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Abstract

Background His-Purkinje system pacing (HPSP), including his-bundle pacing (HBP) and left bundle branch area
pacing (LBBaP), imitates the natural conduction of the heart as an alternative to biventricular pacing (BVP) in cardiac
resynchronization therapy (CRT). However, the feasibility and efficacy of HPSP were currently only evidenced by
studies with a limited sample size, so this study aimed to provide a comprehensive assessment through a systematic
review and meta-analysis.

Methods In order to compare the clinical outcomes associated with HPSP and BVP in patients for CRT, PubMed,
EMBASE, Cochrane Library and Web of Science database were searched from inception to April 10, 2023. Clinical out-
comes of interest including QRS duration (QRSd), left ventricular (LV) function and New York Heart Association (NYHA)
functional classification, pacing threshold, echocardiographic and clinical response, hospitalization rate of HF and
all-cause mortality were also extracted and summarized for meta-analysis.

Results A total of 13 studies (ten observational studies and three randomized studies) involving 1,121 patients were
finally included. The patients were followed up for 6-27 months. Compared with BVP, CRT patients treated by HPSP
presented shorter QRSd [mean difference (MD): -26.23 ms, 95% confidence interval (Cl): -34.54 to -17.92, P<0.001,
P=91%], greater LV functional improvement with increased left ventricular ejection fraction (LVEF) (MD: 6.01, 95% Cl:
48110722, P<0.001, F=0%), decreased left ventricular end-diastolic dimension (LVEDD) (MD: -2.91, 95% Cl: -4.86
t0-0.95, P=0.004, F = 35%), and more improved NYHA functional classification (MD: -0.45, 95% Cl:-0.67 to -0.23,
P<0.001, F=70%). In addition, HPSP was more likely to have higher echocardiographic [odds ratio (OR): 2.76, 95%

Cl: 1.74 t0 439, P<0.001, P =0%], clinical (OR: 2.10, 95% CI: 1.16 to 3.80, P=0.01, /= 0%) and super clinical (OR: 3.17,
95% Cl: 2.09 to 4.79, P< 0.001, = 0%) responses than BVP, and a lower hospitalization rate of HF (OR: 0.34, 95% Cl: 0.22
t0 0.51, P<0.001, F=0%), while presented no difference (OR: 0.68, 95% Cl: 0.44 to 1.06, P=0.09, F=0%) in all-cause
mortality compared with BVP. With threshold change taking into account, BVP was less stable than LBBaP (MD:-0.12V,
95% Cl:-0.22 t0 -0.03, P=0.01, # = 57%), but had no difference with HBP (MD: 0.11V, 95% Cl:-0.09 to 0.31, P=0.28,

P =0%).

Conclusion The present findings suggested that HPSP was associated with greater improvement of cardiac function
in patients with indication for CRT and was a potential alternative to BVP to achieve physiological pacing through
native his-purkinje system.
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Introduction et al. first reported the HBP activated intrinsic conduc-

Cardiac resynchronization therapy (CRT) can effec-
tively improve the symptoms of patients with heart fail-
ure (HF) and cardiac electromechanical dyssynchrony.
A large number of randomized clinical trials have dem-
onstrated the efficiency of biventricular pacing (BVP) in
improving left ventricular (LV) function as well as New
York Heart Association (NYHA) functional classification,
and reducing rehospitalization in patients with HF and
cardiac conduction block [1-6]. However, 30% ~40% of
patients having received BVP therapy have no response
to CRT due to some limitations [7—10]. Besides, it is well
recognized that BVP is not a true physiological electro-
mechanical synchronization through fusing LV epicardial
wavefront with endocardial wavefront of the right ven-
tricular apex and native cardiac conduction. Apart from
that, BVP implantation is limited by coronary venous
anatomy [11, 12].

Subsequently, new physiological pacing method, i.e.,
his-purkinje system pacing (HPSP), was developed grad-
ually, which included his-bundle pacing (HBP) and left
bundle branch pacing area (LBBaP). In 2000, Deshmukh

tion system through the his-purkinje system [13]. Then,
Lustgarten et al. demonstrated the similar clinical out-
comes of HBP compared with BVP [14]. Currently,
some clinical trials recommended HBP as an alternative
and frontline therapy for patients with CRT-indication
[15-17]. In 2017, LBBaP, which delivered physiologi-
cal pacing via capturing the LV conduction system, was
first reported by Huang et al.,, who observed narrowed
QRS complexes and improved LV function for LBBaP in
HF patients [18]. Additionally, left bundle branch blocks
(LBBB) can be rectified by LBBaP and the cardiac func-
tion can effectively be improved [19].

BVP still remains first-line therapy in view of the
substantial evidence of efficacy and safety. However,
HPSP is very likely to play a growingly important
role in the future, and the current recommendations
may need to be revised if future long-term evidence
of safety and efficacy is published [20]. To this end,
this meta-analysis was hereby conducted to evalu-
ate clinical outcomes of HPSP versus BVP on cardiac
synchronization.
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Methods

This meta-analysis was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [21] during the whole process.

Search strategy

Related articles published from inception to April 10,
2023 were selected, and PubMed, EMBASE, Cochrane’s
Library and Web of Science were searched using the fol-
lowing terms: (1) “left bundle branch area pacing” and
“biventricular” OR “cardiac resynchronization therapy”
OR “CRT”; (2) “His-bundle pacing” and “biventricular”
OR “cardiac resynchronization therapy” OR “CRT”; and
(3) “conduction system pacing” and “biventricular” OR
“cardiac resynchronization therapy” OR “CRT”. Details
on search strategies are shown in Supplementary mate-
rials. There is no restriction on language and study. In
addition, the references of the retrieved studies were also
manually screened for relevant potential studies.

Selection criteria and study selection

Case report, abstract, review, editorial, letter or study
involving less than ten patients were excluded. Inclusion
criteria were as follows: (1) randomized or non-randomized
controlled trial (RCT) and observational study; (2) studies
comparing LBBaP or HBP with BVP among patients with
HF; and (3) studies investigating one of the following out-
comes: QRS duration (QRSd), echocardiographic param-
eters [left ventricular ejection fraction (LVEF) and/or left
ventricular end-diastolic dimension (LVEDD)], NYHA
functional classification, echocardiographic response, clini-
cal and super clinical CRT response rate, pacing threshold,
hospitalization rate of HF and all-cause mortality.

Echocardiographic response was defined as an LVEF
improvement of at least 5% at the end of the follow-
up, and clinical response was defined as an improve-
ment in the patient symptom, such as decreased NYHA
functional classification of at least one grade at the last
follow-up [22], while super response was defined as a
remarkable improvement in cardiac function: NYHA
functional classification decreased to I or II, along with
an improvement in LVEF of at least 15% or eventual
LVEF more than 45% [23].

Two investigators independently screened the titles and
abstracts, full text of potential eligible articles according
to the inclusion criteria. Any disagreement was resolved
by discussing with the third investigator.

Data extraction
Two independent investigators conducted the data
extraction from the included studies, and disagreements
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were resolved by consensus and discussions with the
third investigator. The following information was
extracted from studies: general study information
(including first author, country and year of publication),
study characteristics (including study design, article type,
sample size and follow-up), participant characteristics
(including age, sex and indication of implantation) and
efficacy indexes [QRSd, echocardiographic parameters
(LVEF and LVEDD), NYHA functional classification,
pacing threshold, echocardiographic response rate, clini-
cal and super clinical CRT response rate, hospitalization
rate of HF, all-cause mortality].

Quality evaluation

Two independent investigators assessed the quality of
the included RCT with the Cochrane’s Risk of Bias Tool
[24]. Quality of observational studies was evaluated with
the Newcastle-Ottawa Scale (NOS) [25]. NOS score of
greater than or equal to 6 points was defined as high-
quality, while that less than 6 points was considered
low-quality.

Data synthesis and statistical analyses

Mean difference (MD) of the difference between the last
follow-up and baseline was used to measure the out-
comes of continuous variables, while odds ratio (OR) was
used for the categorized variables. Once the variance for
the paired difference before and after the intervention
was not reported, the equation of (¢® A=02pre+02post_
2p0,,,.0,,5) Was used [26], where, o, represents the
variance at baseline; 0, the variance at the end of the
follow-up; and p, the correlation coefficient for correla-
tions before and after the intervention. In accordance
with practice, this analysis was conducted with an esti-
mated p value of 0.5.

A random-effect model was used to generate pooled
estimates of the difference, and heterogeneity was
assessed by the Q and I° statistics. In the presence of
heterogeneity, subgroup analysis was performed to find
the possible source. Meanwhile, sensitivity analyses
were performed to assess the robustness of the finding:
except for implementing inclusion and exclusion criteria
strictly, each trial was also excluded sequentially from
the meta-analysis to determine the influence of a single
study, and potential publication bias was assessed using
funnel plots.

Review Manager (RevMan Version 5.4, The Cochrane
Collaboration, 2020, Oxford, United Kingdom) and R
software (version 4.1.2) were used for the statistical anal-
ysis. A 2-sided P value of<0.05 was considered statisti-
cally significant.
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Fig. 1 Flowchart of database search and study identification

Results

Study selection

Initially, a total of 126 potentially eligible articles were
retrieved from the databases (Fig. 1), and 89 records
were left after exclusion of duplications. Of these, by
screening via the titles and abstracts, 67 were subse-
quently excluded, and 13 [14, 27-38] were included in
this meta-analysis after further excluding single-arm
studies, study protocols, and studies with irrelevant
outcomes.

Study characteristics and quality evaluation

Ten of the included articles [27-31, 34—38] were observa-
tional studies, and three [14, 33] were randomized stud-
ies. The meta-analysis included 1,121 patients recruited
from 29 centers in all. Patients who received HPSP
(LBBaP or HBP) and BVP were generally frequency-
matched on age and sex (Table 1), period of the follow
up were six months in seven studies [14, 27-29, 32, 33,
36], 12 months in two studies [30, 35], 14 months [34],
18 months [31], 24 months [37] and 27 months [38] in
one study each. All patients had HF and CRT indication
in 13 studies [14, 27-38]. In 9 studies [27-30, 32, 34—38],
all of the patients (68%, n="763) had LBBB, while in 8
studies [28-32, 34, 35, 38], the majority of the subjects
had non-ischemic cardiomyopathy (63%, n=584). Mean-
while, 92% (n=972) of the population used B-blockers
in 11 studies [27-30, 32-38], and 76.4% (n=2847) used
Angiotensin-Converting Enzyme Inhibitors (ACEI)/

c
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* Abstract (n=3)

Angiotensin Receptor Blockers (ARB)/ Angiotensin
Receptor-Neprilysin Inhibitor (ARNI) in 12 studies [27—
38]. All included [14, 27-38] studies were graded with a
score of greater than 6 points, and none of the included
studies was of poor quality. Quality assessment of the
included studies is presented in Table 2 and Fig. 2.

Change of QRSd

Articles with wide QRSd were analyzed using a random-
effect model in different groups. The result of 11 studies
[14, 27-30, 32-35, 37, 38] showed that the HPSP group
had a significantly greater reduction in a mean of QRSd
compared with BVP (MD: -26.25 ms, 95% confidence
interval (CI): -34.54 to -17.92, P<0.001, >=91%). Simi-
larly, in patients with LBBB, BVP presented a less reduc-
tion in a mean of QRSd than HPSP (MD: -25.63 ms, 95%
CI: -33.61 to -17.64, P<0.001, ’=86%) in 8 studies [27—
30, 32, 34, 35, 37]. No difference in a mean of QRSd was
observed between HPSP and BVP in three RCT stud-
ies [14, 32, 33] (MD: -27.61 ms, 95% CI: -59.24 to 4.01,
P<0.001, P=94%) (Fig. 3).

LV function and NYHA functional classification assessment
Pooled analysis using a random-effect model from 9
studies [27-32, 35, 37, 38] suggested that compared with
BVP, HPSP was associated with a significant improve-
ment in LVEF (MD: 6.01, 95% CI: 4.81 to 7.22, P<0.001,
P=0%). Consistently, LVEF in HPSP improved to a
greater degree (MD: 6.39, 95% CI: 4.98 to 7.79, P<0.001,
P=0%) than BVP in LBBB patients from 8 studies
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Fig. 2 Quality judgements about each risk of bias item presented as percentages across three RCT studies

[27-30, 32, 35, 37, 38] (Fig. 4A). LVEDD from 7 articles
[27-29, 31, 35, 37, 38] decreased significantly in HPSP
compared with BVP (MD: -2.91, 95% CI: -4.86 to -0.95,
P=0.004, ’=35%). Among patients with LBBB from 5
studies [27-29, 35, 37], LVEDD in HPSP also presented a
significant decrease compared with BVP (MD: -4.04, 95%
CI: -5.99 to -2.08, P<0.001, >=0%) (Fig. 4B). The differ-
ence in NYHA functional classification improvement was
assessed in 7 studies [27-32, 37], and the results indi-
cated that compared with BVP, HPSP had more improve-
ment in NYHA functional classification (MD: -0.45,
95% CI: -0.67 to -0.23, P<0.001, 12=7O%). In patients
with LBBB, HPSP also improved significantly compared
with BVP (MD: -0.45, 95% CI: -0.70 to -0.20, P=0.0005,
P=74%) in 6 studies [27-30, 32, 37] (Fig. 4C).

Threshold change

The difference in threshold change was assessed using
the random-effect model in 6 studies [27, 29, 30, 35, 37,
38] in LBBaP and 4 studies [30—32, 34] in HBP, and it was
found that the performance was more stable in LBBaP
than in BVP (MD: -0.12 V, 95% CI: -0.22 to -0.03, P=0.01,
P=57%), while no significant difference was observed
between HBP and BVP (MD: 0.11 V, 95% CI: -0.09 to
0.31, P=0.28, ’=0%). Similarly, in LBBB patients, BVP
had a greater change (MD: -0.16 V, 95% CI: -0.25 to -0.06,
P=0.0009, ’=35%) than LBBaP in 5 studies [27, 29, 30,
35, 37], and no significant difference was observed among
HBP and BVP patients (MD: -0.09 V, 95% CI: -0.13 to
0.31, P=0.43, P=0%) in 3 studies [30, 32, 34] (Fig. 5).
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HPSP BVP

Study or Subgroup Mean SD Total Mean SD Total Weight
1.1.1 All patient

Chen 2021 -59.16 14.6 49 -31 131 51 4.7%
Guo 2020 -56 13.8 21 -335 139 21 4.5%
Hua 2022 -48.62 27.3 21 -20.65 23.2 20 3.6%
Li 2020 -56.4 16.3 27 -22.7 26.6 54  43%
Lustgarten 2015 -38 30.3 12 -4 16.5 12 3.1%
Upadhyay 2019 -49 20.3 16 -1 221 24 3.9%
Vijayaraman 2019 -32 25.6 27 -21 23.6 27 3.9%
Vijayaraman 2022 -17.5 26.7 258 -8.7 235 219 4.8%
Vinther 2021 -34 17.8 19 32 15 31 4.3%
Wang 2020 -60.8 18.3 10 -33 17.8 30 3.9%
Wu 2021 -69.6 17.6 49 -253 19.3 54  4.6%
Wu 2021 -554 143 32 -25.3 193 54  4.6%
Subtotal (95% CI) 541 597 50.2%

Heterogeneity: Tau? = 185.08; Chi? = 121.95, df = 11 (P < 0.00001); I?=91%

Test for overall effect: Z =6.19 (P < 0.00001)

1.1.2 RCT studies

Lustgarten 2015 38 303 12 -4 165 12 31%
Upadhyay 2019 49 203 16 A 221 24 3.9%
Vinther 2021 34 178 19 32 15 31 4.3%
Subtotal (95% Cl) a7 67 11.3%

Heterogeneity: Tau? = 725.91; Chi? = 32.52, df = 2 (P < 0.00001); I> = 94%
Test for overall effect: Z=1.71 (P = 0.09)

1.1.3 LBBB patient

Chen 2021 -59.16 14.6 49 -31 131 51 4.7%
Guo 2020 -56 13.8 21 -335 13.9 21 4.5%
Hua 2022 -48.62 27.3 21 -20.65 23.2 20 3.6%
Li 2020 -56.4 16.3 27 -22.7 26.6 54  43%
Vijayaraman 2019 -32 25.6 27 -21 236 27 3.9%
Vinther 2021 -34 17.8 19 -32 15 31 4.3%
Wang 2020 -60.8 18.3 10 -33 17.8 30 3.9%
Wu 2021 -55.4 143 32 -253 193 54  4.6%
Wu 2021 -69.6 17.6 49 -253 193 54  4.6%
Subtotal (95% ClI) 255 342 38.4%

Heterogeneity: Tau? = 123.35; Chi? = 58.16, df = 8 (P < 0.00001); I* = 86%
Test for overall effect: Z = 6.29 (P < 0.00001)
Total (95% CI)

843 1006 100.0%

Heterogeneity: Tau® = 168.46; Chi? = 220.03, df = 23 (P < 0.00001); I> = 90%

Test for overall effect: Z=9.01 (P < 0.00001)
Test for subgroup differences: Chi? = 0.02, df =2 (P = 0.99), I?=0%
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Fig. 3 Forest plot of mean difference (MD) of cardiac resynchronization therapy (CRT) on QRS duration (QRSd) decrease in different groups. Net
changes in QRSd were estimated by comparing BVP with HPSP. Squares indicate the effect size of a study, with a 95% Cl; and diamonds indicate the

overall effect size of all studies combined

CRT response rate

Pooled analysis was carried out using the random-effect
model, and the results suggested that compared with
BVP, HPSP patients were likely to achieve higher (OR:
2.76, 95% CI: 1.74 to 4.39, P<0.001, ?=0%) echocar-
diographic response in 7 studies [27-30, 32, 33, 35]. In
LBBB patients, BVP had lower (OR: 2.73, 95% CI: 1.68
to 4.44, P<0.001, I’=0%) echocardiographic response
than HPSP in 6 studies [27-30, 32, 35] (Fig. 6A). Mean-
while, in 7 studies [27-29, 32, 33, 35, 36], HPSP had a
higher clinical (OR: 2.10, 95% CI: 1.16 to 3.80, P=0.01,
P=0%) response than BVP, and there was no differ-
ence (OR: 1.96, 95% CI: 0.95 to 4.05, P=0.07, I’=0%)
between HPSP and BVP in LBBB patients from 5

studies [27-29, 32, 35] (Fig. 6B). HPSP patients had a
significantly super clinical (OR: 3.17, 95% CI: 2.09 to
4.79, P<0.001, I’ =0%) response compared with BVP in
6 studies [27, 28, 30, 31, 35, 37]. Among patients with
LBBB, BVP had a lower super clinical response (OR:
3.09, 95% CI: 2.03 to 4.71, P<0.001, >=0%) than HPSP
in 5 studies [27, 28, 30, 35, 37] (Fig. 6C).

Hospitalization rate of HF and all-cause mortality

The hospitalization rate of HF was higher in BVP than
HPSP in 10 studies (OR: 0.34, 95% CI: 0.22 to 1.06,
P<0.001, P=0%) [27-32, 35-38] and patients with
LBBB in 8 studies (OR: 0.26, 95% CI: 0.14 to 0.49,
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A

Study or Subgroup
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HPSP
Mean SD Total Mean

BVP
SD Total Weight

1.2.1 All patient
Chen 2021

Guo 2020

Hua 2022

Li 2020

Ma 2021
Vijayaraman 2022
Vinther 2021
Wang 2020

Wu 2021

Wu 2021
Subtotal (95% CI)

20.05 9 49 1526
209 93 21 147
16.95 12.9 21 1288
165 75 27 7.8
1225 6.3 37 8.07
13.3 109 258 7
17 72 19 13
18.86 8 10 12.97
24 88 32 1638
239 102 49 1638
523

98 51 6.1%
1.8 21 2.0%
125 20 1.4%

9.1 54 6.0%

8.5 15 37%

10 219 23.7%

8 31 4.5%
10.7 30 21%
13.1 54 3.9%
13.1 54  4.1%

549 57.5%

Heterogeneity: Tau? = 0.00; Chi? = 3.43, df = 9 (P = 0.94); I> = 0%
Test for overall effect: Z=9.79 (P < 0.00001)

1.2.2 LBBB patient
Chen 2021

Guo 2020

Hua 2022

Li 2020
Vijayaraman 2022
Vinther 2021
Wang 2020

Wu 2021

Wu 2021

Subtotal (95% CI)

20.05 9 49 1526
209 93 21 147
16.95 12.9 21 12.88
165 75 27 7.8
16.3 105 106 8
17 72 19 13
18.86 8 10 12.97
239 102 49 16.8
24 88 32 1638
334

98 51 6.1%
11.8 21 2.0%
125 20 1.4%

9.1 54 6.0%
101 141 123%

8 31 4.5%

10.7 30 21%
13.1 54 4.1%
13.1 54  3.9%

456 42.5%

Heterogeneity: Tau? = 0.00; Chi? = 3.44, df = 8 (P = 0.90); I> = 0%
Test for overall effect: Z = 8.93 (P < 0.00001)

Total (95% CI)

857

1005 100.0%

Heterogeneity: Tau? = 0.00; Chi? = 7.03, df = 18 (P = 0.99); I = 0%
Test for overall effect: Z = 13.25 (P < 0.00001)
Test for subgroup differences: Chiz = 0.16, df = 1 (P = 0.69), I? = 0%

Mean Difference
IV, Random, 95% Cl

4.79[1.10, 8.48]
6.20 [-0.23, 12.63]
4,07 [-3.71, 11.85]
7.70[3.97, 11.43]
4.18[0.58, 8.94]
6.30 [4.42, 8.18]
4.00[-0.29, 8.29]
5.89 [-0.37, 12.15]
7.20[2.56, 11.84]
7.10[2.59, 11.61]

6.01 [4.81,7.22]

4.79[1.10, 8.48]
6.20 [-0.23, 12.63]
4,07 [-3.71, 11.85]

7.70[3.97, 11.43]

7.30 [4.70, 9.90]

4.00[-0.29, 8.29]
5.89 [-0.37, 12.15]

7.10[2.59, 11.61]
7.20[2.56, 11.84]
6.39 [4.98, 7.79]

6.17 [5.26, 7.08]

Mean Difference
IV, Random, 95% Cl

40 5 0 5 10
Favours [BVP] Favours [HPSP]

B HPSP BVP Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random,95% Cl IV, Random, 95% ClI

1.3.1 All patient
Chen 2021

Guo 2020

Hua 2022

Li 2020

Ma 2021
Vijayaraman 2022
Wang 2020
Subtotal (95% CI)

-12.57 6.4 49 -7.39
-1 84 21 94
-11.99 111 21 -5.27
72 83 27 32
-1013 72 37 -6
-29 11.3 258 -29
111 74 10 -8.74
423

96 51 131%
7.8 21 6.4%
14 20 2.7%
74 54 10.3%
99 15 51%
146 219 19.9%
9 30 50%
410  62.5%

Heterogeneity: Tau? = 2.29; Chi? = 9.21, df = 6 (P = 0.16); 1> = 35%
Test for overall effect: Z = 2.92 (P = 0.004)

1.3.2 LBBB patient
Chen 2021

Guo 2020

Hua 2022

Li 2020

Wang 2020
Subtotal (95% CI)

-12.57 6.4 49 -7.39

11 84 21 94

-11.99 111 21 -5.27

72 83 271 32

111 74 10 -8.74
128

9.6 51 13.1%
78 21 64%
14 20 27%
74 54 10.3%
9 30 50%
176 37.5%

Heterogeneity: Tau? = 0.00; Chi? = 2.25, df = 4 (P = 0.69); I>= 0%
Test for overall effect: Z = 4.05 (P < 0.0001)

Total (95% CI)

551

586 100.0%

Heterogeneity: Tau? = 0.79; Chi? = 12.93, df = 11 (P = 0.30); I = 15%
Test for overall effect: Z = 4.78 (P < 0.00001)
Test for subgroup differences: Chiz = 0.64, df = 1 (P = 0.42), 2= 0%
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C HPSP BVP Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
1.4.1 All patient
Guo 2020 -1.7 0.8 21 -15 07 21 5.5% -0.20 [-0.65, 0.25] [
Hua 2022 -1.28 0.7 21 -1.11 09 20 51% -0.17 [-0.67, 0.33] —
Li 2020 -16 0.6 27 -07 07 54 7.5% -0.90 [-1.19, -0.61] -

Ma 2021 -0.99 0.6 37 -0.54 06 15 6.6% -0.45[-0.81, -0.09] -
Vinther 2021 -0.6 0.4 19 -05 05 31 8.0% -0.10[-0.35, 0.15] -1
Wang 2020 -1.4 0.7 10 -1.1 07 30 5.0% -0.30 [-0.80, 0.20] I
Wu 2021 -1.6 0.6 49 -09 08 54  7.8% -0.70 [-0.97, -0.43] -

Wu 2021 -1.5 05 32 -09 08 54 7.7% -0.60 [-0.87, -0.33] T

Subtotal (95% Cl) 216 279 53.3%  -0.45[-0.67,-0.23] -
Heterogeneity: Tau? = 0.07; Chi? = 23.37, df = 7 (P = 0.001); I> = 70%

Test for overall effect: 4.03 (P <0.0001)

1.4.2 LBBB patient

Guo 2020 -1.7 0.8 21 15 07 21 5.5% -0.20 [-0.65, 0.25] - 1
Hua 2022 -1.28 0.7 21 -1.11 09 20 51% -0.17 [-0.67, 0.33] —
Li 2020 -1.6 0.6 27 -07 07 54  7.5% -0.90 [-1.19, -0.61] -

Vinther 2021 -0.6 0.4 19 -05 05 31 8.0% -0.10[-0.35, 0.15] -1
Wang 2020 -1.4 07 10 -1.1 07 30 5.0% -0.30 [-0.80, 0.20] —
Wu 2021 -1.6 0.6 49 -09 08 54 7.8% -0.70 [-0.97, -0.43] -

Wu 2021 -1.5 0.5 32 -09 08 54  77% -0.60 [-0.87, -0.33] -

Subtotal (95% CI) 179 264 46.7%  -0.45[-0.70, -0.20] -
Heterogeneity: Tau? = 0.08; Chi? = 23.34, df = 6 (P = 0.0007); I* = 74%

Test for overall effect: Z = 3.49 (P = 0.0005)

Total (95% Cl) 395 543 100.0%  -0.45[-0.61, -0.29] -
Heterogeneity: Tau? = 0.07; Chi = 46.71, df = 14 (P < 0.0001); I2 = 70% 1 _0’_5 o 0’5 1

Test for overall effect: Z = 5.57 (P < 0.00001)
Test for subgroup differences: Chi? = 0.00, df = 1 (P = 0.99), I? = 0%

Favours [HPSP] Favours. [BVP]
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Fig. 4 Forest plot of the effect of cardiac resynchronization therapy (CRT) on left ventricular function and New York Heart Association (NYHA)
functional classification improvement in different groups. Net changes in left ventricular ejection fraction (LVEF) (A); left ventricular end-diastolic
dimension (LVEDD) (B); and NYHA functional classification (C) were estimated by comparing HPSP with BVP. Squares indicate the effect size of a
study, with a 95% Cl; and diamonds indicate the overall effect size of all studies combined
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HPSP BVP
Study or Subgroup Mean SD Total Mean SD Total Weight

1.5.1 All patient-LBBaP

Chen 2021 -026 0.2 49 -0.03 04 51 9.7%
Hua 2022 -0.08 0.2 21 013 04 20 6.3%
Li 2020 -0.06 0.3 27 021 07 54  55%
Vijayaraman 2022 0.1 046 171 0.1 066 219 10.4%
Wang 2020 046 0.1 10 05 04 30 8.0%
Wu 2021 0.06 0.1 32 012 06 54 7.7%
Subtotal (95% CI) 310 428 47.7%

Heterogeneity: Tau? = 0.01; Chi? = 11.60, df =5 (P = 0.04); I>=57%
Test for overall effect: Z =2.51 (P = 0.01)

1.5.2 All patient-HBP

Ma 2021 0.15 0.9 37 -005 07 15 1.8%
Vijayaraman 2019 0.1 1 27 0.1 0.7 27 1.7%
Vinther 2021 02 14 19 04 0.7 31 0.9%
Wu 2021 029 0.8 49 012 06 54  4.0%
Subtotal (95% CI) 132 127 8.4%
Heterogeneity: Tau? = 0.00; Chi? = 1.36, df = 3 (P = 0.72); = 0%

Test for overall effect: Z = 1.08 (P = 0.28)

1.5.3 LBBB patient-LBBaP

Chen 2021 -0.26 0.2 49 -0.03 04 51 9.7%
Hua 2022 -0.08 0.2 21 013 04 20 6.3%
Li 2020 -0.06 0.3 27 021 07 54 5.5%
Wang 2020 046 0.1 10 05 04 30 8.0%
Wu 2021 0.06 0.1 32 012 06 54 7.7%
Subtotal (95% CI) 139 209 37.3%

Heterogeneity: Tau? = 0.00; Chiz = 6.17, df =4 (P = 0.19); 1> = 35%
Test for overall effect: Z = 3.33 (P = 0.0009)

1.5.4 LBBB patient-HBP

Vijayaraman 2019 0.1 1 27 0.1 0.7 27 1.7%
Vinther 2021 02 14 19 04 0.7 31 0.9%
Wu 2021 029 0.8 49 012 0.6 54  4.0%
Subtotal (95% CI) 95 112 6.6%

Heterogeneity: Tau? = 0.00; Chi? = 1.18, df = 2 (P = 0.55); I? = 0%
Test for overall effect: Z=0.79 (P = 0.43)

Total (95% CI) 676 876 100.0%
Heterogeneity: Tau? = 0.01; Chi? = 29.73, df = 17 (P = 0.03); > = 43%
Test for overall effect: Z = 3.13 (P = 0.002)

Test for subgroup differences: Chi? = 8.70, df = 3 (P = 0.03), I> = 65.5%
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Fig. 5 Forest plot of the effect of cardiac resynchronization therapy (CRT) on threshold change in different groups. Net changes in threshold

change were estimated by comparing BVP with LBBaP and HBP

P<0.001, P=0%) [27-30, 32, 35, 37, 38] (Fig. 7A).
Besides, there was no statistical difference between
HPSP and BVP regarding to all-cause mortality in
10 studies (OR: 0.68, 95% CI: 0.44 to 1.06, P=0.09,
P=0%) [27-32, 35-38] and LBBB patients from
8 studies (OR: 0.71, 95% CI: 0.36 to 1.38, P=0.31,
P=0%) [27-30, 32, 35, 37, 38] (Fig. 7B).

Sensitivity analyses and publication bias

Sensitivity analyses were conducted by systemati-
cally excluding one study at a time, and the direction
and magnitude in the hospitalization rate of HF were
affected by one study [38]. In addition, there was no

publication bias by visual assessment of the funnel
plots in the selected outcomes of QRSd, LVEF, NYHA
and threshold change (Figure S1).

Discussion

The main findings from the present meta-analysis were
as follows: Compared with BVP, HPSP provided a statis-
tically significant decrease of QRSd, improvement of the
LV function and NYHA functional classification, higher
echocardiographic and clinical response, and lower hos-
pitalization of HF. In terms of all-cause mortality, there
was no difference between HPSP and BVP. Besides,
LBBaP presented less threshold change than BVP, and
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A HPSP BVP Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random,95% Cl M-H, Random, 95% Cl
1.6.1 All patient
Chen 2021 42 49 41 51 10.0% 1.46[0.51,4.21] T
Guo 2020 19 21 17 21 3.4% 2.240.36, 13.78] -1
Li 2020 24 27 36 54 6.4% 4.00[1.06, 15.08] —
Upadhyay 2019 13 16 14 24 5.0% 3.10[0.69, 13.80] T
Vinther 2021 17 19 28 31 3.1% 0.911[0.14, 6.02] -1
Wang 2020 10 10 19 30 1.3% 12.38 [0.66, 231.73] T
Wu 2021 28 32 30 54 81% 5.60 [1.73, 18.17] —_—
Wu 2021 38 49 30 54 152% 2.76[1.17, 6.53] —
Subtotal (95% CI) 223 319  52.5% 2.76 [1.74, 4.39] &

Total events 191 215

Heterogeneity: Tau? = 0.00; Chi? = 5.54, df = 7 (P = 0.59); I = 0%

Test for overall effect: 31 (P < 0.0001)

1.6.2 LBBB patient

Chen 2021 42 49 41 51 10.0% 1.46 [0.51, 4.21] T

Guo 2020 19 21 17 21 3.4% 2.2410.36, 13.78] ]

Li 2020 24 27 36 54 6.4% 4.00 [1.06, 15.08] —

Vinther 2021 17 19 28 31 3.1% 0.911[0.14, 6.02] -1

Wang 2020 10 10 19 30 1.3% 12.38 [0.66, 231.73] T

Wu 2021 38 49 30 54 152% 276 [1.17, 6.53] —

Wu 2021 28 32 30 54  81% 5.60[1.73, 18.17] _

Subtotal (35% CI) 207 295  47.5% 2.73[1.68, 4.44] <&

Total events 178 201

Heterogeneity: Tau? = 0.00; Chi* = 5.52, df = 6 (P = 0.48); I* = 0%

Test for overall effect: Z = 4.05 (P < 0.0001)

Total (95% CI) 430 614 100.0% 2.75[1.97, 3.84] *

Total events 369 416 ) X X ,
Heterogeneity: Tau? = 0.00; Chi? = 11.06, df = 14 (P = 0.68); 1> = 0% ' T " N
Test for overall effect: Z = 5.92 (P < 0.00001) 0.001 Favon?r.;[BVP; Favculg [HPSP] 1000
Test for subgroup differences: Chi2 = 0.00, df = 1 (P = 0.97), I = 0%

B HPSP BVP Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random,95% Cl M-H, Random, 95% Cl
1.7.1 All patient
Chen 2021 44 49 43 51 14.8% 1.64 [0.50, 5.40] T
Guo 2020 21 21 19 21 22% 5.51[0.25, 122.08] ]

Li 2020 26 27 41 54 4.8% 8.24[1.02, 66.82]

Upadhyay 2019 9 16 9 24 127% 2.14[0.59, 7.77] T
Vinther 2021 9 19 13 31 16.0% 1.25[0.40, 3.93] .
Wang 2020 10 10 27 30 23% 2.67[0.13, 56.28] ]

Zizek 2021 9 12 6 12 71% 3.00[0.53, 16.90] T
Subtotal (95% CI) 154 223 59.9% 2.10[1.16, 3.80] L d
Total events 128 158

Heterogeneity: Tau? = 0.00; Chi? = 3.25, df = 6 (P = 0.78); I = 0%

Test for overall effect: Z = 2.45 (P = 0.01)

1.7.2 LBBB patient

Chen 2021 44 49 43 51 14.8% 1.64 [0.50, 5.40] T
Guo 2020 21 21 19 21 22% 5.51[0.25, 122.08] ]

Li 2020 26 27 41 54 48% 8.24[1.02, 66.82]

Vinther 2021 9 19 13 31 16.0% 1.25[0.40, 3.93] .
Wang 2020 10 10 27 30 2.3% 2.67[0.13, 56.28] ]

Subtotal (95% CI) 126 187  40.1% 1.96 [0.95, 4.05] >
Total events 110 143

Heterogeneity: Tau? = 0.00; Chi2 = 3.10, df = 4 (P = 0.54); I = 0%

Test for overall effect: Z = 1.82 (P = 0.07)

Total (95% CI) 280 410 100.0% 2.04[1.29, 3.23] *

Total events 238 301

Heterogeneity: Tau? = 0.00; Chi® = 6.35, df = 11 (P = 0.85); I’ = 0% Hoon o 5 1000
Test for overall effect: .05 (P =0.002) : Favouré [BVP] Favours [HPSP]
Test for subgroup differences: Chiz = 0.02, df = 1 (P = 0.88), I = 0%

C HPSP BVP Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random,95% Cl M-H, Random, 95% Cl
1.8.1 All patient
Chen 2021 30 49 20 51 13.5% 2.45[1.10, 5.47] —
Guo 2020 17 21 12 21 4.5% 3.19[0.79, 12.80] T
Hua 2022 9 21 7 20 55% 1.39[0.39, 4.92] I
Li 2020 12 27 9 54 8.0% 4.00[1.41, 11.35] -
Ma 2021 1" 37 1 15 1.9% 5.92[0.69, 50.73] T
Wu 2021 34 39 26 54 7.5% 7.32[2.49, 21.56] -
Wu 2021 23 32 26 54 10.0% 2.75[1.08, 7.03] -
Subtotal (95% CI) 226 269 50.9% 3.17 [2.09, 4.79] *
Total events 136 101
Heterogeneity: Tau? = 0.00; Chi* = 4.96, df = 6 (P = 0.55); I* = 0%

Test for overall effect: Z = 5.45 (P < 0.00001)

1.8.2 LBBB patient

Chen 2021 30 49 20 51 13.5% 2.45[1.10, 5.47] —
Guo 2020 17 21 12 21 4.5% 3.19[0.79, 12.80] T
Hua 2022 9 21 7 20 5.5% 1.39[0.39, 4.92] I

Li 2020 12 27 9 54 8.0% 4.00[1.41, 11.35] -
Wu 2021 23 32 26 54 10.0% 2.75[1.08,7.03] —
Wu 2021 34 39 26 54 7.5% 7.32[2.49, 21.56] -
Subtotal (95% CI) 189 254 49.1% 3.09 [2.03, 4.71] *
Total events 125 100

Heterogeneity: Tau? = 0.00; Chi = 4.61, df = 5 (P = 0.47); I = 0%

Test for overall effect: 5.24 (P <0.00001)

Total (95% CI) 415 523 100.0% 3.13[2.33, 4.20] L 4
Total events 261 201 X X

Heterogeneity: Tau? = 0.00; Chi? = 9.58, df = 12 (P = 0.65); I = 0%
Test for overall effect: Z = 7.56 (P < 0.00001)
Test for subgroup differences: Chi? = 0.01, df = 1 (P = 0.94), I = 0%

0.001 0.1
Favours

10 1000
[BVP] Favours [HPSP]
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Fig. 6 Forest plot of odds ratio (OR) on cardiac resynchronization therapy (CRT) response in different groups. echocardiographic response (A);
clinical response (B); and super clinical response (C) were estimated by comparing HPSP with BVP. Squares indicate the effect size of a study, with a

95% Cl; and diamonds indicate the overall effect size of all studies combined
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A HPSP BVP Odds Ratio Odds Ratio
i R o, R lom, 95% C
1.9.1 All patient
Chen 2021 2 49 5 51 4.3% 0.39[0.07, 2.12] [
Guo 2020 0 21 0 21 Not estimable
Hua 2022 0 21 0 20 Not estimable
Li 2020 0 27 0 54 Not estimable
Ma 2021 0 37 0 15 Not estimable
Vijayaraman 2022 38 258 74 219 61.8% 0.34 [0.22, 0.53] L
Vinther 2021 0 19 0 31 Not estimable
Wang 2020 0 10 1 30 1.1% 0.94 [0.04, 24.82]
Wu 2021 0 49 3 54 1.4% 0.15[0.01, 2.95] [
Wu 2021 0 32 3 54 1.4% 0.23[0.01, 4.53] _
Zizek 2021 0 12 0 12 Not estimable
Subtotal (95% Cl) 535 561 69.9% 0.34[0.22, 0.51] L 2
Total events 40 86

Heterogeneity: Tau? = 0.00; Chi? = 0.76, df = 4 (P = 0.94); I?= 0%
Test for overall effect: Z = 5.08 (P < 0.00001)

1.9.2 LBBB patient

Chen 2021 2 49 5 51 43% 0.39[0.07, 2.12] I
Guo 2020 0 21 0 21 Not estimable

Hua 2022 0 21 0 20 Not estimable

Li 2020 0 27 0 54 Not estimable

Vijayaraman 2022 10 106 43 141 22.0% 0.24 [0.11, 0.50] —
Vinther 2021 0 19 0 31 Not estimable

Wang 2020 0 10 1 30 1.1% 0.94 [0.04, 24.82]

Wu 2021 0 32 3 54 1.4% 0.23[0.01, 4.53] - 1
Wu 2021 0 49 3 54 1.4% 0.15[0.01, 2.95] U
Subtotal (95% CI) 334 456  30.1% 0.26 [0.14, 0.49] ‘
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there was no difference between HPSP and BVP in terms
of threshold change.

The current analysis was advantageous in that the above
clinical outcomes between HPSP and BVP were first
comprehensively compared, and a further understand-
ing of physiologic pacing was provided. Another advan-
tage was that patients with LBBB were also observed. In
this subgroup, similar results except for clinical response
were obtained. After excluding one of the studies by
Vinther et al. [32], there was a statistical between HPSP
and BVP in clinical response, which might be attributed
to the fact that BVP had a higher clinical response than
HPSP in this article, while the result was opposite in
other 4 studies [27-29, 35].

Prolongation of QRSd is a marker of cardiac dyssyn-
chrony which reflects left-sided intraventricular con-
duction delay [39]. Decreased QRSd means a better
electromechanical synchronization which can improve
ventricular system function and clinical symptoms of
patient [40]. The above theory was confirmed by the out-
comes of the present meta-analysis once again. A sub-
group composed of RCT was also added in this analysis,
and the result suggested no difference between HPSP and
BVP. The possible reasons were as follows: (1) the sub-
group had a small sample size consisting of only three
RCTs; and (2) Vinther e t al. [32], through one of the
RCTs, found that His-CRT provided similar clinical and
physical improvement compared with BiV-CRT.

Different areas of cardiac produce diverse pacing
thresholds which are associated with the lifespan of the
pacemaker. The His-bundle is a thin cylindrical fascicle
connecting the AV node with the bundle branches. The
penetrating portion of His-bundle is only a small distance
(about 1-3 mm). Dense fibrous tissue surrounding the
penetrating portion usually yields high capture thresh-
old at implantation, and unpredictable rise in threshold
may lead to premature battery depletion and lead revi-
sion. Meanwhile, LBB area is a thick band like structure
that contains abundant left bundle branch (LBB) and
Purkinje fibers, and electrical signals conduct across the
LV rapidly. Therefore, LBBaP is provided with a unique
advantage of low threshold. In the present research,
LBBaP had a slower increase of threshold than HBP and
BVP, and the battery of LBBaP could theoretically last
longer [41]. Besides, easier implantation procedure could
reduce radiation hazard. Regarding to threshold change
in BVD, data of LV lead positioned in the epicardial vein
were chosen for the comparison with HBP. The histologi-
cal characteristic of venous tissue determines the poor
conductivity and high pacing threshold in BVP, which
may be the reason for no difference in threshold change
between HBP and BVP in the present meta-analysis. In
patients with AV node ablation, AV block and high right
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ventricular (RV) pacing burden, HBP is still considered
an ideal and first-line strategy to achieve CRT as a physi-
ological pacing producing electrical synchrony [13, 42].
Relatively, BVP fails to eliminate electrical dyssynchrony
[43]. Herein, fluoroscopy time and operation cost were
not analyzed because multi-center studies were included
and the skill of implantation varied widely. The large
single-center RCTs should be performed to evaluate the
above outcomes.

A total of 10 studies [27-32, 35-38] reported exact
number of the hospitalization rate of HF in this analysis.
The result was unstable due to one of the included stud-
ies by Vijayaraman P et al. [38]. While excluding it, no
difference was found between HPSP and BVP. The reason
may be that HF hospitalization was the primary outcome
and had a detailed definition, which was different from
the situation of other studies. In addition, the influence of
disease history and medication status on the hospitaliza-
tion rate of HF patients having received CRT should also
be considered to minimize the confounding bias.

In conclusion, HPSP is associated with a shorter QRSd
and thus a lower electromechanical dyssynchrony com-
pared with BVP, and there may be fewer adverse cardiac
events. Nevertheless, there are still some patients who
are not suitable for class I recommendations in the guide-
line or do not response to current CRTs. In order to ben-
efit from CRT, patients need to be screened and stratified
more carefully. Additionally, more optimized therapies
should be further explored for the treatment of the above
patients.

Strengths and limitations

The studies included had good quality, and were from dif-
ferent countries with different clinical characteristics of
the population. Another advantage of this analysis was
that the differences between the baseline and the end-
point were adopted instead of only using the final value,
which decreased the risk of confounding bias. The limita-
tion of this study was that the proportion of RCT was not
adequate. The heterogeneity might be explained by the
small sample size, various follow-up duration and incon-
sistent baseline levels.

Clinical perspectives

In conclusion, the HPSP could produce shorter QRSd,
higher LVEF and improved NYHA functional classifica-
tion compared with BVP. Otherwise, LBBaP had a more
stable threshold than BVP. Overall, these findings sug-
gested the potential of HPSP as a promising frontline
strategy for CRT. Further high quality RCTs should be
performed to evaluate the efficacy between HPSP and
BVP.



Wang et al. BMC Cardiovascular Disorders (2023) 23:285
Abbreviations

HPSP His-Purkinje system pacing

HBP His-bundle pacing

LBBaP Left bundle branch pacing area

BVP Biventricular pacing

CRT Cardiac resynchronization therapy

QRSd QRS duration

Lv Left ventricular

NYHA New York Heart Association

MD Mean difference

@] Confidence interval

LVEF Left ventricular ejection fraction

LVEDD Left ventricular end-diastolic dimension
OR Odds ratio

HF Heart failure

LBBB Left bundle branch blocks

RCT Randomized controlled trial

ACEI Angiotensin-Converting Enzyme Inhibitors
ARB Angiotensin Receptor Blockers

ARNI Angiotensin Receptor-Neprilysin Inhibitor
AV Atrioventricular

RV Right ventricular

LBB Left bundle branch

CSP Conduction system pacing
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