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ABSTRACT

Background: Evidence, largely observational, has been mixed on
whether conduction system pacing (CSP) improves outcomes over
conventional right ventricular pacing (RVP). This meta-analysis
compared the efficacy and safety of CSP vs RVP in randomised
controlled trials (RCTs) of patients with preserved or mildly reduced left
ventricular ejection fraction (LVEF) who require permanent pacing.
Methods: We analysed RCTs comparing different CSP modalities
with RVP. Databases were searched through February 24, 2026.
Outcomes were pooled using random-effects models for risk ratios
(RRs) and mean differences (MDs).
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RESUME

Contexte : Les données probantes recueillies a ce jour proviennent
largement d’études observationnelles et sont contradictoires sur la
question de savoir si la stimulation du systéme de conduction
(SSC) améliore le pronostic comparativement a la stimulation
ventriculaire droite (SVD) classique. Cette étude visait & comparer
I'efficacité et I'innocuité de la SSC par rapport a la SVD dans le
cadre d’essais contrdlés randomisés (ECR) menés chez des pa-
tients présentant une fraction d’éjection ventriculaire gauche
(FEVG) préservée ou légérement réduite nécessitant une stimula-
tion permanente.

Cardiac pacing remains the cornerstone therapy for symp-
tomatic bradyarrhythmias and conduction system disease.
Most recipients have preserved or only mildly reduced left
ventricular ejection fraction (LVEF > 40%), where the pri-
mary clinical goal is to maintain ventricular synchrony and
systolic function while avoiding iatrogenic decline. Conven-
tional right ventricular pacing (RVP), however, produces
nonphysiologic activation by bypassing the native His-
Purkinje system. This results in QRS widening, electrical
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Results: Fifteen RCTs (n = 1466; mean baseline left ventricular
ejection fraction (LVEF) = 59.4 + 7.0%) showed lower pacing-induced
cardiomyopathy (PICM) with CSP vs RVP (4.6% vs 16.2%; RR 0.34,
95% Cl 0.19-0.60) and lower heart failure hospitalisation (HFH) (3.3%
vs 9.1%; RR 0.34, 95% Cl 0.17-0.70), with no difference in all-cause
mortality. CSP shortened paced QRS duration (MD —30.10 ms, 95%
Cl —35.46 to —24.74 ms) and improved LVEF (MD +2.96%, 95% CI
1.18%-4.73%), but had lower pacing success (93.6% vs 99.5%; RR
0.95, 95% Cl 0.91-0.99) and worse procedural metrics (procedure
time MD +32.44 min, 95% Cl 21.22-43.67 min; fluoroscopy time
MD +5.27 min, 95% Cl 3.89-6.65 min; radiation dose MD +24.91
mGy, 95% Cl 10.27-39.55 mGy).

Conclusions: In RCTs of predominantly preserved or mildly reduced
LVEF requiring permanent pacing, CSP reduced PICM and HFH and
preserved left ventricular function more effectively than RVP, but with
longer procedural and fluoroscopy times. CSP is a reasonable pre-
ventive strategy when substantial ventricular pacing is anticipated in
this population.

and mechanical dyssynchrony, and an increased risk of
pacing-induced cardiomyopathy (PICM) and heart failure
hospitalisation (HFH), particularly when ventricular pacing
burden exceeds 20%-40%."”” Long-term apical RVP also
promotes left atrial remodelling and increases the incidence of
atrial fibrillation,” both of which contribute to heart failure
and the broader burden of pacing-related complications.

These limitations have driven a shift toward physiologic
pacing strategies that engage the native conduction system.
Conduction system pacing (CSP)—encompassing His bundle
pacing (HBP), left bundle branch area pacing (LBBAP), and
para-right bundle pacing—restores near-normal physiologic
ventricular activation, thereby improving LVEF stability,
reducing adverse remodelling, and enhancing synchrony
compared with RVP.>*’

The 2023 Heart Rhythm Society (HRS)/Asia Pacific
Heart Rhythm Society (APHRS)/Latin American Heart
Rhythm Society (LAHRS) guideline on cardiac physiologic
pacing assigns CSP a class 2a recommendation for patients
with LVEF 36%-50% and substantial anticipated ventricular
pacing, and a class 2b recommendation for those with normal
LVEF, to reduce the risk of PICM; however, the CSP-specific
support for both recommendations remains derived mainly
from observational evidence rather than randomised trials.”
Recent 2025 updates (American College of Cardiology/
American Heart Association appropriate use criteria and
European Heart Rhythm Association/European Society of
Cardiology consensus) further position CSP as “appropriate”
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Méthodologie : Nous avons réalisé une méta-analyse a l'aide d’ECR
comparant différentes modalités de SSC a la SVD. Nous avons effectué
des recherches dans diverses bases de données jusqu’au 24 février 2026.
Nous avons combiné les résultats de nos recherches a l'aide de modéles a
effets aléatoires pour calculer les rapports de risque (RR) et les différences
moyennes (DM).

Résultats : Dans quinze ECR (n = 1 466; FEVG moyenne au départ :
59,4 + 7,0 %), la cardiomyopathie induite par la stimulation a été
moins fréquente avec la SSC qu’avec la SVD (4,6 % vs 16,2 %; RR :
0,34; intervalle de confiance [IC] a 95 % : 0,19 a 0,60), tout comme
I'hospitalisation pour insuffisance cardiaque (3,3 % vs 9,1 %; RR :
0,34; IC 4 95 % : 0,17 a 0,70). Aucune différence n’a été notée au
niveau de la mortalité toutes causes confondues. La SSC a réduit la
durée du QRS stimulé (DM : -30,10 ms; IC & 95 % : -35,46 4-24,74) et
a amélioré la FEVG (DM : +2,96 %; IC a 95 % : 1,18 a 4,73), mais le
taux de réussite de la stimulation a été plus faible (93,6 % vs 99,5 %;
RR : 0,95; IC 4 95 % : 0,91 a 0,99) et les paramétres procéduraux
moins bons (durée de la procédure : DM : +32,44 min; IC a4 95 % :
21,22 a 43,67; temps de fluoroscopie : DM : +5,27 min; ICa 95 % :
3,89 a 6,65; dose de rayonnement : DM : +24,91 milligray [mGy];
ICa 95 % : 10,27 a 39,55).

Conclusions : Dans les ECR dans le cadre desquelles la plupart des
patients présentaient une FEVG préservée ou légérement réduite et
nécessitaient une stimulation permanente, la SSC a réduit la car-
diomyopathie induite par la stimulation et la fréquence des hospital-
isations pour insuffisance cardiaque tout en préservant la fonction
ventriculaire gauche plus efficacement que la SVD, mais avec des
temps de procédure et de fluoroscopie plus longs. La SSC est une
stratégie de prévention raisonnable lorsqu’une stimulation ventriculaire
importante est prévue dans cette population.

or a “reasonable alternative” in preserved LVEF with high
pacing burden.”"”

Despite guideline support, randomised evidence quanti-
fying the preventive benefit of CSP in this predominant real-
world population with preserved or mildly reduced LVEF
remains limited, and evidence has been derived largely from
observational studies.''* The STAY and PACE-HF trials
demonstrated superior LVEF preservation and fewer HFH
events with CSP vs RVP,''* whereas the Phys-TAVI pilot
trial found similar LVEF changes between LBBAP and
RVP."” The CSPACE randomized controlled trial (RCT)
reported no difference in HFH, although CSP improved the
composite end point of PICM and LVEF decline.'® These
inconsistencies, together with evolving guideline nuances,
underscore the need for a contemporary synthesis of high-
quality randomised evidence. Although previous meta-
analyses have addressed CSP vs RVP, most incorporated
predominantly observational data, limiting causal infer-
ence.''” We therefore conducted a meta-analysis of RCTs
comparing CSP (including HBP and LBBAP) with conven-
tional RVP in adults requiring permanent pacing, with a
focus on patients with preserved or mildly reduced LVEF.
Our primary objective was to evaluate whether CSP provides
superior preservation of LV systolic function, reduction in
PICM and HFH, and favourable procedural/electrophysio-
logic outcomes compared with RVP in this population.

The principal findings of this study are summarised in the
Central Illustration.
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Methods

Protocol registration

This systematic review and meta-analysis was conducted in
accordance with PRISMA 2020 guidelines'’ and the
Cochrane Handbook for Systematic Reviews of In-
terventions.'® The protocol was prospectively registered in

the PROSPERO database (CRD420261303553).

Data sources and search

We systematically searched PubMed, Embase (via Ovid),
Scopus, and Web of Science for studies published up to
February 24, 2026, without restrictions based on geographic
region or publication status. Only English-language articles
were included.

The search strategy combined free-text keywords and
MeSH terms for pacing modalities: ("conduction system
pacing” OR "His bundle pacing” OR "left bundle branch
pacing” OR "LBBP" OR "para-RBB pacing" OR "right
ventricular pacing")— AND study design ("clinical trial" OR
"controlled trial" OR randomis* OR randomiz* OR
randomly OR random OR RCT OR blind*). Reference lists
of included articles and relevant reviews were manually
screened for additional eligible studies.

Eligibility criteria

We included RCTs comparing CSP (His bundle pacing,
LBBAP, or para-right bundle pacing) with conventional RVP
(septal or apical) in adults (> 18 years) requiring permanent

pacing for bradyarrhythmias or conduction disease.
Inclusion criteria (PICOS framework):

e Population: Adults (> 18 y old) with preserved or
mildly reduced ejection fraction requiring permanent
pacing.

o Intervention: CSP as defined above.

e Comparator: Conventional RVP.

e Outcomes: Prespecified clinical, electrocardiographic,
and procedural outcomes (see below).

o Study design: RCTs.

Exclusion criteria: nonrandomised designs (observational
studies, case reports and series, protocols), nonhuman studies,
paediatric populations, studies without extractable data, and
non—English language publications.

Study selection

Eight reviewers (A.A,, AM., M.H., YH.,, M.RM,
B.M.H., M.Q., and Q.S.) independently screened titles and
abstracts in pairs, with full-text reviews for potentially eligible
records. Disagreements were resolved by consultation with a
senior reviewer (A.S.). The process is presented in a PRISMA
flow diagram (Fig. 1).

Data extraction and outcomes

Data were independently extracted by eight reviewers
(AA, AM., MH,, YH., MRM.,, BM.H.,, M.Q., and
Q.S.) using a standardised and pilot-tested data extraction
form, with conflicts resolved by consensus. The extracted
information included:

2095

Study-level characteristics. The data extracted included
study ID, study design, blinding status, RCT registration
number, countries and centres involved, sample size, pacing
strategies, inclusion and exclusion criteria, baseline cardiac
resynchronization therapy (CRT) exclusion, and outcome
definitions (which varied across studies).

Baseline characteristics. For each study arm, we extracted
group size (n, %), age (y, mean & SD), male proportion (n, %),
QRS morphology (normal, right bundle branch block [RBBB],
left bundle branch block [LBBB]), baseline QRS duration (ms,
mean + SD), BMI (kg/mz, mean * SD), LVEF (%, mean =+
SD), anticipated pacing burden, electrode locations (LBBAP,
HBP, para-RBBB, deep septal, right ventricular [RV] septum
or apex), comorbidities, pacing indications, New York Heart
Association (NYHA) functional class, and medications.

Outcomes. Outcomes were extracted at the longest available
follow-up (preferring 1-year data when available). For out-
comes presented only in graphlc form, \X/ebPlotD1gmzer ?
was used to extract quantitative data. The following outcomes
were collected for each arm: 1) clinical outcomes: all-cause
mortality, HFH, new-onset atrial fibrillation, PICM (as
defined per study [Supplemental Table S1]), and CRT up-
grades; 2) safety outcomes: wound infection, lead dislodg-
ment, pericardial effusions, lead revision, and composite
complications (Supplemental Table S2); 3) procedural out-
comes: procedure time (min), fluoroscopy time (min), radi-
ation dose (mGy), pacing success rate (Supplemental
Table S3), paced QRS (ms), QRS change from baseline,
and LVEF change (%); and 4) device parameters: capture
threshold (V), impedance (€2), R-wave amplitude (mV), and
ventricular pacing burden (%, mean £ SD).

For continuous outcomes, data were extracted as mean =+
SD. When trials reported medians and range or interquartile
range, values were converted to mean i SD with the use of
the Meta-Analysis Accelerator website.”"

Risk of bias and certainty of evidence

Risk of bias (RoB) was assessed independently with the use
of the Cochrane RoB 2.0 tool”' across 5 domains: random-
isation process, deviations from intended interventions,
missing outcome data, outcome measurement, and selection
of reported results. Four reviewers (A.E., M.S.E., A M., and
A.A.) performed assessments, with at least 2 independent
evaluations per trial. Conflicts were resolved through another
reviewer (A.S.). Certainty of evidence for all critical outcomes
was evaluated by 2 authors (M.S.E. and A.S.) using the
GRADE framework.”” Fach outcome was rated as high,
moderate, low, or very low based on risk of bias, inconsis-
tency, indirectness, imprecision, and publication bias.

Statistical analysis

Statistical analyses were performed in R (version 4.4.2)
with the “meta” and “metafor” packages. Categoric outcomes
were pooled as risk ratios (RRs) with the use of the Mantel-
Haenszel method, and continuous outcomes were pooled as
mean differences (MDs) by means of the inverse variance
method, both with 95% confidence intervals (Cls). Random-
effects models were used for all meta-analyses to account for
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Figure 1. PRISMA flow diagram of study selection, showing identification, screening, eligibility assessment, and final inclusion of studies in this
systematic review and meta-analysis, including reasons for full-text exclusion.

anticipated between-study variability, with between-study
variance estimated by means of the DerSimonian-Laird
method. In studies that included zero-event data, a 0.5
continuity correction was applied. Heterogeneity was quan-
tified with the use of both the P statistic (low: 0%-30%;
moderate: 30%-50%; substantial: > 50%) and T°. Publica-
tion bias was assessed via Egger test and funnel plots. Pre-
specified subgroup analyses were performed by CSP type (eg,
LBBAP-only) when feasible.

Meta-regression

Random-effects meta-regression (restricted maximum-
likelihood estimator) was performed for PICM, HFH,
mortality, and LVEF change with the use of prespecified
moderators (mean age, male %, baseline LVEF, baseline QRS

duration, ventricular pacing burden). Ventricular pacing
burden was treated as a trial-level proxy for anticipated
burden. Results were visualised with bubble plots (bubble
size = inverse-variance weight) with fitted regression lines and
95% ClIs. Power was limited by the number of available trials.

Results

Search results

The search identified 8245 records across four databases.
After removing 2474 duplicates, 5771 unique records were
screened, and 81 full-text articles were assessed for eligibility.
Fifteen = RCTs!31415:16.23.24.25.26.27,2829,30,31,32,33 ©
included in the meta-analysis. The selection process is shown
in the PRISMA flow diagram (Fig. 1).
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Characteristics of the included studies

Fifteen RCTs enrolling 1466 patients were included.
Trials were conducted in Europe (Spain, Czech Republic,
Greece), Asia (China, India), and Australia and were mostly
single- or 2-centre studies. CSP primarily involved LBBAP or
HBP (with some protocols permitting deep septal or LV
septal pacing), whereas conventional RVP targeted the
septum, apex, or outflow tract. Most studies were open-label,
frequently with blinded echocardiographic outcome assess-
ment when specified. Most enrolled patients had a high
anticipated ventricular pacing burden. Trial-level character-
istics are summarised in Table 1 and Supplemental Table S5.

Overall, 738 participants (50.3%) were randomised to
CSP and 728 (49.7%) to RVP. Where baseline data were
reported, the pooled mean age was 72.9 £ 12.3 years (n =
1186) and mean LVEF was 59.4 4+ 7.0% (n = 1186). Men
composed 62.6% of participants (730/1166). QRS
morphology (n = 745) was normal (< 120 ms) in 65.1%,
RBBB in 24.6%, and LBBB in 8.7%, with a pooled baseline
QRS of 118.3 £+ 27.0 ms (n = 1114). Common comor-
bidities included hypertension (71.6%, 677/946), diabetes
mellitus (31.5%, 298/946), and ischemic heart disease or
coronary artery disease (25.3%, 215/850). Detailed baseline
and pacing characteristics are presented in Table 2 and
Supplemental Tables S6 and S7.

Risk of bias

Most trials had a low risk of bias. Six (Qiu 2025,”” Zhao
2024,”" Mizner 2023,”” Riano Ondiviela 2021,”* Wang
2020,%” and Du 201525) were judged to have some concerns,
primarily in the randomisation process or deviations from
intended interventions. The Das 2020 trial was rated as
having a high risk of bias owing to issues with the random-
isation process (Fig. 2).%4

Primary outcomes

Compared with RVP, CSP was associated with 66% lower
risk of PICM (4 RCTs, 564 patients; 4.6% [13/280] vs
16.2% [46/284; RR 0.34, 95% CI 0.19-0.60; P = 0.0003),
with no heterogeneity (P = 0%). HFH (5 RCTs, 665 pa-
tients) was reduced by 66% with CSP (3.3% [11/336] vs
9.1% [30/329; RR 0.34, 95% CI 0.17-0.70; P = 0.0034),
with low heterogeneity (P = 13.6%). There was no signifi-
cant difference in all-cause mortality (4 RCTs; RR 0.56; P =
0.21). CSP also resulted in a greater improvement in LVEF
from baseline (11 RCTs; MD 2.96%, 95% CI 1.18%-
4.73%; P = 0.0011; I* = 84%) (Fig. 3).

When analysing the data after excluding studies that may
have included some patients with LVEF < 40% based on the
baseline mean & SD (Yao 2022°° and Shroff 2025'%), the
reduction in HFH was no longer statistically significant,
although the effect estimate remained directionally favourable
for CSP (4 RCTs; 2.9% [8/276] vs 6.7% [18/269; RR 0.43,
95% CI 0.15-1.26; P = 0.1258; > = 29.0%). After further
exclusion of the small Pujol-Lépez 2025 pilot study,'” the
reduction in HF hospitalisation became statistically signifi-
cant and remained in favour of CSP (3 RCTs; 1.9% [5/264]
vs 6.6% [17/257; RR 0.27, 95% CI 0.10-0.71; P = 0.0079),
with no heterogeneity (7 = 0.0%; P for heterogeneity =
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0.9553). In contrast, after exclusion of Yao 2022°° and Shroff
2025,1/‘ the change in LVEF from baseline remained signif-
icantly in favour of CSP (9 RCTs; MD 2.39%, 95% CI
0.61%-4.16%; P = 0.0083), although substantial heteroge-
neity persisted (I = 78.8%). This analysis was performed as
an exploratory analysis, because current guideline recom-
mendations for CSP are even stronger in patients with LVEF
36%-50%"; however, we sought to examine how the results
would appear when the analysis was restricted as much as
possible to patients with preserved LVEF, acknowledging that
a minority with mildly reduced EF may still have been
included because the baseline mean £ SD can overlap that
range.

Secondary Outcomes

Electrical synchrony. CSP significantly shortened paced
QRS duration (11 RCTs; MD —30.10 ms, 95% CI —35.46
to —24.74 ms; P < 0.0001; 7 = 93%) and produced a larger
reduction in QRS duration from baseline (9 RCTs;
MD —-29.78 ms, 95% CI —36.18 to —23.38 ms; P <
0.0001; 7 = 87.9%) (Figs. 4 and 6).

Procedural metrics and feasibility. Procedural feasibility
favoured RVP. CSP had a lower pacing success rate (13
RCTs; 93.6% [616/658] vs 99.5% [640/643]; RR 0.95, 95%
CI 0.91-0.99; P = 0.0081; * = 78.2%) (Fig. 6). CSP was
also associated with a longer procedure time (7 RCTs; MD
32.44 min, 95% CI 21.22-43.67 min; P < 0.0001; /> =
97.8%), longer fluoroscopy time (11 RCTs; MD 5.27 min,
95% CI 3.89-6.65 min; P < 0.0001; * = 98.3%), and
higher radiation dose (4 RCTs; MD 24.91 mGy, 95% CI
10.27-39.55 mGy; P = 0.0009; /> = 98%) (Fig. 5).

Lead performance and pacing characteristics. There were
no significant differences in ventricular pacing burden (7
RCTs; MD 1.68%, 95% CI —0.92% to 4.28%; P = 0.2051)
(Fig. 5). Pacing parameters at time of implantation were
similar between groups, including pacing threshold (12
RCTs; MD 0.11 V, 95% CI —0.00 to 0.22 V; P = 0.0504),
R-wave amplitude (8 RCTs; MD —1.27 mV, 95% CI —3.14
to 0.59 mV; P = 0.1812), and impedance (7 RCTs;
MD —5.18 Q, 95% CI —36.32 to 25.97 Q; P = 0.7447)
(Fig. 4).

Safety and procedural complications. There was no sig-
nificant difference in new-onset atrial fibrillation (4 RCTs;
RR 0.79, 95% CI 0.23, 2.66; P = 0.70) (Fig. 6). Procedure-
related complications were similar, including the composite
procedural complications (10 RCTs; RR 1.09; P = 0.83)
(Fig. 5), lead revision (6 RCTs; RR 1.78; P = 0.25), acute
lead dislodgement (9 RCTs; RR 1.97; P = 0.20), pericardial
effusion (4 RCTs; RR 0.99; P = 0.99), and wound infection
(6 RCTs; RR 0.89; P = 0.88) (Fig. 7). CRT upgrade did not
differ between the 2 groups (2 RCTs; RR 0.27; P = 0.25)
(Fig. 6).

Subgroup analysis (LBBAP only). In the LBBAP-only
subgroup, CSP produced a greater reduction in QRS dura-
tion from baseline (5 RCTs; MD —32.10 ms, 95%
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Table 1. Summary overview of the included trials

Arms
No. of No. of
Study Design Country centres patients Intervention Control Inclusion criteria Primary outcome(s) Max follow-up
Chow 2025'°  RCT Australia 2 202 CSP (HBP and/or RVSP (RV apex Pacing indication for AVB without Composite end point: PICM, 25.2 £ 11.8 mo
LBBP/LVSP discouraged) CRT indication CRT upgrade, HFH, all-cause
allowed) mortality
Pujol-Lépez RCT Spain 1 24 LBBP (CSP) RVAP Age > 18y, post-TAVI persistent  Survival and either ANYHA > 1 12 mo
2025" high-degree AVB with PPM (12 mo vs 30 d) or > 25%
indication, LVEF > 50% increase in 6MWT distance
Shroff 2025 RCT Australia 1 120 LBBAP (Medtronic RVP (mid-apical Age > 18 y; LVEF > 40%; Change in LVEF at 12 mo (core 12 mo
3830; LBBP/LVSP/ interventricular indication for PPM owing to lab blinded)
DSP accepted) septum) AVB, tachy-brady with
anticipated VP > 40%, or
permanent AF undergoing pace-
and-ablate
Qiu 2025% RCT NR NR 160 LBBP (CSP) RVP Patients dependent on VP Composite: PICM + all-cause 12 mo
undergoing pacemaker mortality + HF readmission at
implantation 12 mo
Curila 2025%° RCT  Czech Republic 2 249 CSP (HBP or LBBAP) RVSP AV conduction disease with Change in LVEF at 1 y vs baseline 12 mo
expectation of high RV pacing
burden; echocardiographic
window sufficient for Simpson
LVEF; LVEF > 45%; life
expectancy > 2y
Gonzilez- RCT Spain 1 75 CSP (HBP or LBBP; RVAP Age > 18 y, LVEF > 40%, high- Evolution of LVEF and LVEDD 6 mo
Matos deep septal allowed) degree AVB with anticipated (baseline to 6 mo)
2024" VP > 80%
Mizner 2023”7 RCT  Czech Republic 1 92 CSP (HBP) RVSP Conduction disease + indication ~ Change in LVEF at 6 mo (also 6 mo
for PPM (ESC 2013)/ collagen-metabolism biomarkers
anticipated high RVP burden + at baseline and 6 mo)
life expectancy > 2y or > 1 if
LVEF < 60%, QRS > 115 ms,
or ischemic heart disease
Riano RCT Spain 1 120 LBBP (CSP) RVOTP (RVP) Pacemaker indication + preserved Acute success, feasibility, safety 3 mo
Ondiviela LVEF; AVB anticipated for (success in LBBP defined as
2021°° high-burden RVP paced ECG < 120 ms or >
20% reduction vs baseline)
Wang 202077 RCT China 1 131 LBBAP (CSP) RVSP Class I indication for single (VVI) Paced vs intrinsic ECG 6 mo
or dual-chamber (DDD) repolarisation measures (QT,
pacemaker implantation QTc, QTD, QTcD, TpTe,
TpTe/QT); procedural metrics;
lead parameters and
complications
Continued
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Table 1. Continued.

Arms
No. of No. of
Study Design Country centres patients Intervention Control Inclusion criteria Primary outcome(s) Max follow-up
Yao 2022°° RCT China 1 50 LBBP (CSP) RVSP (RVP; RV Age > 18 y with ECG-confirmed Outcomes: 3D-speckle tracking 18 mo
outflow tract septum) 3rd-degree AVB and pacing (GLS/GRS/GCS), LV
indication dyssynchrony (Tmsv16-SD/
RR), QRS duration, LVEF
Das 2020 RCT India 1 50 LBBAP (CSP) RVAP Conventional pacemaker Procedure and fluoroscopy times, 6 mo
indications; enrolled Jul-Dec paced QRS duration, LV
2018 function (LVEF, LVIDd), lead
parameters; assessed HFH and
AF occurrence
Du 2015% RCT China 1 41 Para-right bundle RVAP Persistent AF 4 complete AVB LV performance and synchrony 24 mo
branch pacing with slow (“torpid”) ventricular (echocardiographic measures) +
rate + junctional escape rhythm clinical HE/NYHA assessment
(to allow mapping of right
bundle branch potential)
Zhao 2024 RCT China 1 72 LBBAP (CSP) RVOTP septal pacing Pace-dependent patients with 2nd-  Left atrial structure and function 6 mo
(RVP) degree AVB, high AVB, or 3rd- (echocardiography + strain/
degree AVB; symptomatic strain-rate) over follow-up
bradyarrhythmias consenting to
pacemaker
Leventopoulos ~ RCT Greece 1 20 LBBP (CSP) RVSP Patients with AVB and preserved LV dyssynchrony indices: global ly
2022%° LVEF myocardial work efficiency
(GWE) and peak systolic
dispersion (PSD), assessed at 24
h after procedure (follow-up
planned 1 y)
Tang 2019%° RCT China 1 60 HBP RVAP Age > 18 y; bradyarrhythmia LV mechanical synchronisation 6 mo
(Guangzhou) without prior pacemaker; class after procedure and during 6-

I/11a pacing indication; baseline
QRS < 120 ms; synchronous
LV contraction; LVEF > 50%;
NYHA I-II

mo follow-up

6MWT, 6-minute walk test; AF, atrial fibrillation; AVB, atrioventricular block; CRT, cardiac resynchronization therapy; CSP, conduction system pacing; DSP, deep septal pacing; ECG, electrocardiogram; GCS,
global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; HBP, His bundle pacing; HF, heart failure; HFH, heart failure hospitalisation; LBBAP, left bundle branch area pacing; LBBP,
left bundle branch pacing; LVEDD, left ventricular end-diastolic diameter; LVID, left ventricular internal diameter in diastole; LVEF, left ventricular ejection fraction; LVSP, left ventricular septal pacing; NYHA,
New York Heart Association functional class; PICM, pacing-induced cardiomyopathy; PPM, permanent pacemaker; RCT, randomised controlled trial; RV, right ventricular; RVAP, right ventricular apical pacing;
RVOTP, right ventricular outflow tract pacing; RVP, right ventricular pacing; RVSP, right ventricular septal pacing; TAVI, transcatheter aortic valve implantation; Tmsv16-SD/RR, LV dyssynchrony index; VP,

ventricular pacing.

43 paonpay AIpIIN 40 paniasaid ul Buided AY SA dSO

‘|e 18 yeIeIgnys

660C



*SOPBAIISAI SOYOAIAP SO SOPO T, *ou] JAIASS[H ‘97070 S1Ado)) "ugroeziione uis sosn sono usjiuiad oS ON "9JUOWEBAISN[OXA [euosiod osn e1ed ‘9707
‘7z 21quiandas ud 191A9s]H Jod s2°A93[[RITUI]D) 9P AJINOIG [RID0S PuE YI[BIH JO ATRIQIT [BUOHEN US (W0 [rewd@)ggniewny) ojnduy eron ered opediedssoq

Table 2. Baseline Characteristics of the Included Trials

QRS morphology

Baseline QRS

Medical history

Study Group Patients, n Age, y Male sex < 120 ms RBBB LBBB duration, ms DM HTN AF IHD/CAD LVEF, %
Chow 2025'° CSp 101 77.0 £ 8.1 65 (64.4) 40 (39.6) 42 (41.6) 13 (12.9) 124.1 £+ 28.5 39 (38.6) 86 (85.1) 32 (31.7) 26 (25.7) 60.9 + 7.8
RVP 101 77.2 £9.3 70 (69.3) 39 (38.6) 44 (43.6) 13 (12.9) 125.1 £ 27.7 42 (41.6) 80 (79.2) 35 (34.7) 22 (21.8) 60.9 + 6.9
Pujol-LéPez CSP (LBBP) 12 82.77 + 6.88 9 (75) 7 (58.3) NR NR 158.67 £ 11.74 1 (8.3) 8 (67) 1(8.3) NR 60.33 + 7.55
2025" RVAP 12 81.67 +8.39 10 (83.3) 8 (66.7) NR NR 161.33 + 21.8 3 (25) 10 (83) 3 (25) NR 58 £+ 5.87
Shroff 2025 CSP (LBBAP) 60 NR NR NR NR NR NR NR NR NR NR 51.43 + 8.14
RVSP 60 NR NR NR NR NR NR NR NR NR NR 51 4+ 6.22
Qiu 20257 LBBP (CSP) 80 NR NR NR NR NR NR NR NR NR NR NR (largely preserved)
RVP 80 NR NR NR NR NR NR NR NR NR NR NR (largely preserved)
Curila 2025% CSP 124 75+ 9 93(75)  79(63) 33(27) 12(10) 117 £27 47 (38) 96 (77)  22(18) 37 (30) 61+ 6
RVP 125 76 £7 89 (71) 73 (59) 39 (31) 12 (10) 115 £ 25 44 (35) 96 (77) 17 (14) 33 (26) 61 £5
Gonzilez- CSpP 40 75 £10.2 26 (65) NR NR NR 136.6 + 25.5 20 (50) 32 (80) 13 (32.5) 7 (17.5) 58.5+ 7.6
Matos RVAP 35 80 + 6.9 23 (65.2) NR NR NR 138.2 &+ 21.5 11 (31.4) 31 (88.6) 7 (20) 11 (31.4) 60.7 + 6.9
2024"
Mizner 2023”7 CSp 53 78 + 8 38 (88) 20 (38) NR NR 125 £ 25 20 (38) 51 (96) NR 23 (43) 60 £5
RVP 39 78 +7 31 (80) 12 (31) NR NR 126 + 27 16 (41) 38 (97) NR 15 (38) 58 £7
Riano LBBP (CSP) 60 76.7 £9 37 (62) NR NR 9 (15) 112.6 + 29.6 NR NR NR NR NR (preserved)
Ondiyiela RVOTP (RVSP/ 60 79.7 £ 8 36 (60) NR NR 8 (13.3) 109.9 + 25.8 NR NR NR NR NR (preserved)
2021°° RVOTP)
‘Wang 20207 LBBAP 66 71.12 £+ 13.14 38 (57.6) 66 (100) 0 (0) 0 (0) 99.24 + 13.60 11 (16.7) 34 (51.5) 14 (21.2) 10 (15.2) 61.3 £ 5.7
RVSP 65 72.03 £ 12.11 41 (63.1) 65 (100) 0 (0) 0 (0) 101.88 £ 11.72 15 (23.1) 37 (56.9) 12 (18.5) 12 (18.5) 62.1 £6.3
Yao 2022°° LBBP 25 66.3 £ 11 13 (52) NR NR NR 139.44 + 10.07 NR NR NR NR 52.48 £+ 4.4
RVSP 25 69.2 + 12.8 14 (56) NR NR NR 140.28 £ 8.93 NR NR NR NR 53.24 + 3.57
Das 2020 LBBAP 22 63.36 - 7.82 12 (54.5) 9 (40.9) 7 (31.8) 6 (27.3) 131.64 + 17.80 NR NR NR NR 61.15 4+ 4.04
RVA 28 61.64 £ 5.9 16 (57.1) 10 (35.7) 10 (35.7) 8 (28.6) 132.73 + 16.71 NR NR NR NR 62.50 + 4
Du 2015” Para-RBB (not CSP) 19 54 + 11 7 (36.8) 19 (100) 0 (0) 0 (0) 88.11 + 6.64 5(26.3) 10 (52.6) 19 (100) 7 (36.8) 58.37 + 4.81
RVP 22 51 £ 9 8 (36.4) 22 (100) 0 (0) 0 (0) 88.82 + 6.26 6 (27.3) 12 (54.5) 22 (100) 8 (36.4) 57.77 + 4.24
Zhao 2024°! CSP (LBBAP) 36 64.26 £ 14.1 20 (55.56) 29 (80.56) 6 (14.29) 1 (2.78) NR 9 (21.43) 25 (69.44) NR NR 62.27 +7.23
RVP (RVOTP septal) 36 68.11 &+ 10.04 18 (50) 34 (94.44) 2 (4.76) 0 (0) NR 7 (16.67) 21 (58.34) NR NR 63.18 + 5.8
Leventopoulos LBBP (CSP) 10 79.8 £ 2.0 NR NR NR NR 125 £ 11.2 NR NR NR NR 59.7 + 1.4
P
2022°° RVSP (RVP) 10 80.5 + 1.5 NR NR NR NR 113.9 £ 9.5 NR NR NR NR 59 + 2.1
Tang 20197 HBP (CSP) 30 55.3 £ 17.1 10 (31.8) NR NR NR 94.7 £ 12.3 0 (0) 6 (20) 1(3.3) 2 (6.7) 59.1 + 6.4
RVAP (RVDP) 30 55.2 & 19.2 6 (20) NR NR NR 101.7 4+ 20.9 2 (6.7) 4 (13.3) 0 (0) 2 (6.7) 60.4 + 6.4

Data are presented in mean = SD or n (%).
AF, atrial fibrillation; CAD, coronary artery disease; CSP, conduction system pacing; DM, diabetes mellitus; HBP, His bundle pacing; HTN, hypertension; IHD, ischemic heart disease; LBBAP, left bundle branch
area pacing; LBBP, left bundle branch pacing; LBBB, left bundle branch block; LVEF, left ventricular ejection fraction; NR, not reported; RBB, right bundle branch; RBBB, right bundle branch block; RVAP, right
ventricular apical pacing; RVOTP, right ventricular outflow tract pacing; RVP, right ventricular pacing; RVSP, right ventricular septal pacing.
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Figure 2. Risk-of-bias (RoB) assessment of the included randomised trials. RoB 2 domains: bias arising from the randomisation process (D1),
bias due to deviations from intended interventions (D2), bias due to missing outcome data (D3), bias in measurement of the outcome (D4), and
bias in selection of the reported result (D5). The top panel shows study-level judgements, and the bottom panel summarises the proportion of
studies rated as low risk, some concern, high risk, or no information across domains and overall.

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en septiembre 22,
2026. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.
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S . e nen No of events / total Risk Ratio, MH, Weight Risk Ratio, MH,
Study or No of events / total Risk Ratio, MH, Weight Risk Ratio, MH, No of events / total & , :
subgroup cs| random (95% CI) () random (95% CI) subgroup CsP RVP random (95% CI) (%) random (95% CI)
) Chow 2025 17101 3/101 101 0.33[0.04; 3.15)
Chow 2025 o/101  2/101 9.2 0.20[0.0%; 4.11] Pujol-Lépez 2025 3/12 1712 1.4 3.00 [0.36; 24.92]
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Higher in RVP Higher in CSP Higher in RVP Higher in CSP
C Change in LVEF From Baseline D Pacing. Car (PICM)
Study or Mean (SD) / total Mean Difference, IV, Weight Mean Difference, IV, Study or No of events / total Risk Ratio, MH, Weight Risk Ratio, MH,
subgroup CSP RVP random (95% Cl) (%) random (95% Cl) subgroup CsP RVP random (95% Cl) (%) random (95% Cl)
Chow 2025 -1.80(7.70) /101 -3.10(11.02)/ 101 92 1.30[-1.32; 3.92) Chow 2025 77101 187101 —— 497 039 (0.17; 0.89]
Pujol-Lépez 2025 0.00 (1.22) / 12 150 (2.45)/ 12 106 150 [-3.05; 0.05] 6 s
Shroff 2025 5.70 (7.80) / 60 -2.70(6.30) /60 93 8.40 [ 5.86; 10. 94] Z‘#;"llal-zogze; 2028 60 / 11224 13 ; 125 e 423'37 L'gg [{%323'. 4: ‘;%]
Curila 2025 -2.00 (5.00) / 124 -4.00 (6.00) / 125 10.8 2.00[0.63; 3.3i P 9 ot o
Gonzalez-Matos 2024 -0.80 (5.40) / 39 6,60 (9.90) / 31 74 5.80(1.92: 9. es] Mizner 2023 0/43 9/48 43 0.06 [0.00; 0.99]
Mizner 2023 -0.29 (5.54) /53 -2.61(6.80)/39 9.2 2.32[-0.28; 4.93]
Yao 2022 2.36 (4.59) / 25 0.16 (3.50) / 25 97 220 [-0.06; 4.46] Total (95% Cl) 280 284 <> 100.0 0.34[0.19; 0.60]
Das 2020 285 (364)/ 22 277 (5.86) /28 92 562(297: 8.27] Heterogeneity: =0 ;=1.90, df=3, P=0.5941; =0.8% L B
5:370021 324 g‘g; g‘ﬁ; ; :1;: 11 '2; ((57;83)) ,’ 3252 g»? ;‘32 {g gg g ?g% Test for overall effect: Z = -3.66,P =0.0003  0.001 01 0512 10 50
Tang 2019 220 (5.77) /30 1.90 (5.67) / 30 88 0.30 [-259: 3.19] Higher in RVP Higher In CSP
Total (95% CI) 521 509 et 100.0 2.96[1.18; 4.73]
Heterogeneity: °=7.1092: ;°=62.31, df=10, P < 0.0001: [’=84.0%
Test for overall effect: Z = 3.26, P = 0.0011 -5 0 5 10 15
Change is higher inRVP  Change is higher in CSP
Figure 3. Forest plots of primary clinical outcomes comparing conduction system pacing (CSP) vs right ventricular pacing (RVP). Pooled analyses

of (A) all-cause mortality, (B) heart failure hospitalisation, (C) change in left ventricular ejection fraction from baseline, and (D) pacing-induced
cardiomyopathy. Dichotomous outcomes are presented as risk ratios and continuous outcomes as mean differences, both with 95% confi-
dence intervals (Cls), according to random-effects models. IV, inverse variance; MH, Mantel-Haenszel.

CI —44.13 to —20.07 ms; P < 0.0001; /> = 93%), whereas
the change in LVEF was not significantly different (4 RCTs;
MD 2.83%, 95% CI —0.82% to 6.48%; P = 0.1286)
(Fig. 8).
It is worth noting, however, that the studies included in

P < 0.0001), although substantial heterogeneity persisted
(P = 94.7%; P for heterogeneity < 0.0001).

Subgroup analysis (HBP only). The only 2 studies in

which HBP was used excluslvely as the pacing modahty in the

these subgroup analyses were small. Moreover, after exclusion
of the Das 2020 and Pujol-Lépez 2025 pilot studies, the
LBBAP subgroup showed a statistically significant improve-
ment in LVEF change (2 RCTs; MD 3.73%, 95% CI
0.55%-6.91%; P = 0.0215 F = 69.0%; P for
heterogeneity = 0.0726). Likewise, the favourable reduction
in QRS duration from baseline remained significant (4 RCT's;
MD —-33.64 ms, 95% CI —48.60 to —18.68 ms;

Paced QRS Duration

CsP RVP
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Ondiviela 2021 60 99.00 2.00 60 139.60 11.70 & -40.60 [-43.60; -37.1 9.7%
Zhao 2024 36 104.66 12.07 36 153.43 12.30 M -48.77 [-54.40; -4 9.0%
Chow 2025 101 116.80 19.20 101 147.60 14.90 = -30.80 [-35. 9.3%
Das 2020 22 11714 769 28 14432 7.03 = -27.18 [- 9.5%
Yao 2022 25 120.36 1289 25 141.20 8.85 L -20.84 [-26.97; -14. 8.9%
Qiu 2025 80 120.72 17.16 80 152.49 29.56 - -31.77 [-39.26; -24.. 8.4%
Wang 2019 61 121.49 987 65 14562 8.89 = -24.13 [-27.42; - 9.7%
Gonzalez-Matos 2024 40 12420 2020 35 160.40 18.10 —M— -36.20 [- 7.9%
Du 2015 19 126.00 521 22 149.82 8.98 L3 -23.82 [-28.24; -19. 9.4%
Shroff 2025 60 134.00 17.00 60 161.00 20.00 E -27.00 [-33.64; -20.. 8.7%
Curila 2025 124 135.00 15.00 125 156.00 17.00 L 3 -21.00 [-24.98;-17.02] 9.5%
Random effects model 628 637 -30.10 [-35.46; -24.74] 100.0%

Heterogenety: I° = 93.0%, <* = 74.5408, p <0.0001

Test for overall effect: z = -11.01 (p < 0.0001) 40 20 0 20 40

Higher in RVP  Higher in CSP
C R-wave Amplitude at Implantation
CsP RVP
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Mizner 2023 53 450330 39 9.403.50 — 13.2%
Tang 2019 30 560260 30 12.30 5.00 —— 12.2%
Du 2015 19 829209 22 950290 13.0%
Chow 2025 89 980 6.40 101 8.60 5.00 12.8%
Ondiviela 2021 60 990570 60 9.90 5.00 —_— g 12.4%
Das 2020 22 1052 1.66 28 10.33 1.38 . 13.8%
Pujol-L6pez 2025 12 11.53 5.87 12 10.70 2.94 ;4. 9.1%
Wang 2019 61 12.16 3.64 65 11.46 3.46 070 [054; 1.94] 13.4%
Random effects model 346 357 -1.27 [-3.14; 0.59] 100.0%
Heterogenelty: I° = 91.6%, <* = 6.3511, p < 0.0001
Test for overall effect: z = -1.34 (p = 0.1812) 5 5
Higher in RVP  Higher in CSP

CSP arm were Tang 2019%°

and Mizner 2023.” Although

pooling was not feasible for most outcomes, Mizner 2023
reported a lower PICM event rate with HBP than with RVP
(0/43 [0.0%)] vs 9/46 [19.6%]).”” Both studies contributed
data for LVEF, and the meta-analysis showed no statistically
significant difference in LVEF change between HBP and
RVP (2 RCTs; MD 1.41%, 95% CI —0.56% to 3.39%; P =
0.1598), with no important heterogeneity (I = 3.6%; P for

Pacing Threshold at Implantation
CSP

RVP

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Curila 2025 124 0.40 0.30 125 0.60 0.20 L -0.20 [-0.26;-0.14] 10.5%
Chow 2025 89 058 0.25 101 0.50 0.00 0.08 0.0%
Pujol-Lépez 2025 12 062 042 12 065020 -0.03 [-0.29; 0.23] 6.8%
Ondiviela 2021 60 067 0.30 60 0.58 0.24 0.09 [-0.01; 0.19] 10.1%
Du 2015 19 070 0.31 22 068 0.28 0.02 [-0.16; 0.20] 8.5%
Shroff 2025 60 0.90 0.60 60 0.90 0.60 0.00 [-0.21; 0.21] 7.8%
Das 2020 22 094020 28 0.810.18 i 0.13 [0.02; 0.24] 9.9%
Wang 2019 61 094 021 65 0.920.15 -0.04; 0.08] 10.5%
Zhao 2024 36 099 0.15 36 0.920.04 ] .12] 10.7%
Gonzalez-Matos 2024 40 1.00 045 35 0.650.25 —— .51 8.9%
Tang 2019 30 1.00 048 30 0.850.31 .05; 0.35] 8.0%
Mizner 2023 53 1.40 060 39 0.70 0.30 —— D 70 [0.51; 0.89] 8.4%
Random effects model 606 613 0.11 [-0.00; 0.22] 100.0%

Heterogeneity: / = 91.9%, * = 0.0299, p < 0.0001
Test for overall effect: z = 1.96 (p = 0.0504) 05 [ 05
Higher in RVP  Higher in CSP

at i
CsP RVP
Study Total Mean SD Total Mean sD Mean Difference MD 95%-Cl Weight
Pujol-Lépez 2025 12 488.67 142.56 12 463.00 108.18 — 25.67 [-75.58; 126.92]  6.7%
Tang 2019 30 498.40 108.50 30 600.40 94.30 —W— 102 00 [-153.44; -50.56] 14.0%
Du 2015 19 592,00 111.00 22 615.00 127.00 — 23.00 [-95.85; 49.85] 10.1%
Chow 2025 89 633.00 144.00 101 633.00 138.00 —— 0 00 [-40.24; 40.24] 16.4%
Wang 2019 61 676.07 12229 65 664.15 103.73 —— 11.92 [-27.80; 51.64] 16.5%
Das 2020 2270327 31.54 28 681.82 4220 - 21.45 [ 1.00; 41.90] 20.6%
Zhao 2024 36 772.70 116.12 36 751.48 67.24 — 21.22 [-22.61; 65.05] 15.6%
Random effects model 269 294 # -5.18 [-36.32; 25.97] 100.0%

Heterogeneity: /> = 70.8%, <’ = 1116.0481, p = 0.0022
Test for overail ffect: z = -0.33 (p = 0.7447) 150100 -50 0

Higher in RVP

50 100 150
Higher in CSP

Figure 4. Forest plots of paced electrical and implantation performance parameters comparing conduction system pacing (CSP) vs right ven-
tricular pacing (RVP). Pooled analyses of (A) paced QRS duration, (B) pacing threshold at implantation, (C) R-wave amplitude at implantation, and
(D) ventricular impedance at implantation. Continuous outcomes are expressed as mean differences (MDs) with 95% confidence intervals (Cls)

according to random-effects models.

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en septiembre 22,
2026. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.
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Fluoroscopy Time

A

CcsP RVP
Total Mean SD Total Mean SD

Study Mean Difference MD 95%-Cl Weight
Ondiviela 2021 60 3.10 210 60 4.30 3.40 -1.20 [-2.21;-0.19] 9.7%
Du 2015 19 585090 22 229064 -] 3.56 [3.07; 4.05] 10.1%
Das 2020 22 608 142 28 506 1.30 1.02 [0. 26 1.78] 9.9%
Curila 2025 124 675097 125 3.00 0.39 o 3.75 [3.57; 3.93] 10.2%
Shroff 2025 60 7.78 1.15 60 3.23 0.63 a 455 [4.22; 4.88) 10.1%
Mizner 2023 53 881208 39 4.45094 -] 437 [3.73; 5.00] 10.0%
Gonzélez-Matos 2024 40 11.00 650 35 5.50 4.50 - 550 [299; 8.01] 7.6%
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Figure 5.

24.91[10.27; 39.55]

Forest plots of procedural characteristics and peri-procedural outcomes comparing conduction system pacing (CSP) vs right ventricular

pacing (RVP). Pooled analyses of (A) fluoroscopy time, (B) procedure time, (C) composite procedure-related complications, (D) ventricular pacing
burden, and (E) radiation dose. Effect estimates are shown as mean differences or risk ratios (RRs) with 95% confidence intervals (Cls) according

to random-effects models. IV, inverse variance.

heterogeneity = 0.3085). However, these findings should be
interpreted cautiously, given the small number and size of the
included studies.

Publication bias

Egger tests showed no evidence of publication bias for
most outcomes (fluoroscopy time, procedural complications,
pacing threshold, paced QRS duration, and LVEF change; all
P > 0.05). Small-study effects were suggested for pacing
success (intercept = —1.54; t = —2.695; P = 0.021). Cor-
responding funnel plots are presented in Supplemental
Figures S1-S6.

Meta-regression

Univariable random-effects meta-regression showed no
statistically significant effect modification by trial-level cova-
riates (age, sex, baseline LVEF, baseline QRS duration, or
ventricular pacing burden) across outcomes, including all-
cause mortality, PICM, change in LVEF, and HFH. Bub-
ble plots are presented in Supplemental Figures S7—S10
(Supplemental Table S4). These analyses are exploratory
glven the limited number of trials and the risk of ecologic
bias.”

Sensitivity analysis (leave-one-out)

Leave-one-out analyses showed that the benefit of CSP on
PICM and LVEF remained directionally consistent and sta-
tistically significant across all study exclusions. For HFH, the
pooled effect remained directionally consistent, although
statistical significance was attenuated in some iterations. For
all-cause mortality, directionality was consistent, and no

single study materially altered the nonsignificant pooled es-
timate. Leave-one-out plots are presented in Supplemental
Figures S11-529.

Certainty of evidence

Certainty of evidence (GRADE) ranged from low to
moderate across outcomes. It was moderate for PICM and
HFH owing to imprecision and for paced QRS duration
owing to inconsistency. It was low for the change in LVEF
and all-cause mortality owing to both inconsistency and
imprecision. The GRADE evidence profile is summarised in

Table 3.

Discussion

This meta-analysis of 15 randomised controlled trials (n =
1466) demonstrates that CSP offers a principal clinical
advantage over conventional RVP in preservation of left
ventricular (LV) systolic function and in reducing PICM and
HFH in patients who predominantly present with preserved
or mildly reduced ejection fraction (mean baseline LVEF =
59.4%). In our analysis, CSP improved LVEF
(MD +2.96%), narrowed paced QRS duration (MD —30.10
ms) and yielded substantial RR reductions in PICM (RR
0.34) and HFH (RR 0.34), despite neutral effects on all-cause
mortality. These RCT-derived benefits provide randomised-
level support for CSP as a preventive strategy in this popu-
lation with preserved or mildly reduced LVEF (> 40%).

This prevention framing is clinically paramount: Most
pacemaker recipients have baseline LVEF > 40%, where the
goal is to avoid iatrogenic LV decline rather than reverse
established heart failure with reduced ejection fraction
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Figure 6. Forest plots of additional electrophysiologic and clinical outcomes comparing conduction system pacing (CSP) vs right ventricular

pacing (RVP). Pooled analyses of (A) change in QRS duration from baseline to paced QRS,

(B) cardiac resynchronisation therapy upgrade, (C) new-

onset atrial fibrillation, and (D) pacing success rate. Dichotomous outcomes are presented as risk ratios and continuous outcomes as mean
differences (MDs) with 95% confidence intervals (Cls) according to random-effects models. MH, Mantel-Haenszel.

(HFrEF). The mechanistic underpinning of our results is
coherent and strongly supported by electrophysiologic prin-
ciples. Chronic RVP induces electrical and mechanical
dyssynchrony via slow myocardial conduction, producing
LBBB-like activation, QRS widening, inter- and intraven-
tricular dyssynchrony, reduced mechanical efficiency, func-
tional mitral regurgitation, altered wall stress, and
maladaptlve remodelhng—hallmarks of PICM.” A recent
systematic review and meta-analysis reported PICM preva-
lence of ~ 12% among chronically paced patients, with
strong associations with hL%her RVP percentage, wider paced
QRS, and comorbidities.” CSP, by engaging the His-

shortens QRS and mitigates these adverse effects.”” The large
QRS narrowing in our analysis is an electrocardiographic
marker, and it likely reflects improved ventricular synchrony
that mechanlstlcally mediates the reductions in PICM and
HFH observed in this analysis.”” Importantly, the absolute
LVEF improvement of ~ 3% should be interpreted in
context. Although modest at the individual level, such pres-
ervation across a population exposed to chronic pacing may
translate into clinically meaningful reductions in remodelling
and heart failure events over time.

Previous strategies to mitigate RVP harm—alternative RV
sites (septal or outflow) or upfront biventricular pacing (BiV-

Purkinje system, restores near-physiologic activation, CRT)—have yielded inconsistent or limited benefits in
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Figure 7.

Forest plots of device- and procedure-related safety outcomes comparing conduction system pacing (CSP) vs right ventricular pacing

(RVP). Pooled analyses of (A) acute lead dislodgement, (B) lead revision, (C) pericardial effusion, and (D) wound infection. Effect estimates are
presented as risk ratios (RRs) with 95% confidence intervals (Cls) according to random-effects models. MH, Mantel-Haenszel.
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Figure 8. Subgroup analyses of left bundle branch area pacing (LBBAP) vs right ventricular pacing (RVP). Forest plots showing the LBBAP
subgroup for (A) change in left ventricular ejection fraction (LVEF) from baseline and (B) change in QRS duration from baseline to paced QRS.
Continuous outcomes are expressed as mean differences (MDs) with 95% confidence intervals (Cls) according to random-effects models.

preserved LVEF cohorts.”™*”* RV septal pacing shows no
clear LV systolic advantage over apical pacing in randomised
comparisons, whereas BiV pacing benefits are more estab-
lished in reduced LVEF with LBBB (eg, BLOCK HF)41 but
equivocal in preserved LVEF (eg, BioPace).”” The long-
awaited BioPace report re-energized debate about whether
routine upfront BiV pacing is necessary or efficient for many
pacemaker recipients anticipated to have frequent ventricular
pacing.”> Within this landscape, CSP can be conceptualized
as a middle path or a physiologic activation strategy that may
deliver HF prevention without the full complexity of BiV
lead placement, albeit with its own technical challenges.
Observational and registry evidence has also increasingly
favoured CSP over conventional pacing, reporting lower HF
events and better LV function preservatlon in bradycardia
patients requiring ventricular pacing.”” Our RCT-based
synthesis strengthens causal inference and addresses a key
limitation of earlier nonrandomised comparisons. However,
most included trials were single- or 2-centre studies, which
may limit the generalisability of the findings to broader
practice settings. Differences in institutional expertise, patient
selection, implantation workflows, and operator experience
may influence both procedural and clinical outcomes; there-
fore, larger multicentre pragmatic trials are needed to confirm
the reproducibility of these benefits across diverse health care
environments.

Within CSP modalities, LBBAP has gained traction owing
to high implant success rates and stable pacing parameters

achieved by capturing the conduction system distal to prox-
imal His disease. Comparative data suggest that LBBAP may
provide lower capture thresholds and more durable sensing
parameters compared with HBP, potentlally improving bat-
tery longevity and reducing revision rates.”” However, CSP
entails procedural trade-offs.”> Compared with RVP, it is
associated with longer procedure and fluoroscopy times,
greater radiation exposure, and slightly lower acute success in
early adoption phases. This likely reflects not only the
intrinsic technical complexity of CSP, but also the operator
learning curve and the relatively early stage of adoption rep-
resented in several included trials. Accordingly, these proce-
dural disadvantages should be interpreted in context, as
contemporary real-world experience suggests that implant
success, efficiency, and fluoroscopy exposure may improve
with growing operator expertise, dedicated training, and
standardised implantation workflows. HBP in particular may
be limited by higher baseline capture thresholds and
threshold rise over time, with some studies reporting higher
lead revision or abandonment rates in selected cohorts.”*!
These technical realities likely explain why pooled RCTs can
show clinical benefit but still report lower procedural success
rates and less favourable procedural metrics.

Our findings support an LVEF-centred pacing strategy. In
patients with preserved or mildly reduced LVEF (> 40%) and
anticipated high ventricular pacing burden, CSP functions
primarily as a preventive intervention against PICM and HFH.
In contrast, among patients with established HFtEF or CRT
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15 RANDOMISED CONTROLLED TRIALS

Conduction System Pacing Versus Right Ventricular Pacing

in Patients With Preserved or Mildly Reduced LVEF

STUDY POPULATION

p
Included RCTs

AN\

( \

| )
Total patients 1,466 \\A/

W

PHYSIOLOGICAL MECHANISM

CLINICAL OUTCOMES

HF HOSPITALISATION
vs RV pacing - RR 0.34

66% |

P

J

®
p
N . PACING-INDUCED 0
CSp RV pacing
Mean age 729 +12.3 yrs I © CARDIOMYOPATHY (PICM) 66 A)
A— _4/\/..\__ vs RV pacing - RR 0.34 l
Baseline LVEF 59.4+7.0% Narrow QRS Wide ORS ~ J
. J
LVEF CHANGE FROM 0
TRIAL DESIGN ot y BASELINE +2.96%
CSP restores physiologic activation via the His- Echocardiographic benefit
Purkinje system, preventing dyssynchronous
CSP vs RVP . o
ventricular remodelling.
QRS REDUCTION FROM ~ —20 78
BASELINE
Synchronous Preserved Electrical synchrony ms
activation cardiac function
No difference in all-cause mortality
PROCEDURE TIMI RADIATION DOSE PACING SUCCESS . X L
PROCEDURAL TRADE-OFFS oY) . g . o 0 CLINICAL BENEFIT
Technically demanding approach S~z min 25 m( Ty )3.6% VS COMPLEXITY

CSP significantly reduces HF hospitalisation and pacing-induced cardiomyopathy while improving ventricular s;

vs 99.5%

ony, with procedural trade-

offs compared with RV pacing.

Central lllustration. Design and principal findings of this meta-analysis of randomised controlled trials comparing conduction system pacing
(CSP) with right ventricular (RV) pacing in patients requiring permanent pacing with preserved or mildly reduced left ventricular ejection fraction.
Across 15 trials including 1466 patients, CSP was associated with lower risks of pacing-induced cardiomyopathy and heart failure (HF) hospi-
talisation, greater preservation of left ventricular ejection fraction, and improved electrical synchrony as reflected by shorter paced QRS duration
and a greater reduction in QRS duration from baseline. These benefits were offset by lower acute implant success and less favourable procedural
metrics, including longer procedure duration, longer fluoroscopy time, and higher radiation exposure. PICM, pacing-induced cardiomyopathy.

indications, CSP—particularly LBBAP—has emerged as a
viable alternative or complement to BiV pacing within the
broader cardiac physiologic pacing paradigm. Emerging
randomised and prospective comparative data suggest that
LBBP-based CRT can achieve LVEF improvement similarly to
BiV-CRT in selected patients. The recent CSP-SYNC rand-
omised study demonstrates the feasibility of head—to head CSP
vs BiV comparisons in CRT candidates.”” Although these
CRT data are not directly interchangeable with bradycardia
populations, they reinforce a consistent mechanistic principle
that improvements in electrical synchrony tend to precede
reverse remodelling and symptomatic benefit.

Finally, leadless pacing deserves brief mention as a
competing trend. Leadless atrioventricular synchronous RV
pacing reduces pocket and lead complications and is
expanding in use, but it still produces nonphysiologic RV
myocardial activation and may not address dyssynchrony—
driven HF risk in high-burden pacing patients. " This
highlichts a future design tension between minimising
hardware  complications and optimising ventricular

activation, motivating innovation toward leadless physiologic
pacing solutions.

The certainty of evidence for the principal outcomes
ranged from moderate to low. Although the trials consistently
enrolled the target population of patients with bradyar-
rthythmias requiring pacing, the evidence should be inter-
preted with caution because several outcomes were limited by
small sample sizes, low event rates, variable end point
definitions, and differences in procedural technique and follow-
up. Thus, although the findings support CSP as a physiologic
pacing strategy, larger ongoing trials remain necessary.

These sources of heterogeneity are also relevant to clinical
utility. Because PICM definitions, CSP qualification criteria,
and procedural protocols were not uniform across trials, the
pooled estimates should not be interpreted as applying
identically to every clinical setting or implantation strategy.
Rather, they provide an aggregate estimate of benefit across
related physiologic pacing approaches while underscoring the
need for standardised end point definitions and implantation
criteria in future trials.
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as critical as technologic advances in enabling safe widespread
CSP integration into clinical practice.

Conclusion

This meta-analysis of 15 RCTs (n = 1466) supports CSP
as a physiologic LVEF-preserving strategy over RVP in pa-
tients with baseline LVEF > 40% and anticipated high
ventricular pacing burden—reducing PICM and HFH.
These benefits align with current guidelines, which assign
CSP a class 2a recommendation in patients with LVEF 36%-
50% and substantial anticipated ventricular pacing and a class
2b recommendation in those with normal LVEF, while
underscoring the need for larger pragmatic RCTs to confirm
long-term outcomes, device performance, and potential
guideline evolution.
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