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Abstract
Background Left bundle branch area pacing (LBBAP)
has recently been introduced as a physiological pac-
ing technique with synchronous left ventricular acti-
vation. It was our aim to evaluate the feasibility and
learning curve of the technique, as well as the electri-
cal characteristics of LBBAP.
Methods and results LBBAP was attempted in 80 con-
secutive patients and electrocardiographic character-
istics were evaluated during intrinsic rhythm, right
ventricular septum pacing (RVSP) and LBBAP. Perma-
nent lead implantation was successful in 77 of 80 pa-
tients (96%). LBBAP lead implantation time and fluo-
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roscopy time shortened significantly from 33± 16 and
21± 13min to 17± 5 and 12± 7min, respectively, from
the first 20 to the last 20 patients. Left bundle branch
(LBB) capture was achieved in 54 of 80 patients (68%).
In 36 of 45 patients (80%) with intact atrioventricular
conduction and narrowQRS, an LBB potential (LBBpot)
was present with an LBBpot to onset of QRS inter-
val of 22± 6ms. QRS duration increased significantly
more during RVSP (141± 20ms) than during LBBAP
(125± 19ms), compared to 130± 30ms without pac-
ing. An even clearer difference was observed for QRS
area, which increased significantly more during RVSP
(from 32± 16µVs to 73± 20µVs) than during LBBAP
(41± 15µVs). QRS area was significantly smaller in pa-

What’s new?

� This is the first publication describing detailed
left bundle branch area pacing (LBBAP) implan-
tation characteristics of patients receiving their
first pacemaker in the Netherlands.

� There is a learning curve for LBBAP implanta-
tion, even in a centre with cardiologists expe-
rienced with His bundle pacing, which flattens
after 40–50 procedures.

� Although QRS duration remains prolonged,
LBBAP largely maintains left ventricular syn-
chrony at values close to intrinsic sinus rhythm
with normal atrioventricular conduction and
narrow QRS.

� In patients with left bundle branch block, LBBAP
reduces QRS duration and normalises the QRS
vector in the transverse plane.

� QRS area and V6 R-wave peak time are signifi-
cantly shorter during LBBP compared to left ven-
tricular septal pacing.
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tients with LBB capture compared to patients without
LBB capture (43± 18µVs vs 54± 21µVs, respectively).
In patients with LBB capture (n= 54), the interval from
the pacing stimulus to R-wave peak time in lead V6
was significantly shorter than in patients without LBB
capture (75± 14 vs 88± 9ms, respectively).
Conclusion LBBAP is a safe and feasible technique,
with a clear learning curve that seems to flatten after
40–60 implantations. LBB capture is achieved in two-
thirds of patients. Compared to RVSP, LBBAP largely
maintains ventricular electrical synchrony at a level
close to intrinsic (narrow QRS) rhythm.

Keywords Left bundle branch pacing · Bradycardia
pacing · Cardiac resynchronisation therapy

Introduction

Right ventricular (RV) pacing is a frequently applied
therapy in patients without a reversible cause of brad-
yarrhythmia. RV apex (RVA) pacing produces a non-
physiological activation sequence [1], which can lead
to adverse remodelling potentially inducing atrial fib-
rillation, heart failure and cardiovascular death [2, 3].

In the search for a therapy which avoids these detri-
mental effects of artificial stimulation, there is increas-
ing interest in pacing techniques that directly activate
the specialised conduction system. One of these so-
called conduction system pacing (CSP) techniques is
His bundle pacing (HBP). Since the first application
of permanent HBP by Deshmukh and colleagues [4]
HBP has proved to be a safe and feasible technique,
especially in patients requiring treatment for brad-
yarrhythmia [5, 6]. HBP involves technical challenges,
such as high and unstable pacing thresholds in some
patients and relatively low R-wave amplitude, compli-
cating pacemaker programming [7, 8]. This seems to
have limited widespread application in routine clini-
cal practice. As with all CSP strategies, implantation
requires more technical skills compared to RV pacing.

An alternative to HBP is left bundle branch area
pacing (LBBAP). After it was previously shown that it
is possible to reach the left side of the interventricular
septum (IVS) [9, 10], it was more recently shown that
it is even possible to capture the left bundle branch
(LBB) with the same pacing electrode that is currently
mostly used for HBP. LBBAP seems to have the ad-
vantage of overcoming some of the limitations of HBP
while preserving activation of the specialised conduc-
tion system.

The aim of our study was (1) to prospectively eval-
uate the feasibility and learning curve of LBBAP im-
plantation, in a specialised centre with previous expe-
rience of ~30 permanent HBP implantations but with-
out previous LBBAP experience; (2) to demonstrate
the level of electrical synchrony produced by LBBAP;
and (3) to evaluate current LBB capture criteria in pa-
tients undergoing pacemaker implantation for either

bradycardia treatment or as a bail-out strategy in the
case of failed left ventricular (LV) lead implantation.

Methods

The study was performed at Maastricht University
Medical Centre (MUMC+, Maastricht, The Nether-
lands) in patients undergoing attempted LBBAP for
either bradycardia treatment or as a bail-out strategy
in the case of failed LV lead implantation. The local
ethics committee and Institutional Review Board ap-
proved the study protocol (METC 2019–1313) and all
patients provided written informed consent. Patients
were prospectively enrolled fromDecember 2019 until
December 2020.

Patient selection

All patients undergoing permanent pacemaker im-
plantation who underwent attempted LBBAP were
included. Patients underwent LBBAP because of
bradycardia (sinus node dysfunction or atrioven-
tricular (AV) block), as part of an ablate and pace
strategy for permanent atrial fibrillation, and LBBAP
was attempted in some patients with an indication for
cardiac resynchronisation therapy (CRT) if previous
implantation of the LV lead or His bundle lead had
failed.

Implantation procedure

The LBBAP implantation procedure was performed as
described previously [11]. In brief, the right atrial (RA)
lead (if implanted) was implanted according to rou-
tine clinical practice. In the case of underlying left
bundle branch block (LBBB), the RA lead was tem-
porarily placed in the right ventricle, ensuring the
possibility of back-up pacing in case of manipulation-
induced total AV block.

The ventricular pacing lead (Medtronic 3830 lead)
that was used for LBBAP was positioned using the
C315His sheath (Medtronic, Minneapolis, MN, USA)
in all patients. An intracardiac electrogram was
recorded from the lead tip in a unipolar fashion using
an electrophysiological recording system (Labsystem
Pro, Boston Scientific, Marlborough, MA, USA). First,
the His bundle electrogram was identified in the right
anterior oblique 20–25° position and a fluoroscopic
image was recorded as a reference (Electronic Supple-
mentary Material, Fig. S1, upper left). Subsequently,
the sheath and lead were advanced 1–2cm toward
the RVA (Electronic Supplementary Material, Fig. S1,
upper right). In this region, unipolar pacing was
performed aiming for a paced QRS morphology with
a notch in the nadir of lead V1, resembling a ‘W’ (Elec-
tronic Supplementary Material, Fig. S2a). Alongside
this notched QRS complex in lead V1, a positive QRS
complex in lead II and negative complex in lead III
are good indicators of an appropriate position. At this
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site, the lead was fixed in the RV septum with 1–2
rotations and then advanced to the left side of the IVS
in a left anterior oblique view (Electronic Supplemen-
tary Material, Fig. S2b–e). In the process of advancing
the pacing lead, fluoroscopy, pacing threshold and
lead impedance, the paced QRS morphology, and
the presence and morphology of fixation beats were
monitored to estimate the depth of the lead, avoiding
perforation of the IVS [12].

The number of attempts to implant the lead in the
IVS as well as the final position were left to the dis-
cretion of the implanting cardiologist. Capture of the
LBB (trunk or proximal fascicles) was attempted in all
patients.

Pacing and capture definitions

LBB capture can be demonstrated through several
mechanisms, such as the presence of a transition from
myocardial capture to conduction system capture (or
vice versa) during threshold testing, by measuring the
interval between LBB potential and R-wave peak time
in lead V6 (V6RWPT) [13] or through programmed
stimulation [14] or making use of the difference in
effective refractory period between myocardium and
the specialised conductive tissue.

Other common characteristics of LBB pacing are:
(1) paced (pseudo) right bundle branch block (RBBB)
QRS morphology with a terminal R/R′ wave in lead
V1; (2) recording of an LBB potential during intrinsic
rhythm (only in patients with intact AV conduction);
(3) constant stimulus to V6RWPT during high (8V) and
low (2V) pacing output.

In our study, LBB capture was diagnosed if one
(or both) of the following criteria were met: (1) the
presence of a transition from non-selective LBBP
(nsLBBP) to selective LBBP (sLBBP) or from nsLBBP to
LV myocardial only capture (=LVSP, LV septal pacing)
during decreasing pacing output; (2) LBB potential
to V6RWPT interval equal to the pacing stimulus to
V6RWPT interval [13].

sLBBP was defined as a change in QRS morphol-
ogy without a change in V6RWPT when decreasing
the pacing output from nsLBBP, combined with a pac-
ing artefact distinct from the ventricular electrogram.
nsLBBP was defined as a change in QRS morphol-
ogy which occurred after increasing the pacing output
from sLBBP or LVSP. LVSP was defined as paced QRS
morphology with an R′ wave present in lead V1 but
without evidence of LBB capture.

Electrical measurements

Twelve-lead electrocardiograms (ECGs) were recorded
during intrinsic rhythm, right ventricular septal pac-
ing (RVSP) and LBBAP. QRS duration was measured
from onset of first deflection, thus excluding the pace
spike. In the presence of an LBB potential, the interval
between the LBB potential and QRS onset as well as

the interval between the LBB potential and V6RWPT
were measured.

Fixation beats are defined as ectopic ventricular
beats resulting from irritation of tissue as the lead
crosses the septum. Ectopic beats with QRS com-
plexes <120ms with qR/rsR’ morphology in lead V1
are considered to be beats from the LBB area.

QRS area, ameasure of ventricular electrical dyssyn-
chrony [15], was determined by converting the two-
dimensional ECG into a three-dimensional vector-
cardiogram (VCG). The VCG was synthesised as de-
scribed previously [15, 16]. In brief, the original digital
signals were extracted from the ECG files stored in the
BARD system. Subsequently, custom Matlab soft-
ware (MathWorks Inc, Natick, MA, USA) was used to
convert the 12-lead ECG into the three orthogonal
vectorcardiographic leads (X, Y, and Z) using the Kors
conversion matrix [17]. QRS area was calculated as
the sum of the area under the QRS complex in the
calculated vectorcardiographic X, Y, and Z leads:

[QRS area=
(
QRSarea,x

2+QRSarea,y
2+QRSarea,z

2
)1/2

].

Data collection

The demographic data and medical history of all pa-
tients were collected at enrolment. Procedure-related
characteristics, including ECG characteristics and
intracardiac electrogram patterns, fluoroscopy expo-
sure time and doses, were recorded during implan-
tation. Pacing parameters (pacing threshold, pacing
impedance, and R-wave amplitude) were measured
immediately post-implantation and up to 1-year fol-
low-up.

Safety endpoints

Data onmajor acute procedure-related adverse events
such as bleeding, pneumo- and haemothorax, and
cardiac tamponade were collected. Also, device and
lead-related problems such as infection, perforation,
dislodgement or dysfunction at any time during fol-
low-up were recorded. Adverse event treatment was
classified as re-intervention, prolonged hospitalisa-
tion or death.

Statistical analysis

The number and percentage were used as descrip-
tive statistics for categorical variables. Continuous
variables are expressed as mean± standard deviation.
Differences between two groups were compared us-
ing the Student t-test for continuous variables. The
paired t-test was used to compare the differences be-
tween two means within the same group. Compar-
isons among ≥3 pacing conditions within individuals
were made using repeated measures analysis of vari-
ance with the Bonferroni multiple comparisons pro-
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cedure applied to pairwise comparisons. A two-sided
p-value of <0.05 was considered statistically signifi-
cant. All statistical analyses were performed using
SPSS Statistics version 25.0 (IBM Corp., Chicago, IL,
USA).

Results

Baseline characteristics

Eighty patients underwent permanent pacemaker im-
plantation with attempted LBBAP. Patient charac-
teristics are summarised in Tab. 1. Mean age was
74± 10 years and 59% of patients were men. A his-
tory of hypertension was recorded in 58% and coro-
nary artery disease was present in 38% of patients. LV
ejection fraction (LVEF) at baseline was 53± 10% with
an LVEF <50% in 18 of 80 patients (23%). The indica-
tion for pacemaker implantation was sinus node dys-
function in 27 patients (35%), AV block in 32 patients
(41%), AV-node ablation in 8 patients (10%), and CRT
in 10 patients (13%).

Procedural characteristics

All implantation procedures were performed using
the C315His delivery catheter (Medtronic) and the
SelectSecure 3830 lead (Medtronic). In 75 of 80 pa-
tients (94%) a de novo pacemaker implantation was
performed. Permanent LBBAP lead implantation was
successful in 77 of 80 patients (96%). In two patients
with concentric LV hypertrophy, RV dilatation and
known coronary artery disease, the ventricular lead
could, not be advanced deep enough into the septum,
despite multiple attempts, resulting in a broad paced
QRS duration without evidence of at least deep (LV)
septal pacing. In these patients, the lead was then
positioned in the apico-septal region of the right ven-
tricle. In one patient with dilated right atrium, right
and left ventricle, no stable LBBAP position could
be achieved, and this patient was converted to HBP,
whereby selective His capture was achieved.

Total procedure time, defined as time from first
incision to last suture, was 86± 31min and LBBAP
lead implantation time was 25± 13min. The mean
radiation time and dosage across all procedures
was 17± 11min and 97± 65mGy, respectively. Im-
plantation procedure times reduced with increasing
LBBAP experience, as shown in Fig. 1. The implan-
tation time of the LBBAP lead decreased consider-
ably from 33± 15min during the initial implantations
to 17± 5min during the more recent implantations.
Also, the associated fluoroscopy time was reduced
significantly from 21± 12min to 13± 7min (Fig. 1b),
illustrating the learning curve of LBBAP implantation.

Table 1 Baseline characteristics of the study population
Characteristics (n= 80) Mean± SD or n (%)

Male sex 47 (59%)

Age (years) 74± 10

Medical history

– Hypertension 46 (58%)

– Diabetes mellitus 16 (20%)

– Atrial fibrillation 33 (41%)

– Coronary artery disease 30 (38%)

– LVEF <50% 18 (23%)

Echocardiographic parameters

– LVEF (%) 53± 10

– LV end-diastolic diameter (mm) 51± 7

– LV end-systolic diameter (mm) 37± 7

– IVS thickness (mm) 10± 1

Electrocardiographic parameters

– Heart rate (bpm) 67± 20

– QRS duration (ms)

a. all patients 116± 31

b. intrinsic ventricular conduction 95± 13 (n= 45)

c. Other (escape, LBBB/RBBB, paced) 143± 26 (n= 35)

Pacemaker indication

– Sinus node dysfunction 27 (35%)

– Atrioventricular block 32 (41%)

– Atrial tachyarrhythmia requiring ablation 8 (10%)

– Heart failure and prolonged QRS duration 10 (13%)

LV left ventricular, LVEF LV ejection fraction, IVS interventricular septum,
LBBB left bundle branch block, RBBB right bundle branch block

Electrocardiographic characteristics

LBB capture, according to previously described cri-
teria, was confirmed in 54 of 80 patients (68%). In
patients with LBB capture, a transition from nsLBBP
to sLBBP or vice versa (Electronic Supplement Mate-
rial, Fig. S3a) could be demonstrated in 37 of 54 pa-
tients (69%) during threshold testing. In 17 of 54 pa-
tients (31%), a transition from nsLBBP to LVSP was
observed (Electronic Supplement Material, Fig. S3b).
Out of 80 patients, 45 had intact AV conduction with
a narrow intrinsic QRS complex. In 36 of 45 patients
(80%) a clear LBB potential was present. The interval
between the LBB potential and the onset of QRS was
22± 6ms.

For all patients, QRS duration increased from
130± 30ms during intrinsic rhythm to 141± 20ms dur-
ing RVSP and decreased to 125± 19ms during LBBAP.
Final QRS duration was 124± 20ms in patients where
LBB capture was achieved, and 130±24ms in patients
with LVSP (without LBB capture; p= 0.397). QRS area
significantly increased from 49±35µVs during intrin-
sic rhythm to 80± 22µVs during RVSP. Compared
to RVSP, QRS area decreased to 48± 19µVs during
LBBAP.

Out of 80 patients, 35 had a broad intrinsic QRS
complex (18 escape rhythm, 7 complete LBBB, 3 left
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Fig. 1 Comparison of
the duration of left bundle
branch area pacing (LB-
BAP) lead implantation (a)
and fluoroscopy time (b) in
four quartiles of implanta-
tions

anterior fascicular block, 1 left posterior fascicular
block, 4 RBBB, 2 RV paced). In patients with complete
LBBB, QRS duration was significantly reduced from
155± 17ms during intrinsic rhythm to 135± 14ms dur-
ing LBBAP, while QRS area was significantly reduced
from 120± 23µVs during intrinsic LBBB to 49± 10µVs
during LBBAP (Fig. 2).

In patients with intact AV conduction and a nar-
row intrinsic QRS complex (n= 45), QRS duration
significantly increased during both RVSP and LBBAP
(Fig. 3a). QRS area significantly increased during both
RVSP and LBBAP, although QRS area during LBBAP
approached QRS area values during intrinsic rhythm
(Fig. 3b). QRS area was significantly smaller in pa-
tients with LBB capture compared to those without
capture (43± 18 vs 54± 21µVs, respectively).

Fig. 2 a–c Electrical characteristics of left bundle branch
block (LBBB) patients. a Example of a 12-lead electrocardio-
gram during intrinsic LBBB (left) and left bundle branch area
pacing (right) in the same patient. b Vectorcardiographic re-
sults of all LBBB patients (n= 7). c Schematic overview of

the heart in the transverse plane with QRS vector of patients
during LBBB and left bundle branch area pacing (n= 7), and
QRS vector during intrinsic sinus rhythm in patients with nor-
mal conduction (n= 45)

During LBBAP, V6RWPT was 82± 13ms. In pa-
tients with LBB capture (n= 54), V6RWPT was signifi-
cantly shorter compared to those without LBB capture
(75± 14ms vs 88± 9ms, respectively). Four patients
with LBB capture had a long V6RWPT with an inter-
val >100ms. These patients had a long iso-electric
segment (>30ms) with left axis deviation, suggesting
a proximal conduction delay.

Fixation beats

Fixation beats have been suggested to be of help in
determining lead depth when the lead is advanced
into the septum [12]. In 54 of the 80 patients in our
study (67%) ventricular ectopic beats (deep septal fix-
ation beats) were observed. Figure S4 in the Electronic
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Fig. 3 a, b QRS duration and QRS area. QRS duration (a)
and QRS area (b) during intrinsic rhythm, right ventricular sep-
tum pacing (RVSP) and left bundle branch area pacing (LB-
BAP) in all patients and in the subpopulation with intact atri-
oventricular activation and a narrow QRS complex. AV atri-
oventricular. *p< 0.05 between pacing modes

Supplement Material shows that these fixation beats
closely resembled the paced morphology obtained at
that particular intermediate lead depth in the IVS.

Pacing characteristics

The unipolar LBBP lead threshold was 0.6± 0.3V at
0.5ms pulse width at implantation, as measured by
the programmer. The sensed R-wave amplitude and
pacing impedance at implantation were 14± 8mV and
605± 212Ω, respectively.

The unipolar pacing threshold did not significantly
change from time of implantation (n=80; 0.6± 0.3V)
to 3-month (n= 70; 0.6± 0.2V), 6-month (n= 55;
0.7± 0.3V) or 12-month follow-up (n=40; 0.8± 0.5V).
The sensed R-wave amplitude remained stable at
12-month follow-up compared to time of implanta-
tion (18± 9mV vs 14± 8mV, not significant). Pacing
impedance significantly changed from 605±212Ω to
365± 42Ω at 12-month follow-up (p< 0.05).

Safety endpoints

Peri-procedurally, no major acute procedure-related
adverse events such as bleeding, pneumothorax or
haemothorax or cardiac tamponade occurred. Acute
perforation of the LV septum was noted in one pa-
tient during implantation. Retrospective analysis of
the procedure revealed (missed) rapidly appearing fix-
ation beats occurring at the very end of septal penetra-
tion, which indicated that the LBB area was reached.
In this case, the lead was withdrawn and repositioned

successfully. Post-procedural echocardiography with
colour Doppler revealed no complications from this
temporary septal perforation. One patient with pre-
existing serious coronary artery disease (three-vessel
disease) experienced an acute coronary syndrome and
in-hospital cardiac arrest (occluded D1 branch of left
anterior descending artery) during implantation, for
which an urgent percutaneous coronary intervention
(PCI) was performed. Chest complaints accompanied
by minor ECG changes started prior to septal pene-
tration and no contrast agent was used. After con-
sultation with the intervention specialist, no acute
coronary angiography was performed since the pa-
tient suffered from extensive three-vessel disease (and
conservative treatment was previously decided upon).
Sublingual administration of nitroglycerin initially re-
lieved complaints, but during lead placement the pa-
tient went into cardiogenic shock. Urgent PCI was
successful and the patient is now participating in the
cardiac rehabilitation programme.

During follow-up, lead dislodgement during follow-
up was observed in one patient, for which lead repo-
sitioning was performed. No device or lead infections
were observed.

Discussion

The main findings of our study are as follows:

1. Permanent LBBAP as a new physiological pacing
technique is feasible (96% success rate) and safe, as
it is not associated with significant adverse effects.

2. There is a learning curve for LBBAP implantation,
even in a centre with cardiologists experienced in
HBP lead implantation, which flattens after 40–50
procedures.

3. The electrical characteristics of the LBBAP lead are
satisfying and remain stable over time.

4. LBBAP results in LV synchrony, measured by QRS
area, which is significantly better than RV pacing
and approximates that of intrinsic rhythm in pa-
tients with intact AV conduction and a narrow QRS.

Safety and feasibility

The possibility of penetrating the IVS to obtain more
synchronous pacing was previously shown by our
group and referred to as LVSP. The feasibility of
permanent LVSP was first shown in a canine model
[9] and later also in patients requiring pacemaker
implantation because of symptomatic bradycardia
[10]. In both animal experiments and in patients it
was shown that LVSP resulted in improved cardiac
function when compared to RV pacing. In these stud-
ies, the lead was placed at the mid-level of the IVS
and direct capture of the conduction system was not
studied or pursued. After these initial studies, it was
demonstrated only very recently that the LBB can be
stimulated when the lead is advanced through the
IVS at a basal level [18]. Since then, more studies
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including bradycardia patients as well as CRT pa-
tients have demonstrated the feasibility and safety of
LBBAP [19–21]. Our results, representing experience
at a single centre where this new pacing technique
was initiated, are in line with these studies. In the
present study, LBBAP was attempted in 80 patients
and it was possible to achieve LBBAP in 96% of the
patients without any major procedure-related adverse
events. We did observe one septal perforation, which
occurred without any clinical consequences. The re-
sults of the study are in line with those of recent large-
scale prospective registries [22, 23]. Compared to the
results from the USA and China, success rate (MUMC
+96%, China 98%, USA 89%), procedure time (MUMC
+86± 31min, China N/A, USA 75± 34min) and fluo-
roscopy time (MUMC +10± 8min, China N/A, USA
10± 8min) were comparable. Also, the presence of an
LBB potential (MUMC +45%, China 77%, USA 41%)
and the LBB capture rate (MUMC +68%, China 70%,
USA 55%) are comparable.

Learning curve

The present study demonstrated that LBBAP implan-
tation is subject to a clear learning curve effect, even
for cardiologists experienced in HBP implantation. Al-
though the implantations are performed bymore than
one cardiologist, we chose to demonstrate one gen-
eral learning curve as implantations are performed by
two cardiologists who performed implantations alter-
nately.

With increasing experience, procedure and lead
implantation time shortened, which has also been
demonstrated for HBP [24]. In our centre, all implan-
tations were performed using the C315His delivery
sheath and the SelectSecure 3830 pacing lead (both
Medtronic). Although the 3830 lead is not intended
exclusively for LBBAP, it is the most frequently used
lead in LBBAP, since the screw tip is the active elec-
trode so that pacing can be delivered precisely and the
lead depth in the IVS can be determined with relative
precision. Procedure success, specifically LBB capture
rate, could potentially be improved with newer, ded-
icated materials from different vendors. Especially in
patients with dilated ventricles, the currently available
delivery catheters do not usually suffice.

The LBB capture rate can also be related to the
learning curve and implantation experience. An ex-
perienced implanting cardiologist is potentially less
afraid of penetrating the septum and therefore more
confident while advancing the lead towards the left
side of the conduction system, which is situated at
the LV subendocardium [25]. Also, rotating the lead
without pushing firmly enough can result in a so-
called drill effect, causing the lead not to advance
deep enough and to lack stability.

Assessing septal lead depth

Determining the exact depth of the pacing lead within
the septum often remains difficult. Several manoeu-
vres to monitor lead depth have been proposed, such
as fluoroscopy imaging (e.g. fulcrum sign), with or
without septal contrast, impedance monitoring, or
monitoring of the endocardial signal. These ma-
noeuvres are useful but usually do not suffice. The
paced QRS morphology can be used, since an RBBB-
like QRS morphology indicates left-sided IVS pacing
[26]. It was recently showed that the appearance of
an R′ wave in lead V1 during LBBAP corresponds to
a small QRS area, indicating a low level of LV intraven-
tricular dyssynchrony [27]. While with conventional
connector cables it is usually not possible to perform
ventricular pacing during screwing, recently investi-
gated so-called fixation beats are particularly useful.
These ventricular ectopic beats become apparent as
a result of screwing in the lead and are identical to
the paced QRS morphology [12]. While in the original
publication these fixation beats were present in 96%
of the cases, we found these beats in only 67% of
implantations. This difference may be primarily due
to the difference in definition: we considered only
ectopic beats with qR/rsR’ morphology in lead V1
to be beats from the LBB area, while in the original
publication ectopic beats without an R wave in V1
were also considered to originate from the LBB area
when the QRS duration was <130ms. As new im-
plantation tools become available with stylet-driven
leads, continuous pacing is an option as an alterna-
tive to fixation beats. Lastly, V6RWPT can be used,
since V6RWPT (~LV activation time) shortens during
left-sided IVS pacing compared to right-sided pacing
[27]. Instead of waiting for mechanically induced
ectopic beats, local depolarisations can also be forced
by continuous pacing during the whole process of
lead rotation/implantation. During lead progression
from the right to the left side of the septum the paced
QRS changes: the QRS gradually narrows, the R wave
appears in V1 and V6RWPT shortens [28].

Capture criteria

Confirmation of LBB capture is challenging. A recently
proposed indirect measurement that could help to
identify LBB capture is the interval between the LBB
potential and V6RWPT during native conduction as
compared to the V6RWPT during pacing [29]. The dif-
ference (Δ) in V6RWPT during HBP and nsLBBP/LVSP
can be used to assess LBB capture in CRT patients [30].
Furthermore, the V6-V1 interpeak interval can differ-
entiate the three types of LBB area capture: non-se-
lective LBB, selective LBB, and LV septal capture [31].

In our study, we used the criteria proposed by
Huang et al. [11] with the addition that a transition of
nsLBBP to sLBBP or nsLBBP to LVSP is required. This
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in order to be able to differentiate LBB capture from
LV septum only pacing.

A different method of establishing whether the LBB
has been captured might be by measuring His-Purk-
inje potentials, especially in patients without pre-ex-
isting bundle branch block. Using electrophysiology
catheters along the left side of the IVS and along the
bundle of His would allow recording of retrograde
His potentials (with a short stimulus-His interval) or
anterograde LBB potentials to differentiate between
deep LV septal pacing and LBBP. However, perform-
ing these kinds of measurements would increase the
invasiveness of the procedure, as well as costs, and
is therefore not appropriate for routine use in daily
clinical practice. However, future studies using these
invasive electrophysiological measurements would be
of interest, as they would increase our mechanistic
insight into LBBAP. Establishing LBB capture at this
stage of LBBAP is considered important, since we are
as yet unaware of certain patient (sub)populations
that benefit from either LVSP or LBBP. If long-term
outcome does not differ between the two, the ad-
vanced measurements and implantation associated
with LBBP might even be redundant.

Electrophysiological effects

QRS duration significantly increased during RVSP
in our population and remained prolonged during
LBBAP when compared to intrinsic normal ventricu-
lar activation in patients with intact AV conduction.
This finding is in agreement with previous studies
investigating LBBAP [32, 33]. A prolonged QRS dura-
tion is to be expected in RVSP, since the His-Purkinje
system is not recruited. In LBBAP, the prolonged QRS
duration is mainly due to a delayed RV activation,
while LV activation is restored. This delayed RV acti-
vation becomes evident on the ECG as an R′ wave in
V1. The haemodynamic and long-term effect of this
delayed RV activation caused by LBBAP needs to be
carefully evaluated in future studies.

In contrast to QRS duration, the QRS area nor-
malised to a large extent during LBBAP in the present
study. The QRS area, which is calculated after con-
verting the standard 12-lead ECG, serves as a mea-
sure of ventricular electrical dyssynchrony [15]. In
previous studies investigating CRT, it was shown that
the QRS area has a strong association with clinical
and echocardiographic response [34]. In a more re-
cent study by our group, it was even shown that the
decrease in QRS area after CRT was a strong inde-
pendent predictor of echocardiographic and clinical
CRT response [35]. In the present study, both LBBP
and LVSP resulted in a small QRS area, approximat-
ing the intrinsic QRS area in patients with intact AV
conduction and a narrow QRS. LBBP resulted in a sig-
nificantly smaller QRS area as compared to LVSP, al-
though the difference in the absolute value is small.
Whether this small difference between LBBP and LVSP

results in different clinical outcomes needs to be de-
termined.

Limitations

Our study shows the results of a prospective registry
evaluating the feasibility and electrical characteristics
of LBBAP performed by operators (JL, BW, KV) with
experience of ~30 permanent HBP implantations be-
fore starting with LBBAP. The majority of implan-
tations were performed alternately by two operators.
Our study demonstrates a learning curve in a limited
number of patients and analysis of larger numbers is
required to validate our findings. LVSP was accepted
somewhat faster in the initial cases, which could have
influenced the LBB capture rate. With growing expe-
rience in LBBAP implantations and increasing knowl-
edge of LBBAP, especially as regards lead depth in
the interventricular septum, implantation skills have
probably improved in our centre, which has proba-
bly influenced the results. Nevertheless, we are con-
vinced that the data provided in this study represent
real-world data of the initial experience in a centre
starting with LBBAP.

Conclusions

LBBAP is a new implantation technique that is feasible
and safe in a high percentage of patients. Pacing char-
acteristics are very satisfactory and remain stable dur-
ing 1-year follow-up. Capture of the left bundle, de-
fined by strict criteria, could be achieved in up to two-
thirds of patients. Although QRS duration remains
prolonged, LBBAP largely maintains LV synchrony at
a level close to intrinsic sinus rhythm with normal
AV conduction and a narrow QRS. New measures to
determine LBB capture, such as V6RWPT equals LBB
potential to V6RWPT interval, seem promising. More-
over, the QRSmorphology of the fixation beats is help-
ful in determining lead depth while screwing the lead
into the interventricular septum.
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