-
native method for delivering physiological pacing which require a
deeper lead screwing in the muscular part of the interventricular
septum to reach the endocardial surface of its left side along the
course of the left bundle. This technique is being developed fast,
assuring a better threshold, more stable over time [45e47].

The current choices to get a HBP include the insertion of the
Medtronic 3830 lead model pin in the atrial connector port for
patients with atrial fibrillation (by using a DDD device), and the LV
connector port for patient in sinus rhythm (CRT device), main-
taining the RV connection for the back-up RV lead, when used.With
regard to the former choice, it should be considered the possibility
of gaining a sinus rhythm over time, which may require an
upgrading procedure.

The following considerations on the choice between unipolar
and bipolar sensing configurations became soon crucial, since
standard pacemakers are widely used for HBP: myopotential
oversensing in the unipolar configuration can result in inhibition,
and hence should be avoided in pacemaker dependent patients, as
well as the unipolar pacing configuration, which may lead to pec-
toralis muscle capture. On the other hand, the bipolar sensing po-
larity might often result in a typical smaller R-wave amplitude as
compared with standard RV positions, resulting in ventricular
under-sensing. On these bases, a tailored device programming is
necessary for HBP, as it is mandatory to turn off the automatic
threshold management algorithm with every manufacturer’s de-
vice used. Moreover, in patients with nonselective HBP, where the
RV capture threshold is lower than His bundle capture, the algo-
rithm may inappropriately program an output resulting in RV
septum-only capture, while in selective HBP, the absence of an ER
may result in unnecessarily high pacing outputs.

In selected patients with a selective HBP and a small “margin” to
nonselective capture with higher output, a LV threshold manage-
ment algorithm based on RV sensing other than ER based one, could
help to maintain a safe and effective His selective pacing capture,
with an RV back up lead sensing, by means of adequate program-
ming a LV (His) pre-excitation offset. Apart from this, anyway, is
suggested to turn off all the sensing capabilities for the HBP lead.

The newer interest gained by the LBBP is related to the easier
lead implant, which may require less operator’s skills, as well as
better intraprocedural capture threshold and sensing issues, when
compared with the HBP; this may offer a more suitable condition
for an eventual switch-on of automatic capture algorithms and
sensing set up. Moreover, as compared with HBP, the LBBP seems to
have a more reliable behavior over time which may warrant a
standard device programmability optimization and generator life-
time saving.

5.2. LV endocardial pacing

Up to 30%e50% of patients do not show improvement with
conventional CRT by an epicardial coronary sinus pacing.

In addition, an epicardial LV lead implantation, into the coronary
sinus, is not always possible due to unavailable suitable vein trib-
utaries or in patients undergoing an upgrade from a pre-existing
device because, of central venous stenosis or occlusion. The LV
endocardial pacingmay represent a potential alternative for patient
with failed lead delivery as well as for non-responders.
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A novel commercially available wireless pacing system (WiSE-
CRT system; EBR Systems, Sunnyvale, CA) delivers electrical stim-
ulation to the LV endocardium by transducing acoustic energy from
an ultrasound pulse generator implanted subcutaneously in an
intercostal space. The ultrasound waves are converted into elec-
trical stimulation energy by a small receiver electrode deployed
percutaneously into the LV cavity, by means of aortic retrograde
approach or even a transeptal catheterization.

In a recent post marketing Registry, the WiSE-CRT system ach-
ieved good procedural success, with endocardial pacing confirmed
in 94% of patients; however, a significant device and procedural-
related adverse events rate occurred. Among the 90 study pa-
tients, three procedural deaths (3.3%) have been reported; one fifth
of study patients had a complication in the first month after the
procedure. At 6 months, the systemwas associated with a favorable
clinical response rate of 70%. In particular, the risk of cardiac tam-
ponade was comparable with other left-sided vascular procedures
such as left atrial appendage occlusion. The operators’ learning
curve mainly affected the safety results as stated by the authors,
who conclude to suggest such a difficult procedure to centers with
available cardiac surgery on-site [48e50].

5.3. HBP-optimized resynchronization (HOT CRT)

As discussed above, HBP can narrow and sometimes correct the
LBBB; this is more often observed in patients with stricter LBBB
criteria, which may speculatively imply a proximal conduction
system block. However, in patients with advanced cardiomyopathy
a typical LBBB and intraventricular conduction defect, may coexist.
In these cases, it has been reported that resynchronization may be
gained when conduction system pacing (such as HBP) is delivered
in conjunction with sequential LV pacing by traditional epicardial
coronary sinus pacing. In a recent paper by Vijayaraman, observa-
tional data from 27 patients have been reported. The study ad-
dresses the intraprocedural Q-LV during native LBBB or RV pacing
and during HBP. By ECG, the HBP resulted in significant bundle
branch correction in 70% (19/27 pts) of cases, while no significant
QRS narrowing was achieved in 8 patients (4 with typical LBBB).
The device programming for His optimized CRT is peculiar: in pa-
tients with chronic AF, the HBP lead was connected to the atrial
port, the LV lead to the LV port and the RV lead to the RV port. The
pacingmodewas DDD or DDI with an AV delay (His-LV delay) equal
to HV or stimulus to ventricular interval. The LV offset up to 80 ms
(with subthreshold RV output in nondependent patients to avoid
RV apical pacing or even fusion. The atrial (HBP) sensitivity was
programmed to the least sensitive setting to avoid sensing in the
His lead. In patients with normal sinus rhythm undergoing CRT-D
implant, the His lead was connected to the LV port and a bipolar
LV lead in the pace/sense portion of RV DF-1 port. The pace-sense
portion of the spliced ICD lead (DF-1) was capped. The device
was programmed to DDD with LV (His)eRV (LV) delay set at HV or
stimulus to ventricular interval. In patients with normal sinus
rhythm undergoing CRT- P implant, the His lead was connected to
the RV port and the LV lead to the LV port. The device was pro-
grammed to DDD with RV (His)-LV delay equal to HV or stimulus to
ventricular interval. As discussed above, to engage LV-RV fusion
with intrinsic AV and right bundle conduction, the tailoring of His
to LV offset interval needs to be corrected for the HV interval, as
well. In this study patients’ cohort, where the advanced heart
failure begets a merged conduction system impairment (LBBB and
nonspecific conduction block), a sequential CRT His optimized, has
shown significant echocardiographic and clinical favorable out-
comes. The technique aims to improve or achieve an intra-
ventricular LV synchrony, by delivering a sequential His-LV pacing
immediately after a completed RV activation (HV based) [51].
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The physiologic conduction system pacing is being recently
engaged also in less conventional subset of paced patients, such as
the grown-up congenital heart disease. In particular, the congeni-
tally corrected transposition of the great arteries (CCTGA), is a
condition associatedwith cardiomyopathy occurring in up to 67% of
patients due to RV maladaptation and failure (as systemic
ventricle). The frequent occurrence of spontaneous atrioventricular
block and need of permanent pacing accelerate the disease pro-
gression with a pacing-induced trigger. In this context, the unique
anatomy of the disease may need an alternative resynchronization,
other than traditional CRT, otherwise indicated. In a recent paper by
Moore et al. reported data form 15 patients collected by 10 inter-
national centers. The authors give data with regard of feasibility
and clinical and ECG outcomes. They also discuss as the unique
congenital characteristics of CCTGA may favor an HBP approach,
over a conventional CRT, given the superficial location of the distal
His bundle and left bundle branches, both accessible from a venous
approach [52].

6. Extracardiac capture and multiple cathode flexibility

6.1. - PNS

Due to the left phrenic nerve course, crossing the left obtuse
marginal vein in almost 80% of cases it is not unlikely that phrenic
stimulation is elicited when aiming at a posterior-lateral LV
placement. The PNSmay occur at the site of optimal LV lead in up to
one-fifth of patients. Although reprogramming bipolar leads may
solve it, there is often a need to revise the LV lead position and,
though infrequently, a refractory PNS may lead to turned off the
CRT delivery [53,54].

Early in this decade the quadripolar lead technology has been
introduced allowing to increase the procedure success and reduce
the lead dislodgement and the PNS [55,56]. In a recent multicenter
study, Behar et al. compared quadripolar vs bipolar LV lead and
found that the PNS, was entirely eliminated by re-programming in
the quadripolar group, while 40% of those from the bipolar lead
group required LV lead revision [46]. Moreover, in the quadripolar
LV leads patients’ group, the LV threshold and radiation exposition
were significantly lower. They found also a lower LV lead
displacement and need of revision in the quadripolar LV lead pa-
tients, compared with the bipolar ones. The frequency of PNS over
the follow-up period was also surprisingly slightly higher among
the quadripolar cohort, although this did not reach statistical sig-
nificance; the authors state that this may be related to physicians’
feeling that have “greater freedom” to place leads with the
knowledge that more proximal pacing vectors are available if
necessary. Therefore, a logical approachwould be towedge the lead
as distal as possible.

To accomplish that, an LV lead with two or more electrodes with
programming capability to choose cathode in multiple pacing
vectors are needed [57,58]. This strategy, termed ‘electronic repo-
sitioning’ by Gurevitz et al. has proved to be highly successful [59].

At implantation PNS is also influenced by body position, with
false negatives being discovered after implantation in positions
other than supine in 10e20% of cases [60].

In a pivotal paper by Biffi et al., the body position and cathode
programmability had been addressed prospectively in a case series
of 197 CRT patients. PNS at follow-up was investigated during
respiratory changes in some body positions, occurring in supine
position in 59%, standing position in 13%, left lateral in 72%, right
lateral in 19%; and sitting in 36%; most of them of course not
identified at implant. The authors address this as the main reason
why the PNS occurrence may increase along the follow up. In their
case series, PNS occurred in 37% (73 patients) but it was clinically
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relevant in 22%; among them PNS was corrected with cathode re-
programming when possible by capable devices, while 10 pa-
tients underwent lead repositioning and 4 had CRT turned off. At
implant, by cathode reprogramming, they found the configuration
“LV ring-can” in 8% of patients, the “LV ring-RV coil” in 43% of pa-
tients, “LV tip-RV coil” in 36% of patients, and “LV tip-ring “in 13% of
patients, respectively as the best performing configuration, defined
as those with the largest PNS-LV threshold safety margin [54].
These data were mostly stable in the follow up. Of note, in 14 pa-
tients it was not possible to preserve a 100% of safety margin be-
tween the LV and PNS thresholds; thanks to the cathode
programmability and with the use of quadripolar lead capable of
several cathode configurations, the automatic threshold algorithms
to avoid PNS remain useful, probably just in a minority of patients
[54].

6.2. - Quadripolar leads for synchronous multiple pacing

After CRT implant, the need for reoperation is variably reported,
mainly due to LV lead dislodgment with loss of capture, PNS, or
increased LV pacing threshold without obvious lead dislocation.
The first quadripolar LV lead released in themarket (Quartet 1458Q,
St Jude Medical, Sylmar, CA) have been investigated for the first
time, early in this decade, by Forleo et al., who compared it with
bipolar LV leads [54]. Because of the relatively small diameter and
electrode choices of the Quartet lead tested (4 Fr at the tip) capable
of 10 cathode configurations, the author emphasized the concept
that with a quadripolar technology, now available for all manu-
facturers CRT systems, it is possible to advance the distal tip more
toward the apex to ensure lead stability, while retaining the ability
to program the lead to pace more proximally if needed [59e63].

In another multicenter but similar study, the same LV lead
technology was tested with mostly the same positive result
regarding, safety, lead stability and PNS avoidance by multiple lead
configurations; even though the shorth (one month) follow up may
weaken the data reported when considering the percentage of LV
lead performance changes in CRT systems over time [64].

In another recent study by Forleo et al., data about the multi-
point pacing on board of CRT systems via quadripolar lead, were
assessed. The magnitude of QRS shortening was significantly
reached compared with bipolar LV pacing; the multipoint early
activation during the follow up was found as an independent pre-
dictor of better reverse remodeling.

Not all the clinical contributions given bymulti-point pacing are
free of caveat or limitations. The avoidance of PNS and the avail-
ability of flexible electronic repositioning should be counter-
balanced with the battery drainage when using contemporary
multisite pacing [59]. On the other hand, for CRT non responder
patients, activation of multipoint pacing may present an option to
increase clinical response.

For the above reasons somemay adopt awatch and wait strategy
while managing CRT response along the follow up, and enable this
triple site pacing only in non-responder patients; with this regards
data about the MORE CRT MPP phase II trial will give some more
information [65e68].

7. Limitations

The present work is intended to explore the available technol-
ogy and the modern challenges regarding the capture issues
adopted for LV pacing, which presents some peculiarities such as, a
different lead/tissue interface (epicardial pacing), vein wedging
lead locations, and less reliable lead stability.

The CRT systems manufacturers which have not yet the auto-
threshold analysis technology implemented have not been
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included in the tracing examples’ figures.
Moreover, some CIED features that involve the LV pacing and

CRT optimization algorithms are also not included since they relate
to CRT management aside of the present work purposes.

8. Conclusions

Modern CRT device-based threshold detection enables capture
management to combine an efficient LV pacing delivery with
acceptable battery drainage. The current technologies available for
the LV capture automatic confirmation are based on ER or “LV pace
to RV sense” analysis. The automatic detection of effective LV
myocardium capture, the cathodal/anodal “coupling” issues, the
cathodal flexible programmability (to solve threshold problems or
extracardiac capture), and the LV “pace-conditioning”, are concepts
becoming crucial in modern knowledge, for CRT management.
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