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Abstract

Although left bundle branch area pacing (LBBAP) pro-
vides more physiological ventricular activation than con-
ventional pacing techniques, its impact on ventricular re-
polarization remains unclear. This study investigates the
temporal changes of the T wave in patients with bradycar-
dia treated with LBBAP, using vectorcardiographic anal-
ysis of 12-lead ECGs. Standard 12-lead ECGs were col-
lected from 23 healthy subjects and 58 patients with brady-
cardia who underwent LBBAP. ECGs were recorded at
baseline for the two cohorts and at three additional time
points after LBBAP for the bradycardia group. The prin-
cipal direction of the T wave was obtained from vectorcar-
diographic analysis and classified into 4 quadrants (qx).
In healthy controls, all T wave vectors were located in q1.
In patients with bradycardia and narrow QRS, 80% of the
T wave vectors lied in q1 at baseline. A reduction in the
number of T wave vectors belonging to q1 was observed
immediately after LBBAP (45%), followed by a significant
increase in this number at 24 hours (75%) and again at
one year post-implantation (80%) (p<0.05). Qualitatively
similar results were obtained for patients with wide QRS
at baseline. These findings suggest that, although LBBAP
transiently alters the direction of ventricular repolariza-
tion, the T wave vector progressively realigns to a physio-
logical pattern over time.

1. Introduction

Patients with bradycardia often require pacemaker im-
plantation as part of antibradycardia therapy to maintain an
adequate heart rate. Left bundle branch area pacing (LB-
BAP) is a recent technique that directly stimulates the left
bundle branch of the cardiac conduction system. This re-
sults in more physiological ventricular depolarization [1]
compared to conventional right ventricular pacing in which
the myocardium is activated first and leads to slower and

dyssynchronous ventricular activation.
Although extensive research has been conducted to as-

sess the effects of LBBAP on the ventricular activation se-
quence and morphology of the QRS [2–4], its influence on
ventricular repolarization, reflected in the T wave of the
electrocardiogram (ECG), has received far less attention.
To the best of our knowledge, few studies have reported
changes in the T wave following LBBAP [5]. In published
work, T-wave inversions were observed immediately af-
ter pacemaker implantation, but these inversions progres-
sively resolved over time.

This study investigates the effects of LBBAP on ven-
tricular repolarization over time by analyzing the T wave
using standard 12-lead ECG recordings. Short- and long-
term effects are studied, from immediately after pace-
maker implantation to after one year of pacing, to evaluate
changes in ventricular repolarization.

2. Methods

2.1. Study population

ECG signals were collected from two different popula-
tions: a healthy control group and a cohort of patients with
bradycardia and indications for pacemaker implantation.
The control group consisted of 23 healthy male volunteers,
with a mean age of 63±3 years. The patient cohort com-
prised 58 patients who underwent LBBAP as antibrady-
cardia therapy at Lozano Blesa Clinical University Hospi-
tal (Zaragoza, Spain), with a mean age of 77±6 years, of
whom 29% were women. The primary indication for pac-
ing in this population was type II atrioventricular block fol-
lowed by complete atrioventricular block (34% and 29%
of patients, respectively). Comorbidities included dyslipi-
demia (57%), hypertension (69%), and diabetes mellitus
(36%). Patients were stratified according to the baseline
QRS morphology and duration into three subgroups: nar-
row QRS, right bundle branch block (RBBB), and left bun-
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dle branch block (LBBB). All healthy subjects presented a
narrow QRS complex.

For both groups, 12-lead ECG recordings were obtained
at baseline. Furthermore, in the bradycardia group, addi-
tional ECG recordings were collected at three time points
after implantation: immediately after pacemaker implan-
tation, 24 hours after implantation, and one year after
implantation. ECGs were recorded with a sampling fre-
quency of 1000 Hz and an amplitude resolution of 3.75
µV.

2.2. Signal processing and median beat
computation

ECG preprocessing included removal of baseline wan-
der and low-pass filtering with a cutoff frequency of 50
Hz. In the paced ECGs of patients with bradycardia, spikes
from pacemaker activity were removed from the ECG.
For that purpose, the strategy described in [6] was imple-
mented, which involves identifying the start and end of
the spikes using a threshold-based criterion on the ECG
derivative and replacing them with linear interpolation.

The preprocessed ECG signals were delineated using a
wavelet-based multilead approach [7], allowing the iden-
tification of QRS fiducial points for all cardiac beats. RR
intervals were calculated from consecutive QRS fiducial
points. Beats with RR intervals within a 20 ms window
centered on the RR mode were selected to compute an
initial median beat. To remove extrasystole beats and in-
clude only beats with similar QRS morphology, only car-
diac beats whose QRS complexes exhibited a Pearson cor-
relation coefficient greater than 0.95 with the initially cal-
culated median beat were included in the final QRS se-
lection. A refined median beat was computed from those
selected beats.

The time instants corresponding to the fiducial point, on-
set and end of the QRS complex, and the end of the T wave
were identified in the final median beats using the same
multilead wavelet-based approach [7].

2.3. Vectocardiograhy analysis

The vectocardiogram (VCG), including leads X, Y, and
Z, was derived from the calculated 12-lead median beat us-
ing the Kors regression method [8]. The Euclidean norm
of the VCG (nXY Z) was calculated at each instant in time.
The onset of the T wave was identified by searching the
time point with the minimum value in nXY Z within a pre-
defined window of 20 to 40 ms after the end of the QRS
complex. This strategy was adopted to improve delineation
accuracy given the challenges associated with identifying
the onset of the T wave. Finally, the VCG signal was
baseline-corrected by subtracting the mean of the values

Figure 1. (A) X, Y, and Z leads derived from 12-lead
standard ECG using the Kors regression method, along
with the computed vector magnitude, nXY Z . Black dots
mark the time points corresponding nXY Z maximum dur-
ing QRS complex and the T wave. Blue dashed lines indi-
cate the boundaries of the QRS complex, while red dashed
lines indicate the T wave boundaries. (B) 3D vector rep-
resentation of the principal direction of the QRS complex
(top panel) and T wave (bottom panel) in q1 indicated by
the red vectors.

of nXY Z at QRSonset, QRSend, Tonset, and Tend and sub-
sequently normalized by the maximum value of nXY Z .

The principal directions for the QRS complex and the
T wave were calculated from the VCG by identifying the
time point where nXY Z took the maximum value within
the corresponding wave window (Figure 1A). The vectors
associated with the principal directions of the QRS com-
plex and the T wave were classified into four spatial quad-
rants qx, based on the x and z coordinates: q1 for positive
x and z; q2 for negative x and z; q3 for positive x and neg-
ative z; and q4 for negative x and positive z (see Figure
1B).

The angle between the X-axis and the projection of the
T wave dominant vector into the X-Z plane (transversal
plane) was calculated for each ECG recording of healthy
volunteers and bradycardia patients and denoted as θT.

2.4. Statistics

For each quadrant qx, the proportion of ECG record-
ings in which the principal direction of the QRS complex
(T wave, respectively) fell within that quadrant was calcu-
lated. The χ2 test of independence was performed to eval-
uate the association between percentages in a given quad-
rant in different temporal states. The Wilcoxon rank-sum
test was used to analyze differences in θT between healthy
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subjects at baseline and patients with bradycardia after a
year with LBBAP. P-values < 0.05 were considered statis-
tically significant.

3. Results and discussion

3.1. Principal directions at baseline

In the healthy group, 91% of the principal directions of
the QRS complexes and 100% of the T wave vectors were
found to be in q1, indicating a left anterior direction.

Among patients with bradycardia, the principal direc-
tion of the QRS complex varied depending on the mor-
phology of the baseline QRS. Patients with narrow QRS
showed the highest percentage of principal directions of
the QRS in q1 (75%), as observed for healthy individu-
als (p=0.15). In contrast, patients with RBBB and LBBB
showed broader distributions across q1 and q3 due to con-
duction abnormalities. For the T wave, 80%, 70% and 64%
of patients with narrow QRS, RBBB and LBBB, respec-
tively, had the principal direction in q1 at baseline (Figure
2).

Figure 2. Percentage of the principal direction of the
QRS complex (left) and T wave (right) across quadrants
qx, (with q1 in red, q2 in green, q3 in blue, and q4 in yel-
low) for bradycardia cohort at baseline (B), immediately
after (S), after 24 hours (P), after one year (Y) and healthy
population (H).

3.2. LBBAP effects on QRS complex and T
wave principal directions

The principal direction of the paced QRS complex
showed differences in the three pacing states compared to
baseline, reflecting the altered ventricular activation pat-
tern induced by LBBAP. After a year, the group of patients
with narrow QRS recovered up to 65% of their depolariza-
tion vectors located within q1, approaching the distribution
observed at baseline (p=0.57). In contrast, the groups of

patients with RBBB and LBBB showed broader distribu-
tions of QRS complex vectors, with 22% and 36% in q1

(Figure 2).

Regarding the T wave, in the group of bradycardia
patients with narrow QRS, the number of patients who
had the direction of the T wave within q1 showed a de-
crease immediately after LBBAP, falling from 80% to 45%
(p=0.07). After 24 hours of pacing, the percentage in-
creased to 75% (p=0.03). After one year, it exceeded the
percentage at baseline and reached 85% (p=0.003) (Figure
3).

In patients with bradycardia and RBBB, the percentage
of patients with the principal direction of the T wave within
q1 decreased from 70% at baseline to 33% immediately
after pacemaker implantation (p=0.02). After 24 hours and
a year of implantation, the proportion increased to 67%
(p=0.008) and 78% (p<0.001) (Figure 3).

Patients with bradycardia and LBBB exhibited a reduc-
tion in the percentage of the principal directions of the
T wave within q1 right after pacemaker implantation, de-
creasing from 64% at baseline to 36% immediately after
pacemaker implantation (p = 0.20). This percentage in-
creased in the following temporal states, reaching 55% af-
ter 24 hours and returning to baseline levels (64%) after a
year of pacing (Figure 3). No significant differences in the
percentage of vectors in q1 were observed, possibly due to
the small sample size of the LBBB subgroup in our cohort.

In general, for all subgroups, LBBAP modified the QRS
complex vector immediately after pacemaker implanta-
tion. However, while patients with narrow QRS partially
recovered their initial vector distribution over time, this re-
covery was not observed in the RBBB and LBBB cohorts,
which maintained a distinct QRS complex quadrant distri-
bution compared to their distributions at baseline.

Regarding the T wave, LBBAP induced acute changes
in its direction immediately after pacing in all subgroups
of patients. However, in all cases, the T wave vector pro-
gressively realigned with a more physiological direction,
with the highest percentage of T wave directions observed
in q1 after 24 hours and a year of LBBAP, comparable to
the direction seen in the healthy population.

Repolarization abnormalities are known to potentially
induce arrhythmias. In this study, the T wave was affected
immediately after LBBAP, but it progressively returned to
a more physiological pattern over time suggesting a ven-
tricular adaptation with long-term pacing. These findings
are consistent with those reported in the study by Geng et
al. [5], where T wave inversions were frequently observed
after LBBAP. Inversions of T waves occurred in approx-
imately 66% of the patients and were shown to be tran-
sient, with partial or complete recovery in almost 88% of
the cases during follow-up.
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Figure 3. T wave principal direction in the X-Z plane for
bradycardia cohort at baseline and after LBBAP (inmedi-
atly after pacemaker implantation,after 24 hours and after
a year) for narrow QRS, RBBB and LBBB patients. Each
line represents an individual T wave vector, with direction
color-coded according to its quadrant assignment: q1 in
red, q2 in green, q3 in blue, and q4 in yellow.

3.3. θT after a year of LBBAP

The angle θT, defined as the angle between the X axis
and the projection of the T wave vector onto the X-Z
plane, was 39±10◦ in the healthy group, reflecting a phys-
iological repolarization pattern. This value was signifi-
cantly lower (p<0.001) than the values measured in pa-
tients with bradycardia and narrow QRS (53±13◦), RBBB
(55±17◦) and LBBB (59±8◦) after one year of LBBAP.
This suggests that, despite directional similarity, repolar-
ization after pacing remains quantitatively different from
that in healthy individuals.

Our findings with respect to θT indicated that although
most T wave vectors aligned in the direction with those of
healthy individuals (predominantly within q1), its orienta-
tion in terms of the values of θT remained quantitatively
distinct. In particular, the increased angle values after LB-
BAP suggest that repolarization does not fully achieve a
physiological state despite apparent directional similarity.

4. Conclusion

This study evaluated the short- and long-term impact
of LBBAP on ventricular repolarization by analyzing the
temporal evolution of the T wave dominant vector from
the ECG. Our findings indicate that, although LBBAP in-
duces acute alterations in the polarity of the T wave in
patients with bradycardia, it gradually reverts to a physi-
ological pattern over time. After one year of pacing, the
T wave displays a qualitatively similar directional profile
to that found in healthy subjects, even if some quantitative
differences are still observed.

Acknowledgments

This work was supported by Agencia Estatal de In-
vestigación - Ministerio de Ciencia e Innovacion (Spain)
through projects PID2022-1405564OB-I00, PID2023-
148975OB-I00 and TED2021-130459B-I00, Ramón y Ca-
jal Program (RYC2019-027420-I) and by European So-
cial Fund (EU) and Aragon Government through BSICoS
group (T39 23R) and project LMP94 21.

References

[1] M. Glikson et al. “European Society of Cardiology (esc)
Clinical Consensus Statement on Indications for Conduc-
tion System Pacing, with Special Contribution of the Euro-
pean Heart Rhythm Association of the ESC and endorsed by
the Asia Pacific Heart Rhythm Society, the Canadian Heart
Rhythm Society, the Heart Rhythm Society, and the Latin
American Heart Rhythm Society”. EP Europace European
Journal of Arrhythmia Electrophysiology Apr. 2025;27.

[2] K. Curila et al. “Left Bundle Branch Pacing Compared to
Left Ventricular Septal Myocardial Pacing Increases Inter-
ventricular Dyssynchrony but Accelerates Left Ventricular
Lateral Wall Depolarization”. Heart Rhythm Apr. 2021;18.

[3] C. Sales-Belles et al. “Left Bundle Branch Area Pacing Gen-
erates More Physiological Ventricular Activation Sequences
than Right Ventricular Pacing”. Computing in Cardiology
Dec. 2023;50.

[4] C. Sales-Belles et al. “ECG-Based Evaluation of Ventricular
Synchrony in Left BundleBranch Area Pacing through Char-
acterization of the Activation Sequence”. Scientific Reports
2025;.

[5] J. Geng et al. “ Reversible T-wave Inversions during Left
Bundle BranchArea Pacing”. Polish Heart Journal Jul. 2022;
80.

[6] C. Sales-Belles et al. “Right Ventricular vs Left Bundle
Branch Pacing-Induced Changes in ECG Depolarization and
Repolarization”. Computing in Cardiology Jan. 2022;49.

[7] R. Almeida et al. “Multilead ECG Delineation using Spa-
tially Projected Leads from Wavelet Transform Loops”.
IEEE Transactions on Biomedical Engineering Aug. 2009;
56.

[8] J. A. Kors et al. “Reconstruction of the Frank Vectorcardio-
gram from Standard Electrocardiographic Leads: Diagnostic
Comparison of Different Methods”. European Heart Journal
Dec. 1990;11:1083–1092.

Address for correspondence:

Clara Sales Bellés
University of Zaragoza, Campus Rı́o Ebro, I+D Building,
D5.01.1B, Mariano
csales@unizar.es

Page 4


