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Abstract

Aims/Background: Individuals affected with bradyarrhythmia and hypertension exhibit distinct clinical manifestations. Arrhythmia is
commonly managed with an artificial cardiac pacemaker. This study aims to investigate the effects of left bundle branch pacing (LBBP)
and right ventricular septal pacing (RVSP) on blood pressure and cardiac function in patients with bradyarrhythmia and hypertension.
Methods: This retrospective study included 1060 patients with bradyarrhythmia and hypertension who were treated in Xinhua Hospital
Affiliated to Shanghai Jiaotong University School of Medicine between January 2020 and December 2023. According to the placement
of cardiac pacing leads, patients were divided into the LBBP group (N = 260) and the RVSP group (N = 800). Baseline clinical charac-
teristics were recorded, and intergroup comparisons were performed for postoperative blood pressure, cardiac function indicators, pacing
parameters, QRS duration, and incidence of postoperative adverse events. Results: Postoperatively, the LBBP group demonstrated sig-
nificantly lower systolic blood pressure (SBP) and pulse pressure (PP) compared to the RVSP group (both p < 0.05). Regarding the
time × group interaction, the interaction was significant for PP and SBP (p < 0.05). Significant time effects were observed for left
ventricular ejection fraction (LVEF), cardiac output (CO), and cardiac index (CI) in both groups (all p < 0.05), and the group effect was
significant for CI (p < 0.05). Regarding ventricular pacing percentage, both groups showed a significant decrease over time (p < 0.05);
the LBBP group exhibited a slightly lower percentage than the RVSP group (p< 0.05), with a significant time× group interaction (p<
0.05). Similarly, threshold decreased over time (p< 0.05), while perception and impedance remained stable (p> 0.05). The paced QRS
duration was significantly narrower with LBBP during the follow-up period (p < 0.05). Additionally, no significant differences were
observed in the incidence of adverse events between the two groups, indicating comparable safety profiles (p > 0.05). Conclusion: In
patients with bradyarrhythmia and hypertension, LBBP offers significant therapeutic benefits in reducing SBP, pulse pressure, and QRS
duration, while maintaining safety profiles and stable pacing parameters.
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1. Introduction

Bradyarrhythmia (BA) is a group of rhythm conditions
manifested as reduced heart rate due to disrupted impulse
generation or conduction. It usually includes conduction
blocks and sick sinus diseases, and is often accompanied by
symptoms like chest tightness, palpitations, syncope, and
amaurosis. These malfunctions result from dysregulation
in the cardiac conduction system or pacemaker function [1].
Sick sinus rhythm predominantly affects older adults, par-
ticularly those over 70 years of age, with an estimated inci-
dence of about 1% [2]. The prevalence of atrioventricular
block increases significantly with advancing age. Among
them, the second-degree block appears more commonly in
men, whereas the third-degree block is more frequently ob-
served in patients with comorbid conditions such as dia-
betes and hypertension [3].

Hypertension is the most common cardiovascular dis-
ease globally and is a leading cause of morbidity and mor-
tality [4,5]. The coexistence of bradyarrhythmia and hyper-

tension is commonly reported and significantly increases
the risk of adverse events such as syncope, heart failure
and sudden cardiac death [6]. At present, bradyarrhyth-
mia is primarily diagnosed using electrocardiogram (ECG)
and long-term ECGmonitoring [7], while the diagnosis and
management of hypertension is generally well established
[8,9]. However, pharmacological options for bradyarrhyth-
mia are limited and are often associated with significant ad-
verse reactions. Hence, permanent pacemaker implantation
remains the primary treatment option, although the optimal
site for ventricular electrode implantation continues to be
controversial [10].

Traditionally, ventricular leads have been implanted
in the right ventricle, commonly at the apex or the septum.
Right ventricular septal pacing (RVSP) offers advantages,
such as straightforward electrode fixation and a low risk of
electrode dislocation. Despite these practical advantages,
RVSP does not mimic the normal ventricular activation pat-
tern of the heart, which can lead to delayed ventricular ac-
tivation, bundle branch block, and, over time, an increased
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risk of atrial fibrillation and heart failure [11]. The RVSP
site is higher, which can improve the asynchrony of ventric-
ular depolarization sequence and avoid the adverse effects
of long-term apical pacing on cardiac hemodynamics and
cardiac systolic and diastolic function. However, the opti-
mal placement site is difficult to determine, and its physio-
logical nature is also controversial [12].

Left bundle branch pacing (LBBP), first introduced
in 2017, has emerged as a promising alternative. This ap-
proach aims to maintain the physiological sequence of ven-
tricular activation by directly managing the conduction sys-
tem. In theory, this method has the potential to improve
electrical synchrony, help preserve cardiac function, and is
associated with stable pacing parameters and a relatively
simple implantation process [13]. Although early clinical
evidence demonstrates potential advantages regarding car-
diac function, its direct effect on systemic hemodynamics,
especially blood pressure control in patients with coexist-
ing bradyarrhythmia and hypertension, has not been fully
elucidated [14].

Given this, the present study aims to compare left bun-
dle branch region pacingwith right ventricular septal pacing
in individuals with bradyarrhythmia and hypertension. The
ultimate goal is to examine their respective effects on blood
pressure control and cardiac performance, thereby provid-
ing a basis for the most appropriate pacing approach selec-
tion for this high-risk population.

2. Methods
2.1 Selection of Study Participants

This retrospective study enrolled 1060 bradyarrhyth-
mia patients comorbid with hypertension who received
permanent dual-chamber pacemaker implantation at the
Department of Cardiology, Xinhua Hospital Affiliated to
Shanghai Jiaotong University School of Medicine, between
January 2020 and December 2023 (Fig. 1). Based on the
implantation site of the cardiac pacing electrode, patients
were divided into the left bundle branch pacing (LBBP)
group (N = 260) and the right ventricular septal pacing
(RVSP) group (N = 800).

2.2 Inclusion and Exclusion Criteria
Patients were included if they met the following crite-

ria: (1) fulfilled the indications for permanent cardiac pace-
maker implantation [1] and met the diagnostic criteria of
both hypertension [15] and bradyarrhythmia [16]; (2) re-
ceived first-time cardiac pacemaker implantation; (3) had
a left ventricular ejection fraction (LVEF) >40%; (4) com-
pleted regular follow-up for 12 months after the surgery;
and (5) had complete clinical records.

However, patients were excluded if they had (1) def-
inite secondary hypertension, including primary aldostero-
nism, pheochromocytoma, renovascular hypertension, and
hyperthyroidism; (2) coagulation abnormalities; (3) ad-
vanced cardiac failure, such as grade III–IV, with poor sur-

gical tolerance; (4) significant liver and kidney dysfunction;
(5) congenital heart disease or persistent atrial fibrillation;
(6) conditions limiting the supine position, such as trauma
or spinal deformities; (7) a need for continuous use of an-
tiplatelet or anticoagulant drugs during the perioperative pe-
riod; and (8) those with acute or chronic infections.

2.3 Cardiac Pacemaker Implantation Protocol
In the LBBP group, pacemaker leads were placed

in the left bundle branch area. Under a right anterior
oblique 30° X-ray fluoroscopy, a C315-HIS delivery sheath
(Medtronic, Minneapolis, MN,USA)was advanced into the
right ventricle along with a guide wire. A 3830 electrode
was placed and advanced carefully toward the target site.
Once the lead crossed the tricuspid valve, the electrode tip
and sheath tube were guided to the lower third of the inter-
ventricular septum, targeting the region approximately 1–2
cm inferior to the recording site of the His bundle, which
is typically visualized on fluoroscopy as the area where the
septum is thickest. The 3830 electrode was initially rotated
clockwise (3–4 turns) to achieve fixation within the inter-
ventricular septum. In the left anterior oblique position, the
sheath was rotated counterclockwise to align perpendicular
to the interventricular septum, followed by further clock-
wise rotations (6–8 turns) to secure deep septal engage-
ment. To confirm appropriate lead placement, monopolar
pacing (2 V at 0.4 ms) was performed, and the morphology
of the QRS wave in lead V1 was assessed. The terminal
r/R wave with a narrow QRS complex indicated that the
pacing electrode was placed in the left bundle branch area.
If this pattern was not found, the electrode was gradually
advanced and repositioned. Once desirable pacing param-
eters and lead stability were confirmed, the guide wire was
withdrawn, and the procedure was completed.

Patients in the RVSP group were implanted with a
pacemaker in the right ventricular septum using a similar
subclavian vein access. Under the right anterior oblique 30°
X-ray fluoroscopy, an active spiral electrode was placed in
the mid-to-lower septal region of the right ventricle. Left
anterior oblique 45° imaging was then used to confirm its
orientation, ensuring that the electrode tip was pointed to-
ward the spine without crossing it and remained perpen-
dicular to the ventricular septum. Under the posterior-
anterior fluoroscopy, the electrode position was further ver-
ified within the appropriate anatomical region (between 1.5
and 2.0 cones from the bottom of the heart shadow, the right
atrioventricular valve, and the apex).

The electrocardiogram revealed a widened QRS wave
duration, leftward axis deviation, an R-type in lead I, and
a left bundle branch block pattern in the precordial leads,
all consistent with right ventricular septal pacing. After
confirming effective pacing and stable electrical parame-
ters, the guiding wire was withdrawn, and the implantation
procedure was completed.
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Fig. 1. Flowchart of Study Participant Selection. LBBP, left bundle branch pacing; RVSP, right ventricular septal pacing.

2.4 Observed Indices

(1) Clinical Characteristics: Baseline clinical data in-
cluded age, sex, body mass index (BMI), type of brad-
yarrhythmia, systolic blood pressure (SBP), diastolic blood
pressure (DBP), pulse pressure, New York Heart Associa-
tion (NYHA) cardiac function classification, heart rate, left
ventricular ejection fraction (LVEF), cardiac output (CO),
and cardiac index (CI), QRS duration (QRSd) and opera-
tion time. Operation time was defined as the interval from

skin incision to final wound closure, including all proce-
dural steps such as lead placement, pocket creation, pacing
parameter testing, and wound suturing.

(2) Blood pressure evaluation: Blood pressure data
were retrospectively extracted from the electronic medi-
cal record system. Baseline blood pressure values were
calculated as the average of at least two readings taken
at rest after hospital admission and before pacemaker im-
plantation, using a calibrated electronic sphygmomanome-
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Table 1. Comparison of baseline clinical and demographic characteristics between groups.
Indicator RVSP (N = 800) LBBP (N = 260) t/Z/χ2 p-value

Age [years, M (Q1, Q3)] 67 (63, 72) 68 (61, 77) 1.552 0.121
Sex 0.947 0.330

Male (n, %) 440 (55.00) 134 (51.54)
Female (n, %) 360 (45.00) 126 (48.46)

BMI [kg/m2, M (Q1, Q3)] 24.02 (23.13, 24.93) 23.77 (22.80, 25.00) 1.753 0.080
Type of bradyarrhythmia 0.714 0.700

SSS (n, %) 270 (33.75) 87 (33.46)
AVB (n, %) 432 (54.00) 136 (52.31)
SSS and AVB (n, %) 98 (12.25) 37 (14.23)

NYHA cardiac functional grading 0.177 0.674
I (n, %) 338 (42.25) 106 (40.77)
II (n, %) 462 (57.75) 154 (59.23)

Heart rate [beats per minute, M (Q1, Q3)] 48 (45, 51) 47 (45, 50) 1.563 0.118
Time of operation (min, mean ± SD) 98.84 ± 20.17 97.49 ± 19.58 0.943 0.346
SBP (mmHg, mean ± SD) 150.78 ± 6.56 150.83 ± 6.75 0.107 0.915
DBP (mmHg, mean ± SD) 68.27 ± 7.69 67.82 ± 5.62 0.879 0.379
PP (mmHg, mean ± SD) 82.50 ± 10.15 83.01 ± 8.25 0.728 0.467
LVEF (%, mean ± SD) 47.54 ± 3.25 47.68 ± 3.83 0.599 0.549
CO (L/min, mean ± SD) 4.55 ± 0.56 4.52 ± 0.64 0.739 0.460
CI (L/minꞏm2, mean ± SD) 2.76 ± 0.30 2.72 ± 0.32 1.602 0.109
QRSd (ms, mean ± SD) 120.38 ± 10.53 120.71 ± 9.44 0.472 0.637
BMI, body mass index; SSS, sick sinus syndrome; AVB, atrioventricular block; NYHA, New York Heart Associa-
tion; SBP, systolic blood pressure; DBP, diastolic blood pressure; LVEF, left ventricular ejection fraction; QRSd,
QRS duration; CO, cardiac output; CI, cardiac index; PP, pulse pressure; SD, standard deviation; M, median.

ter [HBP-1300, Omron (Dalian) Co., Ltd., Dalian, China].
During follow-up, blood pressure was recorded at 1, 6,
and 12 months during outpatient visits after the procedure.
All measurements were performed following a standardized
protocol: patients rested in a seated position for at least
5 minutes, and at least two readings were obtained using
the same type of calibrated electronic sphygmomanometer
(unified model), and the average value was recorded. This
protocol was consistent with baselinemeasurements tomin-
imize variability. The primary indices analyzed were sys-
tolic blood pressure (SBP), diastolic blood pressure (DBP),
and pulse pressure (PP). To further evaluate the interven-
tion effect of pacing modality, changes in blood pressure
(∆ values, the follow-up value minus the baseline value)
were calculated for each follow-up time point relative to
baseline.

(3) Cardiac function assessment: Echocardiography
(Philips iE Elite color Doppler ultrasound diagnostic instru-
ment) was performed before pacemaker implantation (base-
line) and repeated at 1month, 6months and 12months post-
operatively. A three-dimensional X5-1 matrix probe (fre-
quency range 1.0 MHz–5.0 MHz) was used in this proce-
dure. Routine cardiac function indicators were recorded,
including left ventricular ejection fraction (LVEF), cardiac
output (CO), and cardiac index (CI). Preoperative baseline
values of these cardiac function parameters were used for
longitudinal comparison.

(4) Pacemaker programmable parameters: The pac-
ing parameters were assessed using aMedtronic 2090 pace-
maker instrument by the same experienced physician to en-
sure consistency. These parameters included pacing per-
ception (ventricular perception normal value≥5 mV), pac-
ing threshold (normal value ≤1.0 V), pacing impedance
(normal value 300~1000 Ω) and the percentage of ventric-
ular pacing (VP%). Measurements were recorded immedi-
ately after implantation and repeated at 1, 6, and 12 months
postoperatively. The intraoperative VP% was calculated as
the average proportion of ventricular pacing during the en-
tire lead testing and parameter optimization procedure, in-
cluding intermittent pauses for sensing assessment and in-
trinsic rhythm observation.

(5) Electrocardiographic assessment: Standard 12-
lead electrocardiography (SE-18, Edan Instruments, Inc.,
Shenzhen, China) was performed before pacemaker im-
plantation (baseline) and during follow-up visits at 1, 6, and
12 months. QRS duration (QRSd) was measured by the
same senior physician electrocardiographer. QRSd was de-
fined as the time interval from the onset to the end of the
QRS complex, and the average value of three consecutive
cardiac cycles was used for analysis.

(6) Adverse events: Adverse events occurring within
12 months after surgery were documented, including pace-
maker implantation-related complications and major car-
diovascular events.
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Table 2. Comparison of postoperative blood pressure between the two groups of patients.
Indicator Time RVSP (N = 800) LBBP (N = 260)

SBP (mmHg, mean ± SD)

Before the operation 150.78 ± 6.56 150.83 ± 6.75
1 month after the operation 146.59 ± 7.02 144.71 ± 6.29
6 months after the operation 146.60 ± 7.16 144.82 ± 5.18
12 months after the operation 146.60 ± 6.72 144.33 ± 6.61

Results of repeated measures analysis of variance
Time effect: F = 115.861, p < 0.001
Group effect: F = 36.985, p < 0.001
Time × group interaction effect: F = 4.749, p = 0.003

Indicator Time RVSP (N = 800) LBBP (N = 260)

DBP (mmHg, mean ± SD)

Before the operation 68.27 ± 7.69 67.82 ± 5.62
1 month after the operation 70.36 ± 8.28 70.61 ± 5.66
6 months after the operation 70.50 ± 9.60 70.64 ± 5.66
12 months after the operation 71.10 ± 9.47 70.61 ± 5.64

Results of repeated measures analysis of variance
Time effect: F = 20.158, p < 0.001
Group effect: F = 0.023, p = 0.879
Time × group interaction effect: F = 1.174, p = 0.317

Indicator Time RVSP (N = 800) LBBP (N = 260)

PP (mmHg, mean ± SD)

Before the operation 82.50 ± 10.15 83.01 ± 8.25
1 month after the operation 76.23 ± 9.90 74.33 ± 7.42
6 months after the operation 76.10 ± 10.89 73.52 ± 7.80
12 months after the operation 75.50 ± 10.84 74.29 ± 7.60

Results of repeated measures analysis of variance
Time effect: F = 129.162, p < 0.001
Group effect: F = 11.616, p < 0.001
Time × group interaction effect: F = 3.757, p = 0.011

2.5 Statistical Analysis

Statistical analyses were conducted using SPSS ver-
sion 27.0 (IBM, Armonk, NY, USA). Data distribution
was examined using the Kolmogorov–Smirnov test. The
measurement data conforming to the normal distribution
were expressed as mean± standard deviation (mean± SD)
and compared using the independent sample t-test. Non-
normally distributed variables were expressed as median
with interquartile range, and the Mann–Whitney U rank
sum test was used for group comparisons. For measure-
ments collected at multiple time points, repeated measures
analysis of variance and generalized estimating equations
were used to determine changes over time. Categorical
variables were expressed as counts and percentages, and an-
alyzed using the chi-square (χ2) test, chi-square correction,
or Fisher’s exact, as appropriate. A p-value of <0.05 was
considered statistically significant.

3. Results
3.1 Comparison of Clinical Characteristics Between the
Two Groups of Patients

Out of the total 1060 patients, 800 received RVSP and
260 underwent LBBP. The overall mean LVEF was 47.57
± 3.40%. The distribution of bradyarrhythmia types re-

vealed that 33.68% of patients had sick sinus syndrome and
53.58% had atrioventricular block, while 12.74% of pa-
tients met more than one pacing indication. As shown in
Table 1, no significant intergroup difference was observed
in baseline characteristics, including age, sex, BMI, type of
bradyarrhythmia, cardiac function classification, heart rate,
operation time, and baseline measures of SBP, DBP, PP,
LVEF, CO, CI and QRSd (p > 0.05).

3.2 Intergroup Comparison of Postoperative Blood
Pressure

Table 2 reveals that repeated-measures analysis
of variance (ANOVA) detected significant time-related
changes in SBP, DBP and PP in both the RVSP and LBBP
groups (all p < 0.05). During the follow-up period, SBP
and PP gradually decreased, while DBP demonstrated a
slight increase. The overall intergroup comparison showed
significantly lower SBP and PP levels in the LBBP group
compared with the RVSP group (p < 0.05), whereas DBP
did not differ between groups (p> 0.05). A significant time
× group interaction effect was observed for SBP and PP (p
< 0.05), suggesting that the decrease in the LBBP group
was more pronounced. In contrast, no significant interac-
tion effect was observed for DBP (p> 0.05), indicating that
both groups followed a similar trend of changes over time.
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Table 3. Comparison of blood pressure changes between the two groups after surgery.
Indicator Time RVSP (N = 800) LBBP (N = 260)

∆SBP [mmHg, M (Q1, Q3)]
1 month after the operation –4 (–11, 3) –6 (–13, 0.25)
6 months after the operation –4 (–11, 3) –6 (–11, 0)
12 months after the operation –4 (–10, 2) –7 (–13, 0)

Generalized Estimating Equations
Time effect: Wald χ2 = 0.612, p = 0.736
Group effect: Wald χ2 = 13.854, p < 0.001
Time × group interaction effect: Wald χ2 = 0.647, p = 0.724

Indicator Time RVSP (N = 800) LBBP (N = 260)

∆DBP [mmHg, M (Q1, Q3)]
1 month after the operation 2 (–6, 10) 2 (–3, 8)
6 months after the operation 1 (–8, 8.25) 4 (–2, 9)
12 months after the operation 1 (–9, 9) 3 (–3, 8)

Generalized Estimating Equations
Time effect: Wald χ2 = 41.163, p < 0.001
Group effect: Wald χ2 = 0.086, p = 0.769
Time × group interaction effect: Wald χ2 = 5.540, p = 0.063

Indicator Time RVSP (N = 800) LBBP (N = 260)

∆PP [mmHg, M (Q1, Q3)]
1 month after the operation –6 (–16, 3) –8 (–14, –3)
6 months after the operation –7 (–17, 5) –10 (–15, 3)
12 months after the operation –7 (–17, 4) –9 (–14, 3)

Generalized Estimating Equations
Time effect: Wald χ2 = 2.768, p = 0.251
Group effect: Wald χ2 = 14.445, p < 0.001
Time × group interaction effect: Wald χ2 = 3.532, p = 0.171

As detailed in Table 3, generalized estimating equa-
tion analysis further revealed that group effects in terms of
∆SBP were statistically significant (p < 0.05), indicating
a clear difference in the degree of SBP reduction between
the two approaches. However, the time and the time ×
group interaction effect was not statistically significant (p
> 0.05), suggesting that the magnitude of SBP reduction
in the LBBP group relative to the RVSP group remained
consistent over the follow-up period without further diver-
gence.

Regarding ∆DBP, only the effect of time was statis-
tically significant (p < 0.05), while the between-group ef-
fect and interaction effect did not reach statistical signifi-
cance. This indicates that the time-dependent trends of DBP
in both groups followed a similar trajectory, with no sig-
nificant differences observed between groups. For changes
in PP (∆PP), only group effect was statistically significant
(p < 0.05), indicating that the LBBP group experienced
a greater reduction in postoperative PP compared to the
RVSP group.

3.3 Intergroup Comparison of Postoperative Cardiac
Function

Comparison of cardiac function parameters is pre-
sented in Table 4. Repeated-measures ANOVA identified
significant time-dependent changes in LVEF, CO, and CI
in both groups (all p < 0.05). LVEF increased between 1

and 6 months after surgery, followed by a slight decline at
12 months. In contrast, CO and CI did not change signifi-
cantly, but increased after implantation and remained stable
during follow-up. The overall intergroup comparison re-
vealed no significant differences in LVEF and CO between
the LBBP and RVSP groups (p > 0.05), indicating that the
two groups did not differ in these parameters across the en-
tire follow-up period. However, a significant group effect
was observed for CI (p < 0.05), with the CI level in the
LBBP group being consistently lower than that in the RVSP
group after surgery. Additionally, the time× group interac-
tion effect for LVEF, CO, and CI was not statistically signif-
icant (all p > 0.05), indicating that the trajectories of these
cardiac function parameters over time were similar between
the two groups.

3.4 Comparison of Pacing Parameters Between the Two
Groups

As shown in Table 5, repeated measures ANOVA
identified a significant effect of time on pacing thresh-
old and the proportion of ventricular pacing (p < 0.05),
with both parameters declining during follow-up. In con-
trast, perception and lead impedance showed no signif-
icant changes over time and remained relatively stable
throughout the follow-up period (all p > 0.05). The over-
all between-group comparison revealed a significant dif-
ference in the percentage of ventricular pacing (p < 0.05),
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Table 4. Comparison of postoperative cardiac function between the two groups.
Indicator Time RVSP (N = 800) LBBP (N = 260)

LVEF (%, mean ± SD)

Before the operation 47.54 ± 3.25 47.68 ± 3.83
1 month after the operation 50.93 ± 4.18 51.08 ± 5.29
6 months after the operation 51.54 ± 5.06 51.67 ± 6.32
12 months after the operation 51.23 ± 6.89 50.76 ± 6.81

Results of repeated measures analysis of variance
Time effect: F = 96.101, p < 0.001
Group effect: F = 0.003, p = 0.954
Time × group interaction effect: F = 0.682, p = 0.541

Indicator Time RVSP (N = 800) LBBP (N = 260)

CO (L/min, mean ± SD)

Before the operation 4.55 ± 0.56 4.52 ± 0.64
1 month after the operation 4.64 ± 0.49 4.61 ± 0.47
6 months after the operation 4.62 ± 0.50 4.60 ± 0.65
12 months after the operation 4.64 ± 0.54 4.65 ± 0.57

Results of repeated measures analysis of variance
Time effect: F = 9.334, p < 0.001
Group effect: F = 0.379, p = 0.538
Time × group interaction effect: F = 0.366, p = 0.770

Indicator Time RVSP (N = 800) LBBP (N = 260)

CI (L/minꞏm2, mean ± SD)

Before the operation 2.76 ± 0.30 2.72 ± 0.32
1 month after the operation 2.81 ± 0.24 2.78 ± 0.22
6 months after the operation 2.80 ± 0.25 2.78 ± 0.34
12 months after the operation 2.81 ± 0.27 2.81 ± 0.27

Results of repeated measures analysis of variance
Time effect: F = 9.374, p < 0.001
Group effect: F = 5.846, p = 0.016
Time × group interaction effect: F = 0.398, p = 0.748

along with a significant interaction effect of time × group
(p< 0.05), indicating that the proportion of ventricular pac-
ing varied between the two groups over time. In addition,
analysis of between-group effects and time× group interac-
tion effects showed no significant differences in threshold,
perception, or impedance (all p> 0.05), indicating that both
pacing approaches showed comparable stability throughout
the follow-up period.

3.5 Comparison of Postoperative QRSd Between the Two
Groups of Patients

Repeated-measures ANOVA identified a significant
time effect and a significant group effect in QRSd of the
two groups of patients (p < 0.05). The overall intergroup
comparisons demonstrated significantly narrower QRSd in
the LBBP group compared with the RVSP group. Further-
more, a significant time × group interaction was also ob-
served (p < 0.05), suggesting that the temporal trajecto-
ries of QRSd differed between the two pacing modalities,
with the LBBP groupmaintainingmore stable and narrower
QRS complexes over time compared with the RVSP group
(Table 6).

3.6 Incidence of Adverse Events Across the Two Groups of
Patients

The incidence of adverse events in both the study
groups over the follow-up period is presented in Ta-
ble 7. Overall, there were no significant differences
in the incidence of cardiovascular events and pacemaker
implantation-related complications between the two groups
(p > 0.05). The overall rate of adverse events was 4.75%
in the RVSP group and 7.69% in the LBBP group; how-
ever, this difference did not reach statistical significance (p
> 0.05). These results indicate that both pacing strategies
have a comparable safety profile during the observed pe-
riod.

4. Discussion
This study evaluated the effects of LBBP and RVSP

on blood pressure, cardiac function indicators, pacing pa-
rameters, QRSd and the incidence of postoperative adverse
events in patients with bradyarrhythmia and hypertension.
The results confirmed that compared with RVSP, LBBP can
effectively reduce SBP and pulse pressure, maintain hemo-
dynamic stability, and preserve left ventricular electrical
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Table 5. Comparison of pacing parameters between the two groups.
Indicator Time RVSP (N = 800) LBBP (N = 260)

Threshold (V, mean ± SD)

Immediately during the operation 0.84 ± 0.15 0.83 ± 0.15
1 month after the operation 0.76 ± 0.21 0.76 ± 0.16
6 months after the operation 0.77 ± 0.18 0.75 ± 0.22
12 months after the operation 0.76 ± 0.22 0.74 ± 0.20

Results of repeated measures analysis of variance
Time effect: F = 37.303, p < 0.001
Group effect: F = 3.485, p = 0.062
Time × group interaction effect: F = 0.531, p = 0.652

Indicator Time RVSP (N = 800) LBBP (N = 260)

Perception (mV, mean ± SD)

Immediately during the operation 9.97 ± 1.18 9.95 ± 1.31
1 month after the operation 9.99 ± 1.37 9.93 ± 1.57
6 months after the operation 10.07 ± 1.05 10.08 ± 1.34
12 months after the operation 9.98 ± 1.17 9.97 ± 1.46

Results of repeated measures analysis of variance
Time effect: F = 1.567, p = 0.196
Group effect: F = 0.125, p = 0.724
Time × group interaction effect: F = 0.089, p = 0.964

Indicator Time RVSP (N = 800) LBBP (N = 260)

Impedance (Ω, mean ± SD)

Immediately during the operation 726.94 ± 97.37 719.53 ± 100.32
1 month after the operation 723.48 ± 75.53 720.93 ± 72.03
6 months after the operation 725.48 ± 75.20 725.93 ± 79.37
12 months after the operation 722.96 ± 73.63 718.19 ± 68.76

Results of repeated measures analysis of variance
Time effect: F = 0.562, p = 0.630
Group effect: F = 1.451, p = 0.229
Time × group interaction effect: F = 0.338, p = 0.786

Indicator Time RVSP (N = 800) LBBP (N = 260)

Ventricular pacing (%)

Immediately during the operation 95.29 ± 3.00 94.89 ± 2.70
1 month after the operation 77.18 ± 6.44 77.66 ± 11.46
6 months after the operation 63.61 ± 11.96 61.34 ± 14.72
12 months after the operation 62.29 ± 11.35 60.64 ± 11.56

Results of repeated measures analysis of variance
Time effect: F = 1948.206, p < 0.001
Group effect: F = 7.403, p = 0.007
Time × group interaction effect: F = 3.405, p = 0.027

synchronization. Overall, LBBP showed better clinical out-
comes in such patients who have indications for pacing ther-
apy.

The present study demonstrates that both pacing ap-
proaches significantly reduced SBP and pulse pressure after
implantation of the two pacemakers. The possible reason is
that after the pacing treatment, the heart rate of the patients
was higher than before, and the physiological effect caused
by bradycardia was reversed, leading to the ventricular di-
astolic blood volume returning to a normal level and result-
ing in a decrease in SBP [17]. However, further dynamic
analysis of changes in blood pressure (∆SBP,∆DBP,∆PP)
revealed that LBBP and RVSP differed significantly in reg-
ulating postoperative SBP and PP, with the LBBP group
showing greater reductions comparedwith the RVSP group.
The lack of a significant time× group interaction for∆SBP

(p = 0.724) indicates that this advantage appeared early after
implantation and remained stable throughout the 12-month
follow-up, rather than progressively increasing over time.
The observed effect of LBBP on blood pressure may be due
to its ability to restore a physiological ventricular activation
pattern. Unlike the asynchronous electrical activity induced
by RVSP, LBBP directly captures the left bundle branch,
so that the electrical pulse is rapidly transmitted along the
high-speed His-Purkinje system to achieve left ventricu-
lar synchronous electromechanical contraction. This en-
hanced electromechanical synchrony recovery may opti-
mize ventricular-arterial coupling, reduce systolic load, and
improve the arterial elasticity function, thereby reducing
systolic blood pressure while maintaining diastolic blood
pressure and significantly narrowing pulse pressure [18,19].
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Table 6. Comparison of postoperative QRSd between the two groups of patients.
Time RVSP (N = 800) LBBP (N = 260)

Native QRSd (ms, mean ± SD) Before the operation 120.38 ± 10.53 120.71 ± 9.44

Paced QRSd (ms, mean ± SD)
1 month after the operation 135.41 ± 16.15 127.89 ± 9.37
6 months after the operation 136.15 ± 16.79 128.68 ± 9.71
12 months after the operation 134.43 ± 10.45 128.67 ± 9.38

Results of repeated measures analysis of variance
Time effect: F = 152.356, p < 0.001
Group effect: F = 122.310, p < 0.001
Time × group interaction effect: F = 16.407, p < 0.001

Table 7. The incidence of adverse events across the two groups of patients.
Adverse event RVSP (N = 800) LBBP (N = 260) χ2 p-value

Cardiovascular events
Rehospitalization due to heart failure 13 (1.63) 6 (2.31) 0.204 0.651
Atrial fibrillation 12 (1.50) 8 (3.08) 1.853 0.173

Pacemaker implantation-related complications
Pocket hematoma 5 (0.63) 3 (1.15) 0.197 0.657
Lead dislodgment/displacement 4 (0.50) 0 (0.00) / 0.577
Pericardial effusion 1 (0.13) 1 (0.38) / 0.431
Significant threshold elevation 3 (0.38) 2 (0.77) 0.081 0.776

Total 38 (4.75) 20 (7.69) 3.284 0.070
“Total” in this table records the number of patients who experienced at least one event.

RVSP, a conventional pacing approach, has long been
associated with unresolved issues, including electrome-
chanical asynchrony, impaired contractile efficiency, and
elevated risks of heart failure and death [20,21]. In con-
trast, LBBP enables direct left bundle branch capture via
deep septal pacing, representing a novel and promising pac-
ing strategy. This study assessed its capacity to maintain
favorable electromechanical synchronization. QRSd has
been considered as an alternative indicator of electrical syn-
chrony [22], and narrow QRSd has been associated with
good ventricular synchronization [23,24]. During LBBP,
the left ventricular His-Purkinje system is quickly engaged,
yielding superior electrical synchronization and narrower
paced QRS complexes. In our study, compared with RVSP,
LBBP resulted in persistently shorter QRSd at 1, 6, and 12
months post-implantation, aligning with findings from ear-
lier investigations [25,26,27]. These findings support that
LBBP preserves superior electrical synchrony, which may
alleviate ventricular load and lower arrhythmia susceptibil-
ity. In the present study, no significant differences were
observed between the two groups in the incidence of car-
diovascular events or pacemaker implantation-related com-
plications. This finding may be related to several factors,
such as the relatively small sample size, potential selec-
tion bias, and the retrospective design of the study. There-
fore, larger, multicenter randomized controlled studies are
needed to further validate the safety outcomes of these ap-
proaches. Additionally, there was no significant differ-
ence in pacing parameters, including threshold, perception,

and impedance, between the LBBP and RVSP groups at 1
month, 6 months and 12 months after operation, suggesting
that LBBP offers stable pacing performance over time and
further supports its safety and clinical feasibility.

Our findings showed that the ventricular pacing per-
centage significantly decreased over time in both groups,
with LBBP exhibiting a slightly lower percentage than
RVSP and a significant time-group interaction. Although
LBBP may reduce unnecessary right ventricular pacing,
the percentage remained >60% at 12 months, reflecting
high pacing dependence of patients with atrioventricular
block (AVB), and further long-term studies are warranted
to elucidate the clinical implications of these findings. Of
note, the intraoperative VP%of approximately 95% reflects
the average pacing burden during the entire testing proce-
dure, which included intermittent pauses for standard as-
sessments. This does not indicate a lead malfunction. In-
stead, it reflects the fact that the intraoperative VP% was
calculated as the average pacing burden throughout the lead
testing and parameter optimization procedure. During im-
plantation, pacing output is intermittently paused at inter-
vals for essential assessments, including sensing threshold
measurement, lead stability testing, and intrinsic rhythm
observation. These intermittent pauses, which are part of
standard implantation practice, result in a cumulative VP%
that is expected to be slightly below 100%.

Although the left ventricular ejection fraction and car-
diac output in the LBBP group were numerically compara-
ble to those in the RVSP group, this may be due to the lim-
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ited follow-up time and relatively small sample size. No-
tably, the CI value in the LBBP group was slightly lower
than that observed in the RVSP group, which may reflect
subtle effects of left ventricular septal pacing on local sys-
tolic and diastolic function, or it may be related to preop-
erative hemodynamic differences and variations in pacing
parameter settings between patients. Therefore, the over-
all clinical advantages of LBBP still need further validation
through extensive studies.

We acknowledge several limitations in this study.
Firstly, a significant imbalance existed in sample sizes be-
tween the LBBP group (N = 260) and the RVSP group (N
= 800). Given the rapid adoption of LBBP technology dur-
ing the later years of the study period (2020 to 2023), the
LBBP cohort likely comprised predominantly recent cases,
whereas the RVSP cohort consisted mainly of earlier cases.
This temporal variation may introduce potential selection
bias, as patient selection, operator experience, and clini-
cal management approaches might have evolved. Second,
this was a single-center retrospective study. Although the
baseline characteristics between groups were generally bal-
anced, the impact of residual or unmeasured confounding
factors cannot be completely excluded. Third, the follow-
up period was relatively short (12 months), which may not
fully capture the long-term hemodynamic effects and clin-
ical outcomes of the two pacing approaches. Finally, more
sensitive biomarkers reflecting cardiac stress load, such
as pro-B-type natriuretic peptide (proBNP), were not in-
cluded in this analysis. The absence of these indicators lim-
its a more comprehensive assessment of the physiological
benefits of LBBP. Future prospective studies should sys-
tematically include tools such as proBNP and ambulatory
blood pressure monitoring to provide a more comprehen-
sive evaluation of the long-term clinical impact of LBBP.
This study excluded patients requiring use of anticoagu-
lant or antiplatelet drugs during the perioperative period.
In clinical practice, although such patients represent a rel-
atively small proportion, they are a special population due
to their increased bleeding risk. Therefore, the study con-
clusions have a certain selection bias and cannot be directly
generalized to all target patients. Caution should be exer-
cised when extrapolating the findings.

5. Conclusion
In summary, compared with RVSP, LBBP can ef-

fectively reduce postoperative SBP, pulse pressure, and
QRSd in patients with bradyarrhythmia and hypertension.
These observations support the potential role of LBBP as a
promising pacing approach in this specific population.

Key Points
• Bradyarrhythmia and hypertension frequently coex-

ist and are associated with elevated cardiovascular risks, in-
cluding syncope, heart failure, and sudden cardiac death.

• Postoperatively, LBBP significantly reduced SBP
and PP compared with RVSP, along with greater absolute
reductions (∆SBP, ∆PP) that followed a sustained down-
ward trajectory.

• There was no significant difference in cardiac func-
tion parameters (LVEF, CO) between groups, while the car-
diac index (CI) differed substantially.

• The postoperative QRS duration was significantly
shorter in the LBBP group than that of the RVSP group,
indicating improved left ventricular electrical synchrony.

• Both pacing approaches showed comparable safety
profiles and stable pacing parameters during the follow-up
period.
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