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Editorial on the Research Topic
Conduction system pacing: What’s missing for the paradigm shift?



Since 1950 pacemaker technology has experienced tremendous improvements, however, despite the evident and well-known clinical benefits, right ventricle apical pacing, being non-physiologic, may secondarily induce, in a not neglectable percentage of patients, undesired detrimental effects (1). Conduction System Pacing (CSP), namely His Bundle Pacing (HBP) and Left Bundle Branch Pacing (LBBP), has therefore gained increasing attention, and presents today the potential to become the first pacing modality in many clinical scenarios. Through the direct capture of the His-Purkinje system CSP maintains electrical and mechanical physiology in patients with narrow QRS, whereas potentially restores ventricular synchrony in case of underlying bundle branch blocks (2, 3).

In the early 2000s, the restricted number of available tools confined HBP in the hands of pioneers that could only share small, single-center experiences. Further knowledge on cardiac pacing physiology and development of new dedicated tools by the industry has, instead, favored the definitive CSP spread up (4). Three-dimensional sheaths equipped with septal curves facilitate the perpendicular lead orientation towards the septum, favoring lead fixation even in complex anatomies as those of patients with dilated heart or underlying structural disease. The availability of different designs and sizes ease the path to successful CSP not only by lumenless fixed screw, but also for stylet driven leads, adapting to the characteristics of any candidate. Non less importantly, the integration with electroanatomical mapping systems further facilitates the procedure by reducing learning curves and radiation exposure to the patient and the staff (5).

Through contributions from leading experts in the field, the present Special Issue presents a contemporary perspective on CSP. The increasing body of evidence surely confirms the more than promising outcomes of this innovative approach, however, by highlighting indistinctively both positive and negative insights, places emphasis on what is already clear and what, instead, is still lacking for routine CSP in clinical practice. Based on the original research, reviews, brief reports, and opinion papers included in the Issue two main considerations emerge.

The first is that research on LBBP outnumbers by far that on HBP. The likely explanation relates to the less technically challenging procedure compared to HBP, with low pacing threshold and appropriate sensing values more easily achieved. The limited experience with LBBB, compared to HBP, however requires further research and dedicated studies to fully uncover all underlying aspects and mechanisms. The reader of the Issue will find insights on the implant technique Pooter et al. and the in-depth electrophysiological features of the three different capture modes occurring during LBBP: selective, non-selective or left ventricular septal pacing Curila et al. Original aspects on LB trunk or LB fascicular capture are also described Liu et al.

The second consideration that emerges is that the general feeling of the Electrophysiology community is that CSP may represent a real alternative to standard biventricular pacing (BiV) for resynchronization purposes in heart failure patients that remain symptomatic despite optimal medical treatment Gui et al., Jiang et al., Hua et al., Fu et al. Heart failure CSP implants have been broadly performed, although they have yet to become a standard, guideline-recommended approach. Within clinical studies registered on ClinicalTrials.gov, about 30 in the recruitment phase relate to CSP, and, within these, the majority investigates this innovative pacing technique as an alternative to standard BiV by classical epicardial left ventricle lead placed through coronary sinus branching.

Overall, the present Issue supports the evidence that a true paradigm shift appears compelling. Before recommending CSP as first line treatment for both proximal and distal conduction disturbances and, even more, as an alternative to standard BiV, the Electrophysiology community, however, awaits larger experiences. Evidence from randomized trials is to date lacking, and urgently needed before recommending CSP as routine clinical practice. There is, however, no doubt that CSP will play (in fact, it already does) a central role in cardiac pacing strategies. Ongoing research and implementation of new dedicated devices and algorithms will permit to decide if CSP will become the default approach, enabling all Electrophysiologist to abandon right ventricle apical pacing, particularly in patients with expected high pacing burden. In the meantime, we hope the readers of Frontiers in Cardiovascular Medicine will find the current Special Issue helpful in broadening their understanding on CSP.
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Background: Left bundle branch pacing (LBBP) has been shown to be a safe and effective means to achieve physiological pacing. However, elderly patients have increased risks from invasive procedures and the risk of LBBP in elderly patients is not known. We aimed to investigate the safety and efficacy of LBBP in elderly patients >80 years of age.

Methods: From December 2017 to June 2019, 346 consecutive patients with symptomatic bradycardia, 184 patients under 80 years of age and 162 over 80 years, were included and underwent LBBP. The safety and prognosis of LBBP were comparatively evaluated by measured pacing parameters, periprocedural complications, and follow-up clinical events.

Results: Compared with the younger, the elderly group had worse baseline cardiac and renal function. LBBP was achieved successfully in both groups with comparable fluoroscopic time and paced QRS duration (110.0 [102.0, 118.0] ms for the young vs. 110.0 [100.0, 120.0] ms for the elderly, P = 0.874). Through a follow-up of 20.0 ± 6.1 months, pacing parameters were stable while higher threshold and impedance were observed in the elderly group. In the evaluation of safety, overall procedure-related complication rates were comparable (4.4 vs. 3.8%, young vs. elderly). For prognosis, similar rates of major adverse cardiocerebrovascular events (7.1 vs. 11.9%, young vs. elderly) were observed.

Conclusions: Compared to younger patients, LBBP could achieve physiological pacing in patients over 80 with comparable midterm safety and prognosis. Long-term safety and benefits of LBBP, however, necessitate further evaluation.

Keywords: physiological pacing, left bundle branch pacing, elderly, symptomatic bradycardia, safety


INTRODUCTION

Physiological pacing—imitating the normal cardiac conduction pathway—has long been put forward as a means of restoring atrioventricular synchrony. This concept has been historically redefined since the first His-bundle pacing attempt to achieve ventricular synchrony in 2000 (1). Thereafter, a growing body of evidence shows the efficacy of His-bundle pacing (2, 3). However, most studies utilize advanced pacemakers for a limited population (4–6), which cannot be generalized to patients requiring a more cost-effective therapy. In addition, early battery depletion often occurred as a result of the elevated pacing threshold, impeding the application of His-bundle pacing (7). Su et al. optimized the technique by pacing at the distal His-bundle or even closer to the left bundle branch (LBB), presenting a narrow QRS with steady pacing parameters (8). Furthermore, in 2017 they reported the first case of LBB pacing (LBBP) that safely corrected the LBB block in a heart failure patient and showed steady pacing parameters during follow-up (9). Based on current evidence, LBBP seems to be a safe and effective alternative to conventional pacing (10–12).

As the conductive pathway degenerates, aged patients had a higher incidence of symptomatic bradycardia, which can only be corrected by implantation of a pacemaker. Nevertheless, elderly patients have distinctive features compared with the general population: more tortuous veins, lower BMI, and lower cardiac mass (13). These differences increase the potential risks of the implantation procedure. Additionally, comorbidities like hypertension, ischemic heart disease, and chronic renal disease (14) are pervasive in the elderly population, which could further worsen the prognosis for pacemaker implantation. Although, LBBP is a promising approach, inevitable transseptal lead fixation and mapping of His and LBB potential would presumably pose a higher risk for complications. To our knowledge, no current study has investigated the feasibility and safety of LBBP specifically in an advanced age population.

Therefore, our multicenter comparative study was designed to observe the feasibility and safety of LBBP in patients over age 80 compared to younger patients.



MATERIALS AND METHODS


Study Sample

From October 2018 to June 2019, 346 consecutive patients from Shanghai Tenth people's Hospital, Zhongshan Hospital of Fudan University, and Xiamen Cardiovascular Hospital admitted with symptomatic bradycardia were included. Symptomatic bradycardia was defined as ECG recorded sick sinus syndrome, atrial fibrillation with long R-R interval, high grade, 2nd and 3rd degree atrial ventricular (AV) block, which were in accordance with the 2013 ESC guidelines (15). Patients were excluded if they indicated and received cardiac resynchronization therapy (CRT) or implantation of implantable cardioverter-defibrillator (ICD). Written forms of consent were acquired from every patient before the procedure. Our study complied with the Declaration of Helsinki and was approved by the local ethical committee of Shanghai Tenth People's Hospital.



LBBP Procedure


Location and Fixation

Details of His-bundle pacing procedure was reported in a previous study (16). Through, the left subclavian vein or axillary vein (Figure 1A), an 8.5 F sheath was placed after a fixed curved sheath (C315 His, Medtronic) distally advanced beyond the tricuspid annulus (Figures 1B,C). A Select Secure™ lead (model 3830, 69 CM, Medtronic, Minneapolis, MN, USA) was then cannulated to locate the His-bundle by capturing the His-bundle potential displayed on electrocardiogram (ECG, Bard recorder, Bard Electrophysiology Laboratory System, MA). Afterwards, under a right anterior oblique (RAO) 30° view, activation mapping was conducted 1 cm anterior to His-bundle to locate the eligible site—the proximal LBB, where left and right activations fuse incompletely and show a negative “W” waveform on lead V1. Then, the electrode was manipulated perpendicularly to the interventricular septum (IVS) and screwed clockwise until it reached the left ventricular (LV) subendomyocardium. During the procedure, the duration from the pacing signal to the peak of R wave (on V4-V6 lead) is measured as pacing to left ventricular activation time (p-LVAT), It reflects the activation time of the lateral wall of the left ventricle. An eligible site of left bundle capture was confirmed if selective LBBP was demonstrated by ECG, if p-LVAT shortened abruptly >10 ms through increasing pacing output, or if p-LVAT stayed shortest and stable at the site (17, 18).


[image: Figure 1]
FIGURE 1. Fluoroscopy during LBBP. (A) Venous angiography after puncture showed a tortuous left subclavian vein. (B,C) Postprocedural fluoroscopy showed a fixed 3,830 lead in the IVS and atrial lead in right atrial appendage. (D–F) Lead depth measured by the relative position of 3,830 electrode (white arrow) and IVS during screwing. (D,E) Angiography via 8.5 F puncture sheath delineated RV silhouette [(D), dashed white line] while delayed contrast delineated LV silhouette [(E), dashed white line]. (F) Angiography via C315 sheath showed RV side of IVS (dashed white line).




Procedural Safety

To ensure safe and stable pacing, pacing thresholds, sensing, and impedance were measured. The intrinsic and paced QRS duration and p-LVAT were measured and optimized to mimic physiological conduction (Figure 2).


[image: Figure 2]
FIGURE 2. Twelve-lead and intracardiac electrocardiograms (ECG) during LBBP for a 96-year-old III° AVB patient. (A): Intrinsic rhythm showed a QS morphology in V1 lead. (B) LBB potential recorded by pacing tip (black circle) when the lead reached LV endocardium. (C) p-LVAT measured by unipolar pacing after fixation. Under different pacing output, QRS showed similar RBB block pattern and p-LVAT stayed short, indicating capture of LBB. (D) Postprocedural ECG recording. A QR pattern was shown in V1 lead. Paced QRS duration was similar to intrinsic.


In order to prevent perforation and optimize fixation, the lead depth in the IVS was approximated under digital subtraction angiography (DSA) by injecting contrast media via the puncture sheath and C315 sheath (Figures 1D–F). Firstly, the angiography would delineate the silhouette of the right ventricle (RV) while delayed contrast delineated the LV silhouette. The contrast via C315 sheath would retain at the RV side of IVS, and the distance between the retention of contrast and the tip of pacing lead was measured as the lead depth in the IVS. For patients with AV block or complete LBB block, a temporary pacemaker was placed prior to LBBP in case of complete AV block resulting from injury of the His-bundle or proximal LBB.



Pacing Parameters and Device Programming

Paced QRS duration was routinely measured from the end of pacing signal to the end of QRS complex under bipolar pacing at acceptable pacing output, with a pulse width of 0.42 ms during the procedure. Pacing output and AV delay were adjusted individually to achieve optimal QRS morphology before discharge. During follow-up, pacing threshold, sense, impedance, and AV delay were routinely measured, with a pulse width of 0.40 ms.




Safety and Prognosis Evaluation

Safety was evaluated by periprocedural and follow-up safety events, including lead-related complications such as lead failure, fracture, and dislodgement, pocket-related complications such as pocket hematoma and infection, and procedure-related complications such as pneumothorax, pericardial effusion, and cardiac tamponade.

Prognosis was evaluated by all-cause mortality, rehospitalization due to cardiovascular disease (CVD), and major adverse cardiocerebrovascular events (MACE) during follow-up. MACE was defined as the onset of severe cardiocerebrovascular events including acute myocardial infarction, acute decompensated heart failure, cardiac tamponade, malignant arrhythmia, stroke (infarction and hemorrhage), pacemaker reimplantation, and death due to CVD.

In the 1st, 3rd, and 12th month following LBBP procedure, patients were required to have outpatient or inpatient follow-up (if they were immobilized). Comprehensive medical histories were taken and physical examinations were conducted by experienced cardiologists. Device programming was required at every follow-up, and 24-h Holter and transthoracic echocardiography (TTE) were performed when physicians considered them necessary.



Statistical Analysis

Continuous parameters were described as a mean ± standard deviation (SD) if they conformed to normal distribution, while those without a normal distribution were presented as the median and interquartile ranges (IQR). The p-value was generated from two sample t-tests or a Mann-Whitney test according to the equality of variance, or singed-rank test if a normal distribution was not presented. Repeated measures analysis of variance was applied to analyze the repeated measurements of pacemaker, electrocardiographic, and echocardiographic parameters. Categorical variables were described as percentages (%) and p-values were analyzed with χ2 tests or Fisher exact tests (when theoretical frequency was lower than 5). The incidence of procedure related complications, MACE, and CVD hospitalization were analyzed using Kaplan-Meier estimate, with P-value generated from Log-Rank test. A two-sided P-value of <0.05 was considered statistically significant. SAS 9.4 software (SAS Institute Inc., Cary, NC, USA) was used to conduct the analysis.




RESULTS


Sample Characteristics

The median age of the younger and the elderly groups were 73.0 [65.0, 77.0] years and 84.0 [82.0, 87.0] years, respectively. The proportion of male and female patients were similar. The indications were similar between groups. Compared with the younger group, the elderly had significantly deteriorated renal function (estimated glomerular filtration fraction (eGFR) 65.2 ± 26.6 vs. 89.1 ± 30.8 ml/min/1.73m2, P < 0.001). Although, the cardiac function evaluated by left ventricular ejection fraction (LVEF) (P = 0.275) was similar, the level of N-terminal pro-brain natriuretic peptide (NT-proBNP) was higher (the elderly group vs. the younger group, 1076.0 [324.0, 2513.0] vs. 273.7 [100.6, 752.7] pg/ml, P < 0.001) and cardiac function evaluated by New York Heart Association (NYHA) grading was worse in the elderly group (P < 0.001). In addition, the prevalence of heart failure was higher in the elderly group (25.2 vs. 11.5%, P = 0.001). Of note, although, there was an unequal distribution of IVS thickness between the younger and the elderly group measured by TTE (P = 0.010 generated by Wilcoxon sign rank test), such a difference was too small in value to be clinically significant. Other comorbidities and medications were similar. Detailed information is listed in Table 1.


Table 1. Baseline characteristics of both young and elderly patients.

[image: Table 1]



Periprocedural Measurements

LBBP was achieved in all 346 patients. The fluoroscopic time and dosage were similar between groups. Paced QRS duration (110.0 [102.0, 118.0] vs. 110.0 [100.0, 120.0] ms, P = 0.874) were shortened and comparable between groups. After lead fixation, lead sense was similar (13.3 ± 4.5 vs. 12.9 ± 4.5 mV), while higher pacing threshold (0.73 ± 0.31 vs. 0.87 ± 0.43 V, P < 0.001) and impedance (686.3 ± 175.0 vs. 732.1 ± 180.5 ohms, P < 0.01) were observed in the elderly group (Figure 3). Of note, a higher proportion of temporary pacemaker implantation prior to LBBP was observed in the elderly group (18.2 vs. 8.8%). Details are presented in Table 2.


[image: Figure 3]
FIGURE 3. Pacing parameters during LBBP in the 3rd and 12th month after implantation between young and elderly groups. * and ** indicates statistical significance, p < 0.05 and 0.01, respectively, and ns denotes non-significance.



Table 2. Procedural details of LBBP.

[image: Table 2]



Evaluation of Safety and Prognosis

Over a 20.0 ± 6.1 month period, five (1.5%) patients were lost to follow-up. During follow-up, there was a rise of pacing threshold in the elderly group (P < 0.01 in both groups), which was higher than that of the younger group in the 12th month (young vs. elderly 0.74 ± 0.22 vs. 0.87 vs. 0.39 V, P < 0.01). The sensing was risen in both groups, while the it was comparable between groups. And the impedance was decreased in both groups (P < 0.01 in both groups), although, it was higher in the elderly group (young vs. elderly, 479.2 ± 80.0 vs. 528.3 ± 66.7 ohms, P < 0.001). Such minor changes of pacing parameters indicates that the lead has a stable performance through a mid-term follow-up.

In terms of safety, the incidence of procedure-related complications was similar in both the young (4.4%) and elderly group (3.8%). The overall MACE incidence was comparable in the elderly group (young 7.1 vs. elderly 11.9%, P = 0.157). Notably, the incidence of cerebral infarction (0 vs. 3.1%, P = 0.050) and myocardial infarction (2.5 vs. 0%, P = 0.099) were non-significantly higher in the elderly group. In addition, a similar proportion of patients underwent rehospitalization due to CVD during follow-up (young 12.1 vs. elderly 13.8%, P = 0.321). Follow-up details are listed in Table 3 and survival analysis of procedure related complications, MACE, and rehospitalization due to CVD are demonstrated in Figure 4.


Table 3. Safety and prognosis between younger and elderly patients.
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FIGURE 4. Survival analysis of procedure related complications, MACE, and rehospitalization due to CVD. MACE denotes major adverse cardiovascular event, CVD cardiovascular disease.


Cardiac function measured by TTE were collected and compared in 73 younger and 50 elderly patients. Statistic significant improvement of LVEF was observed in both the young (P < 0.001) and elderly groups (P < 0.001). Only one younger patient had worsening cardiac function (LVEF dropped from 60 to 24%) resulting from pneumonia-induced acute heart failure (Figure 5).


[image: Figure 5]
FIGURE 5. Comparison of echocardiographic measurements. Figure from the left to the right showed the comparison of preprocedural and the 12th month measurements of left ventricular ejection fraction (LVEF) between young and elderly groups.





DISCUSSION

Our multicenter comparative study compared the profiles of 159 elderly patients aged over 80 with 182 younger patients with symptomatic bradycardia who underwent LBBP. Our findings suggest that physiological pacing via LBBP can be performed in elderly patients without increasing the risk of complications and that midterm prognosis of elderly patients undergoing LBBP was comparable with the younger patient group.

Population aging is a major issue, with one report estimating over 150 million Chinese citizens will be over 80 by 2050 (19). Elderly patients should be considered as a special community, as they have more co-morbidities and worse prognosis. Especially in the consideration of pacemaker implantation, elderly patients had more tortuous veins, lower BMI, and lower cardiac mass, which accounts for the higher risk of complications such as pneumothorax, lead dislodgement, perforation, and loss of capture (20). Therefore, investigating the safety and prognosis of pacemaker implantation in the advanced aged population is of great importance.

LBBP is a novel and feasible pacing maneuver to achieve physiological pacing. LBBP requires the capture of left bundle branch potential to mimic the normal electric conduction. In our multicenter study, LBB potential is recorded in 54.3% of the population, and 58.9% of the younger group and 50.0% of the elderly group, respectively. The capture of left conduction system could be hard, as most studies on LBBP reported that the ratio of LBB potential capture ranged between 50 and 80% (3, 12, 21, 22). An animal study has confirmed that positioning the lead deep enough to the left septal subendomyocardium could easily capture the left conduction system (23). Therefore, based on our findings, we believe that in most situations the capture of the left conduction system is mostly dependent on lead manipulation rather than age and condition of patients. Besides, several clinical evidences validated that LBBP could be achieved safely (3, 10, 12, 24). However, most studies have failed to evaluate the efficacy in the advanced elderly population. In our evaluation of safety, through a follow-up of 20.0 ± 6.1 months, the incidence of overall safety events was low in both groups and similar to that of previous studies (21). Among complications related to LBBP, lead-related complications rarely occur. Chen et al. reported two complications in 612 patients (24) and Su et al. reported two cases of lead dislodgement in 632 patients (10), which are similar to the incidence in our study. Since Huang et al. (16) published and standardized the LBBP maneuver and criteria (18), complications like lead dislodgement have been rarely reported in an experienced center.

Specifically, elderly patients undergoing LBBP were at a higher risk of perforation and should be independently considered. One previous study has shown that ventricular perforation is correlated with several factors during conventional pacing, including the use of temporary pacemakers, use of steroids, use of helical screw leads, BMI of <20, and old age (13). Most importantly, their study indicates that a thinning of the cardiac wall in the elderly population and excessive leads in the RV were the major risk factors contributing to perforation. In the consideration of LBBP, multiple leads were routinely used including one or two active fixation 3,830 leads and sometimes temporary pacing lead, which could presumably pose a higher risk of complication, especially when LBBP was performed in the elderly population. In the present study, four out of five cases of periprocedural pericardial effusion occurred in the elderly group and one case of cardiac tamponade occurred requiring pericardiocentesis, which failed to reach a statistical significance. Compared with previous studies on LBB and His-bundle pacing, the incidence of perforation ranged from 0 to 3%, (10, 12, 24) which was relatively low and comparable with ours.

Collectively, we believe the overall safety of LBBP in the elderly is acceptable in an experienced center. However, we acknowledge that the incidence of complications was still too low to detect the significance; larger scaled studies are warranted to provide stronger evidence on safety in the elderly population. Based on our experience, LBBP should be performed with extra caution in patients with advanced age, while assessment of lead depth by angiography could help prevent perforation. We recommend assessment of lead depth with the following criteria: (1) Unipolar pacing impedance at the distal tip should be > 500 ohms (sharp decrement indicates perforation into LV); (2) Once LBB potential has been recorded and pacing parameters are acceptable, screwing should be immediately stopped; and (3) Under DSA, we judged lead depth by continuously injecting contrast (Figures 1D–F). In addition, when retracting the delivery sheath, a rebound of the distal portion of the lead should be monitored to confirm stable fixation (16).

Last but not least, the benefits of LBBP in patients over the age of 80 was also comparable with the younger population. LBBP could achieve physiological conduction, mechanical synchrony, and correct LBB block (3, 6, 25, 26), and presumably could improve the outcomes of patients with bradycardia. Our multicenter study showed that LBBP in elderly patients could indeed achieve comparable shortening of QRS duration and improvement of cardiac function with the younger group, and such results were in accord with the previous published studies (3, 12, 26). However, although, not statistically significant, there was a tendency of higher incidence of MACE in the elderly group including acute myocardial infarction and cerebral infarction. We believe such a tendency resulted from the high rate of comorbidities in the elderly population. Therefore, we believe that LBBP could correct bradycardia with better electrical and mechanical synchrony in elderly patients, but the benefits should not be overestimated.



LIMITATION

Our results should be interpreted with caution. First, our results cannot be extrapolated to patients who undergo pacemaker implant for reasons other than symptomatic bradycardia. Second, we aimed to compare the performance of LBBP between two age groups, while a comparison of LBBP with conventional RV pacing in the elderly population could better validate the benefits and risks of LBBP. Well-designed, large-scaled, comparative studies are required to further illustrate the safety and efficacy of LBBP in the elderly population. In addition, although, the sample size was considerable and the follow-up period was over 1 year, it was still too short to detect a late difference between groups. Studies of a larger scale and with longer follow-up periods are necessary to validate the long-term safety and benefits of LBBP.



CONCLUSIONS

Compared to the younger group, LBBP could be achieved in patients over 80 years old with symptomatic bradycardia, and comparable mid-term safety and prognosis can be observed. Long-term safety and benefits of LBBP still require further evaluation.
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Introduction: His bundle pacing (HBP) is the most widely used physiological pacing modality, but difficulties in locating the His bundle lead to high fluoroscopic exposure. An electroanatomical mapping (EAM) system can be an efficient tool to achieve HBP implantation with near-zero fluoroscopic visualization.

Methods: In the study, 20 patients who had indications for pacemaker implantation were prospectively enrolled and underwent HBP implantation either with the conventional fluoroscopy approach (the standard group) or guided by a novel KODEX-EPD mapping system (the EAM-guided group). The success rate, procedural details, pacing parameters, and procedure-related complications were compared between the two groups.

Results: In the study, 20 consecutive patients were randomized with 10 patients in each group. HBP was successfully achieved in nine patients in the standard group and nine patients in the EAM-guided group. The procedural time was similar between the EAM-guided group vs. the standard group (85.40 ± 22.34 vs. 86.50 ± 15.05 min, p = 0.90). In comparison with the standard group, the EAM-guided group had a significant shorter total fluoroscopic time (FT) (1.45 ± 0.58 vs. 12.36 ± 5.46 min, p < 0.01) and His lead fluoroscopic time (HL-FT) (0.84 ± 0.56 vs. 9.27 ± 5.44 min, p < 0.01), while lower total fluoroscopic dose (3.13 ± 1.24 vs. 25.38 ± 11.15 mGy, p < 0.01) and His lead fluoroscopic dose (1.85 ± 1.17 vs. 19.06 ± 11.03 mGy, p < 0.01). No significant differences were observed in paced QRS duration and pacing parameters between the two groups. During a 3-month follow-up, one patient had a capture threshold increased >1 V/1.0 ms in the standard group, while no other complications were recorded in either group.

Conclusion: The KODEX-EPD system could facilitate HBP implantation with significantly reduced FT and dose without compromising the procedural time.

Keywords: His bundle pacing, radiation exposure, electroanatomical mapping, fluoroscopy, implantation technique


INTRODUCTION

The traditional right ventricular pacing (RVP) is associated with a higher risk of atrial fibrillation and heart failure and is regarded as a non-physiological pacing modality (1). His bundle pacing (HBP) maintains synchronous ventricular activation by direct stimulation of the His-Purkinje conduction system, which avoids the deleterious effects in RVP, and is considered as an alternative choice in patients who need frequent ventricular pacing (2). However, locating the His bundle (HB) region can be challenging and time-consuming, resulting in significantly higher fluoroscopic exposure compared to traditional RVP (3). In our previous studies, we found that the procedural and fluoroscopic time (FT) could be shortened by a contrast injection visualization technique, however, the overall FT was still relatively longer (4, 5). The higher fluoroscopic exposure can cause damage to both the patients and operators (6). A three-dimensional (3D) electroanatomical mapping (EAM) system has been applied as an efficient way to achieve zero fluoroscopic visualization of the HB region (7). A 3D anatomical image obtained by the EAM system can provide a reliable anatomical reference for searching the HB region with significantly reduced fluoroscopic exposure. Recent studies showed the feasibility of EAM-guided HBP implantation by using the Ensite NavX (St. Jude Medical, St. Paul, MN, USA) or CARTO (Biosense Webster Inc, Irvine, CA, USA) mapping system (8–10).

A KODEX-EPD cardiac imaging and navigation system (EPD Solutions, Philips, Best, The Netherlands) is a novel imaging system that uses dielectric imaging to acquire and display high-resolution anatomical images (11, 12). This system distinguishes materials and generates images based on their different dielectric properties, which is determined by their conductivity and permittivity with respect to the frequency of the electrical field. Compared to the traditional impedance-based systems that use single frequency electrical potential measurements, this dielectric-based system measures conductivity and permittivity at multiple frequencies to determine the dielectric dispersion pattern, which is subsequently used to generate a function that relates the dielectric dispersion to the spatial position in the thorax (Supplementary Table 1 and Supplementary Figure 1). This method is theoretically less susceptible to the inhomogeneities in the body structures and movement of the organs such as heart beat and respiration, which allows for a high spatial resolution. Previous studies showed that this system could provide a computed tomography-like image, and the image quality generated by this system was noninferior to CARTO (13, 14).

In our center, we previously reported a case of HBP implantation facilitated by this novel KODEX-EPD system (15). Since then, we have applied it in a series of patients. In this study, we aimed to assess the feasibility of the KODEX-EPD system-guided HBP implantation in a cohort of patients and compare the procedural outcomes with those who achieved HBP using the conventional fluoroscopy approach.



MATERIALS AND METHODS

This is a prospective, randomized study that enrolled 20 patients with bradycardia with an indication for pacing therapy in Fuwai Hospital, Beijing, China from September to December 2020. All patients were grouped by the random number table method and underwent HBP implantation either with the conventional fluoroscopy approach (the standard group) or guided by a novel KODEX-EPD mapping system (the EAM-guided group). The patients were excluded if they: (1) needed implantable cardioverter defibrillator or cardiac resynchronization therapy; (2) were <18-years-old. This study was approved by the Ethics Committee of Fuwai Hospital and written informed consent was obtained from all the patients.


Implantation Tools

All HBP implantations in this study were performed by using the Select Secure 3830 pacing lead (Medtronic Inc, Minneapolis, MN, USA) and the fixed-curve C315 HIS sheath (Medtronic Inc, Minneapolis, MN, USA).



Implantation Procedure in the Standard Group

The procedure of HBP implantation in the standard group was the same as previously described (3). In brief, under the right anterior oblique 30° (RAO 30°) fluoroscopic view, the 3830 pacing lead was placed at the junction of the atrioventricular ring to search the ideal lead deployment site for HBP where the His potential could be recorded or the HB could be captured by unipolar pace mapping (Figure 1). The lead was fixed where the pacing parameters were satisfactory. The unsuccessful HBP were defined as: (1) the HB capture threshold or the correction threshold for bundle branch block (BBB) > 2.5 V/1 ms in three attempts; (2) the total FT was more than 20 min.


[image: Figure 1]
FIGURE 1. His Bundle Pacing implantation in the standard group. (A) Sinus rhythm before the procedure. (B) His potential was recorded during the procedure. (C) Selective His bundle pacing was confirmed at a lower pacing output. (D) Nonselective His bundle pacing was achieved at a higher pacing output. (E) Final lead location in the fluoroscopic image.




Implantation Procedure in the EAM-Guided Group

In the EAM-guided group, the procedure of the HBP implantation was similar to the previously reported, and was mainly divided into two steps (Figure 2) (15):

1. Locate the HB Region

Before the procedure, multiple anisotropic fields were induced by the external dielectric sensors attached to the body surface of the patient. After local anesthesia and the puncture of the left subclavian vein, the quadripolar catheter (Abbott Inc, St Paul, MN, USA) was advanced into the right atrium (RA). Then the KODEX-EPD system was connected to the catheter, which received the sophisticated electrical field information transmitted from the catheter. Based on the electrical field information, the 3D cardiac anatomical image was calculated, and the images of superior vena cava (SVC), inferior vena cava (IVC), RA, tricuspid valve annulus (TVA), right atrial appendage (RAA), and right ventricle (RV) were visualized by roving the catheter within the cardiac chamber without fluoroscopy (Figures 3, 4). Among them, the TVA was highlighted, and the HB region where the HB potential could be recorded was marked under the guidance of the TVA location. The pace mapping (usually 10 mA at 2 ms) was sometimes used to assist in locating the HB region, and the region where the paced QRS morphology showed a selective HBP (S-HBP) or nonselective HBP (NS-HBP) pattern was also marked as the HB region.

2. HB Lead Deployment Guided by the KODEX-EPD System

Once the HB region was successfully marked, the quadripolar catheter was removed and the C315 HIS sheath was advanced into the RA. Then the 3830 pacing lead was advanced through the sheath with the distal tip exposed. The bipolar sites at the proximal end of the pacing lead were connected to the KODEX-EPD system, and the lead was navigated to the HB region under the guidance of this system (Figure 5). The glass view provided by this system could give an enhanced perception of the lead location and orientation within the heart (Figure 5). The lead was finally fixed in the HB region where the pacing parameters were satisfactory (Figure 5). Similarly, the atrial lead could be placed in the RAA according to the anatomical image shown in this system without fluoroscopy. The criteria of unsuccessful HBP were similar to those in the standard group.


[image: Figure 2]
FIGURE 2. Flowchart of the procedure details in the EAM-guided group. EAM, electroanatomical mapping; HB, His bundle.



[image: Figure 3]
FIGURE 3. Locating the HB region in the EAM-guided group. Based on the electrical field information, the three-dimensional (3D) cardiac anatomical image was calculated and visualized by moving the catheter without fluoroscopy. The TVA was highlighted (yellow dots in the figure), and the HB region (purple dots in the figure) where the HB potential could be recorded was marked under the guidance of the TVA location. EGMs from top to bottom showed the cardiac signal recorded from the external dielectric sensors, quadripolar catheter 1–2, and quadripolar catheter 3–4, respectively. EAM, electroanatomical mapping; EGM, electrogram; HB, His bundle; RBB, right bundle branch; TVA, tricuspid valve annulus.



[image: Figure 4]
FIGURE 4. Anatomical image calculated by the KODEX-EPD system. (A) Anatomical image in RAO view. (B) Enlarged image in RAO view. (C) Image in LAO view. (D) Enlarged image in LAO view. The purple and orange dots represent the sites where the His bundle potential can be recorded. The yellow dots represent the path of the tricuspid valve annulus. LAO, left anterior oblique; RAO, right anterior oblique; RBB, right bundle branch.



[image: Figure 5]
FIGURE 5. HB lead deployment in the EAM-guided group. After the HB region was successfully marked, the lead was navigated to the HB region under the guidance of the KODEX-EPD system without fluoroscopy. The glass view provided by this system (setting of “opacity”) could give an enhanced perception of the lead location and orientation within the heart. The lead was finally fixed in the target HB region. The yellow dots represent the path of the tricuspid valve annulus. The purple dots represent the sites where the HB potential can be recorded. The orange dots represent the target HB region. EGMs from top to bottom showed the cardiac signal recorded from the external dielectric sensors and the 3830 pacing lead, respectively. EAM, electroanatomical mapping; EGM, electrogram; HB, His bundle; RBB, right bundle branch.




Data Collection and Follow-Up

Baseline data, such as demographic characteristics, implantation indications, and electrocardiographic measurements were collected at the enrollment. The total FT was the primary endpoint of this study, which was defined as the fluoroscopic duration from delivering the guidewire to the final lead fixation. The His lead fluoroscopic time (HL-FT) was defined as the fluoroscopic duration from advancing the 3830 pacing lead to the His lead fixation. In addition, the procedural time (PT), total fluoroscopic dose (FD), and His lead fluoroscopic dose (HL-FD) were also recorded. The S-HBP was defined as capturing only the HB without adjacent myocardium, which demonstrated an isoelectric interval between the pacing stimulus and the QRS onset. The NS-HBP was defined as capturing both the HB and the adjacent myocardium, in which no isoelectric interval could be observed. The pacing parameters that include capture threshold, R-wave amplitude, and impedance were recorded during the procedure and at 3-month follow-up, and the capture thresholds in patients with BBB recorded in this study were all correction thresholds. Echocardiographic measurements, such as left ventricular ejection fraction (LVEF) and left ventricular end-diastolic dimension (LVEDD) were performed at baseline and 3-month follow-up. The procedure-related complications such as capture threshold increased >1 V/1.0 ms, loss of capture, and lead dislodgement were also tracked during the follow-up.



Statistical Analysis

Based on the experience at the center, the mean total FT for conventional HBP implantation was estimated at 12 min with a SD of 5 min. By assuming a 75% reduction in total FT by using the EAM system, at least 14 patients required 90% power to detect this mean time reduction with a significance level of α = 0.05. Assuming a 10% withdrawal or implant failure rate, at least 16 patients were needed to be randomized. The continuous data were described as mean ± SD and categorical data were performed as frequencies or percentages. An independent two-sample t-test was used to compare the differences between two groups if the data were normally distributed, while Wilcoxon signed-rank test was performed for data that were not normally distributed. Fisher's exact probabilities test was used for categorical variables to determine the differences between groups. A two-sided P < 0.05 was considered statistically significant. All the statistical analyses were performed using SPSS Statistics version 22.0 (IBM Corporation, Armonk, NY, USA).




RESULTS


Baseline Characteristics

In the study, from September to December 2020, 20 consecutive patients were randomized with 10 patients in each group. As summarized in Table 1, there were no significant differences in baseline characteristics between the two groups. More patients had atrioventricular block (AVB) than sinus node dysfunction (SND) as an indication for pacing therapy in both the groups. The baseline QRS duration in the standard group was similar to that in the EAM-guided group (115.7 ± 20.2 ms vs. 111.2 ± 18.5 ms, P = 0.38). Overall, the baseline LVEF and LVEDD were normal in both the groups.


Table 1. Baseline characteristics between the two groups.
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Procedural Outcomes

The HBP implantation was successfully achieved in nine patients in the standard group and nine patients in the EAM-guided group. One case in the standard group was considered as unsuccessful as it failed to confirm HB capture within 20 min of total FT. In this case, the lead was finally placed at the left bundle branch (LBB) area. One unsuccessful case in the EAM-guided group had advanced His-ventricular conduction disease (HV interval of 80 ms) and left bundle branch block (LBBB), and the pacing output for correcting the conduction block was >2.5 V/1 ms after three lead screw-in attempts at the HB region. Then the lead was further advanced toward the cardiac apex by approximately 2 cm and was placed at the right side of the ventricular septum where the paced morphology showed a “W” pattern in lead V1. After a transient fluoroscopy to confirm the lead perpendicular to the septum, the lead was screwed deep into the left side of the interventricular septum and the paced morphology was carefully monitored to confirm LBB capture (16). Finally, left bundle branch pacing (LBBP) was achieved with a paced QRS duration of 120 ms and a peak left ventricular activation time of 70 ms.



Procedural Details in the EAM-Guided Group

The procedural details for individual patients in the EAM-guided group are listed in Table 2. As listed in Table 2, nine (90.0%) patients successfully underwent HBP implantation with the guidance of the KODEX-EPD system. Among them, S-HBP was achieved in four (44.4%) patients. The total FT was <2 min in each of the successful patients, and the HL-FT was <1 min in eight of nine patients. In addition, the total FD was <3 mGy in five of nine successful patients, and the HL-FD was <2 mGy in most of the patients (seven of nine).


Table 2. EAM-guided group case list.
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Procedural Details and Outcomes Between Two Groups

As shown in Table 3, there were no significant differences in PT between the EAM-guided group vs. the standard group (85.40 ± 22.34 vs. 86.50 ± 15.05 min, p = 0.90). Compared to the standard group, the EAM-guided group had a significant shorter total FT (1.45 ± 0.58 vs. 12.36 ± 5.46 min, p < 0.01) and HL-FT (0.84 ± 0.56 vs. 9.27 ± 5.44 min, p < 0.01). In addition, the total FD (3.13 ± 1.24 vs. 25.38 ± 11.15 mGy, p < 0.01) and the HL-FD (1.85 ± 1.17 vs. 19.06 ± 11.03 mGy, p < 0.01) in the EAM-guided group were significantly lower as compared to those in the standard group.


Table 3. Implantation and follow-up results.

[image: Table 3]

For patients who had successfully achieved HBP implantation, no significant differences were observed in paced QRS duration between the two groups (the EAM-guided group vs. the standard group: 120.89 ± 17.18 vs. 123.33 ± 20.10 ms, p = 0.79). The pacing parameters such as capture threshold (1.10 ± 0.42 vs. 1.19 ± 0.35 V/1 ms, p = 0.63), R-wave amplitude (5.23 ± 1.99 vs. 5.27 ± 2.30 mV, p = 0.97), and impedance (556.11 ± 98.67 vs. 576.67 ± 98.08 Ω, p = 0.66) were similar between the EAM-guided group vs. the standard group.



Three-Month Follow-Up

During the 3-month follow-up, no significant differences were observed in the pacing parameters (capture threshold, R-wave amplitude, and impedance) and echocardiographic measurements between the two groups (Table 3). One patient in the standard group had a capture threshold increased >1 V/1.0 ms (from 1.1 V/1 ms to 2.3 V/1 ms), and no additional intervention was undertaken. No other procedure-related complications were recorded in both the groups.




DISCUSSION

In this study, we evaluated a novel KODEX-EPD mapping system that could develop a 3D anatomical image to help in locating the target HB region. The main findings of this study were: (1) the KODEX-EPD system could facilitate HBP implantation with a similar success rate compared to the standard approach; (2) the fluoroscopic time and dose in the EAM-guided group were significantly lower than those in the standard group, while the procedural time was not prolonged; (3) the pacing parameters were similar between the two groups.

His bundle pacing is considered as a physiological pacing modality in patients who need frequent ventricular pacing (17). However, locating the HB region can be challenging and time-consuming due to the small volume of the HB, which results in a significantly increased fluoroscopic exposure compared to the traditional RVP implantation (3). Those effects might increase the risk of genetic transformation or cancer to both the patients and operators (6). The EAM system, which is mainly used in the ablation procedure, is a common tool for zero fluoroscopic visualization of the cardiac structure, and can significantly reduce the radiation exposure of the interventional therapy (7). In addition, compared with the two-dimensional (2D) image obtained by the fluoroscopic image, the 3D anatomical image provided by the EAM system is more efficient in guiding the lead deployment in the pacemaker implantation. The previous studies showed the feasibility of the EAM-guided lead deployment for HBP implantation (8–10). In those studies, they evaluated two conventional EAM systems that include the Ensite NavX and CARTO mapping system.

KODEX-EPD cardiac imaging and navigation system is a novel wide-band dielectric imaging system, which is designed to acquire and analyze the dielectric energy and use this information to display a high-resolution, real-time 3D image of the cardiac structure (Supplementary Table 1 and Supplementary Figure 1) (11, 12). The anatomical information needed to create the cardiac image is based on the dielectric signals acquired by the external dielectric sensors and the electrophysiological catheter. Even without physical contact with the cardiac wall, the dielectric sensing could show the detailed anatomical information inside of the heart and other structures such as the coronary sinus ostium, pulmonary veins, and atrioventricular valve. The image quality acquired by the KODEX-EPD system is noninferior to the CARTO mapping system as evaluated by the previous studies (13, 14). In addition, during the procedure, the anatomical image can be displayed as a novel panoramic (PANO) view, which transforms the 3D cardiac structure into a virtual 2D panoramic picture (Figure 6). This view allows all the anatomically relevant structures to be seen in one view, which could simplify the catheter or the lead navigation with minimal image maneuvering and make the operator free from the assistance of adjusting the map. Those features can improve the procedural efficiency. The previous studies showed the feasibility of using the KODEX-EPD system in radiofrequency or cryoballoon ablation in clinical practice (14, 18–20).


[image: Figure 6]
FIGURE 6. PANO view of the KODEX-EPD system. The anatomical image in the KODEX system can be displayed as a novel panoramic (PANO) view, which transforms the 3D cardiac structure into a virtual two-dimensional (2D) panoramic picture. This view allows all the anatomically relevant structures to be seen in one view. The percentage of open (0% open to 100% open) represents the degree of transformation from a 3D image to a flattened image, 0% open means the image is still shown as a 3D cardiac structure, while 100% open means the full unfolding of the 3D cardiac structure. CS, coronary sinus; RAA, right atrial appendage; SVC, superior vena cava; TVA, tricuspid valve annulus.


In this study, we evaluated the feasibility of using this novel mapping system to perform HBP implantation in a cohort of patients. The results showed that the fluoroscopic time and dose were significantly decreased under the guidance of the KODEX-EPD system without compromising the procedural time. To the best of our knowledge, this is the first study that evaluates the feasibility of using this system to guide the HB lead deployment in a cohort of patients with pacing indications. In addition, the KODEX-EPD system can not only facilitate the HBP implantation but also help to guide LBB lead deployment as shown in a patient with failed HBP implantation in the EAM-guided group.

The KODEX-EPD system is compatible with most of the catheters and the leads which are currently used in clinical practice, such as the 3830 pacing lead which is commonly used in His-Purkinje conduction system pacing. In our previous case study, in order to avoid the additional expenses, we did not choose the quadripolar catheter for EAM but directly used the 3830 pacing lead for the whole procedure. In this study, we used the quadripolar catheter instead of the pacing lead for EAM. After the anatomical image was obtained, the HB region could be immediately located according to the anatomical relationship between the HB region and the TVA, and the lead was directly deployed at the HB region. All of the above steps could be achieved with near-zero fluoroscopic visualization, which significantly reduced the fluoroscopic exposure as shown in this study. In order to ensure the safety of the patients, the following steps should be performed under fluoroscopy: (1) delivering the guidewire; (2) removing the sheath; and (3) confirming a proper slack at the lead location (21). These steps added only minimal radiation exposure while the total fluoroscopic time and dose in the EAM-guided group were significantly decreased compared to the standard group. This EAM-guided technique is particularly suitable for specific patients, such as pregnant women.


Limitations

Several limitations should be emphasized in this study. First, it was a single center study with a small sample size. However, this pilot study showed a significant reduction in the fluoroscopic time and dose, suggesting that this novel EAM system could be a novel zero fluoroscopic guidance tool for HBP implantation. Multicenter studies with a larger population are needed to further evaluate other potential merits with this EAM system. In addition, the mapping system and the catheter need additional costs, which could be offset by a significant reduction in fluoroscopic exposure and a potential improvement in procedural efficiency.




CONCLUSIONS

The KODEX-EPD system can facilitate HBP implantation with significant reduced fluoroscopic time and dose. Further studies with larger sample size are needed to evaluate other potential merits with this EAM system.
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Background: Cardiac pacing in patients with bradyarrhythmia may employ variable pacing sites, which may have different effects on cardiac function. Left bundle branch pacing (LBBP) is a new physiological pacing modality, and the acute outcomes on cardiac mechanical synchrony during LBBP remain uncertain. We evaluated the acute effects of four pacing sites on cardiac synchrony and contraction using speckle-tracking echocardiography, and comparisons among four different pacing sites were rare.

Methods: We enrolled 21 patients with atrioventricular block or sick sinus syndrome who each sequentially underwent acute pacing protocols, including right ventricular apical pacing (RVAP), right ventricular outflow tract pacing (RVOP), His bundle pacing (HBP), and left bundle branch pacing (LBBP). Electrocardiograms and echocardiograms were recorded at baseline and during pacing. The interventricular mechanical delay (IVMD), the standard deviation of the times to longitudinal peak strain during 17 segments (PSD), and the Yu index were used to evaluate ventricular mechanical synchrony. Layer-specific strain was computed using two-dimensional speckle tracking technique to provide in-depth details about ventricular synchrony and function.

Results: Left ventricular ejection fraction (LVEF) and tricuspid annulus plane systolic excursion (TAPSE) were significantly decreased during RVAP and RVOP but were not significantly different during HBP and LBBP compared with baseline. RVAP and RVOP significantly prolonged QRS duration, whereas HBP and LBBP showed non-significant effects. IVMD and PSD were significantly increased during RVAP but were not significantly different during RVOP, HBP, or LBBP. LBBP resulted in a significant improvement in the IVMD and Yu index compared with RVAP. No significant differences in mechanical synchrony were found between HBP and LBBP.

Conclusion: Among these pacing modalities, RVAP has a negative acute impact on cardiac synchrony and contraction. HBP and LBBP best preserve physiological cardiac synchrony and function.

Keywords: cardiac synchrony, physiological pacing, echocardiography, His bundle pacing, left bundle branch pacing


INTRODUCTION

Cardiac pacing, an effective therapy for patients with bradyarrhythmia, has multiple modalities, including right ventricular apical pacing (RVAP) (1), right ventricular outflow tract pacing (RVOP) (2), His bundle pacing (HBP) (3), and left bundle branch pacing (LBBP) (4). RVAP is the traditional mode and has the advantage of long-term lead stability and ease of access, but it impairs left ventricular (LV) function due to asynchronous electrical activation (5). As an alternative, RVOP allows more physiological stimulation; however, a previous study indicated that the long-term clinical outcomes of RVOP were not superior to those of RVAP (6). HBP activates the intrinsic His-Purkinje conducting system, thus preserving synchronized ventricular contraction (7); it is limited by high and unstable pacing thresholds, long implantation times, and high dislodgement rates (8). LBBP, a recent form of His-Purkinje system pacing introduced by Huang et al. in 2017 (4), is considered to provide physiological activation. In this modality, the block position is circumvented and the left bundle branch (LBB) area is directly activated to synchronize LV contraction with a low and stable threshold. However, the right bundle branch is ignored and right bundle branch block (RBBB) has occurred; whether LBBP contributes to ventricular mechanical dyssynchrony remains uncertain. Long-term cardiac systolic asynchrony leads to remodeling of the cardiac contraction and electrophysiological characteristics and further aggravates the electrical and mechanical dyssynchrony, increasing the risk of atrial fibrillation and heart failure (9).

This study evaluated the acute effects of different pacing sites on cardiac synchrony and contraction in patients with atrioventricular block (AVB) or sick sinus syndrome (SSS) using echocardiography.



METHODS


Study Population

Between March and June 2018, we prospectively enrolled consecutive patients with AVB or SSS who were scheduled for pacemaker implantation. The inclusion criteria were: (1) no history of pacemaker implantation, (2) no pregnancy, (3) at least 18 years of age, (4) New York Heart Association (NYHA) classification I or II. Patients were excluded for the following conditions: (1) severe valvular regurgitation, (2) recent acute myocardial infarction, (3) a history of cardiac surgery or atrioventricular node ablation, (4) poor acoustic window condition, (5) confirmed infra-His bundle block, or (6) the presence of severe chronic diseases. The study conformed with the 1975 Declaration of Helsinki, and the protocol was approved by the Zhongshan Hospital Ethics Committee. All patients provided their written informed consent to participate in the study.



Pacing Procedure

The pacing procedures were performed in a cardiac catheterization laboratory. Twelve-lead electrocardiogram (ECG) and intracardiac electrograms were simultaneously displayed and continuously recorded during all pacing interventions on a multichannel Bard Electrophysiology Lab System recorder (Bard, Haverhill, MA, USA). A catheter with a 6-Fr quadripolar electrode was inserted via the right external jugular vein; the electrodes were positioned within the right ventricular (RV) apex (RVA) and RV outflow tract (RVOT) (Figures 1A,B). For HBP, a preformed sheath (C315 HIS, Medtronic, Minneapolis, MN USA) was inserted via the right external jugular vein and placed in the region near the tricuspid valve septal leaflet. A Select Secure pacing lead (Model 3830, 69 cm, Medtronic) was delivered along the sheath with its distal part beyond the tip of the sheath for HBP recording (Figure 1C). For LBBP, the lead was twisted deeply through the ventricular septum from the RV septum to the endocardium of the LV septum to activate the LBB region (Figure 1D). According to the intracardiac electrograms, the LBB potential gradually appeared and increased as the electrode was screwed in, and the QRS morphology was gradually transformed from LBBB to RBBB. The interval between the LBB potential and ventricular activation was shorter than between the His bundle potential and ventricular activation. The imaging characteristics of LBBP showed that the pacing site was in the ventricular septum. The left or right anterior oblique projection was used to assist in identifying catheter positions; endocardial ECG was utilized to confirm these positions.


[image: Figure 1]
FIGURE 1. Echocardiography during pacing at different sites. (A) Right ventricular apical pacing, (B) Right ventricular outflow tract pacing, (C) His bundle pacing, (D) Left bundle branch pacing.


Each pacing mode was separated by a 10-min washing-out interval. In all patients, the pacing sequence ended with LBBP, and the lead was left in place after LBBP. During each procedure, the atrial lead was implanted in the right atrium appendage. Both the atrial and ventricular leads at the four pacing sites were connected to the programmer (Medtronic 2290) in DDD mode, with an AV delay of 150 ms and a pacing output of 3.5 V/0.5 ms during unipolar configuration.



ECG and Echocardiography

ECGs and echocardiography were performed at baseline and during each pacing modality. During each session, patients were kept in the left lateral decubitus position with the ECG connected. Two-dimensional echocardiography was performed, according to current guidelines, using a Vivid E95 scanner (GE Vingmed Ultrasound, Horten, Norway) equipped with an M5S probe (4.0-MHz transducer) having frame rates higher than 40 fps (10). LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV), and tricuspid annulus plane systolic excursion (TAPSE) were derived from M-mode images. The LV ejection fraction (LVEF) was measured using the biplane Simpson's method, per guideline recommendations (11). To evaluate interventricular dyssynchrony, we measured the interventricular mechanical delay (IVMD) as the time interval between the beginning of QRS and the beginning of the systolic waves of aortic and pulmonary ejections, using conventional Doppler (12). Intraventricular dyssynchrony was assessed using the Yu index, defined as the standard deviation of the time between the onset of QRS and the peak systolic velocity of tissue Doppler for 12 LV segments (six basal and six middle) in apical triplane-mode (4-V probe) (13, 14).

The apical triplane-mode data were analyzed offline using an EchoPAC 203 workstation (GE Vingmed Ultrasound). The best cardiac cycle with good quality or clear endocardial boundaries was chosen, and the endocardial borders were automatically identified and tracked throughout the cardiac cycle. If the images were not optimal, manual adjustments were made. The LV wall of each apical view was divided into six segments. The global longitudinal peak strain (GLPS) (Figures 2A,C,E,G) and the standard deviation of the time to longitudinal peak strain of 17 segments (PSD) were automatically calculated. The longitudinal strain of the ventricular endocardium, mid-myocardium, and epicardium (Figures 2B,D,F,H) and the time to longitudinal peak strain (Ts) of the basal, middle, and apical segments of the lateral ventricular wall were simultaneously obtained. All echocardiograms were analyzed by an independent echocardiologist, blinded to the pacing modalities.


[image: Figure 2]
FIGURE 2. The ventricular global longitudinal peak strain and longitudinal layer-special strain observed in one patient during pacing at different sites. (A,B) Right ventricular apical pacing, (C,D) Right ventricular outflow tract pacing, (E,F) His bundle pacing, (G,H) Left bundle branch pacing.




Statistical Analyses

Continuous variables are described as means ± standard deviations; categorical variables are described as counts or percentages. When the data were or approximated normal distributions, comparisons among three or more conditions were evaluated using repeated measures one-way analysis of variance tests followed by the Tukey post-hoc analysis. Otherwise, the Friedman test was performed, and Dunn's post-hoc test was used to adjust the P-value. Statistical significance was defined as a two-sided P < 0.05. All statistical analyses were performed using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA).




RESULTS


Baseline Characteristics

A total of 21 patients (15 men and 6 women) were enrolled in the study, with a mean age of 66.1 ± 13.0 years. All procedures were successfully performed in these patients. Of these, 19 patients were diagnosed with AVB, including one with first-degree AVB, 10 with second-degree AVB, and eight with third-degree AVB, and two with SSS. The mean heart rate was 53.8 ± 16.2 beats/min and the mean QRS duration was 118.8 ± 24.6 ms at the baseline ECG (Table 1).


Table 1. Baseline characteristics of patients.
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Cardiac Systolic Function

To compare the acute changes in cardiac contraction between the different pacing sites, we measured the LVEDV, LVESV, LVEF, and TAPSE. We also evaluated the GLPS and the longitudinal layer-specific myocardial strains of the LV and RV [endocardium (endo), mid-myocardium (mid), and epicardium (epi): LVendo, LVmid, LVepi, RVendo, RVmid, and RVepi] in the apical four-chamber view using EchoPAC 203 (Table 2). LVEDV, LVESV, LVEF, GLPS, and LV strains were used to evaluate left ventricle systolic function, whereas TAPSE and RV strains for right ventricle systolic function.


Table 2. Comparison of the acute change of different pacing sites on cardiac contraction.
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Echocardiography Parameters

The LVEDV during LBBP was significantly smaller than at baseline (p < 0.01, Figure 3A), whereas the LVESV was not significantly different across the various pacing sites. The mean LVEF was significantly lower during RVAP [59.5 ± 8.8% (p < 0.05)] and RVOP [58.8 ± 9.4% (p < 0.01)] than at baseline (65.6 ± 7.0%) (Figure 3B). Compared with baseline, the TAPSE during RVAP (p < 0.001) and RVOP (p < 0.01) were significantly reduced (Figure 3D); however, the TAPSE during HBP and LBBP had no significant difference. In addition, the TAPSE during HBP and LBBP were significantly higher than during RVAP (p < 0.001 and p < 0.05, respectively; Figure 3D).
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FIGURE 3. Acute change in cardiac contraction associated with pacing at the different sites. (A) LVEDV, left ventricular end-diastolic volume, (B) LVEF, left ventricular ejection fraction, (C) GLPS, global longitudinal peak strain, (D) TAPSE, tricuspid annular plane systolic excursion. (E) The longitudinal strain of left ventricular endocardium (LVendo), mid-myocardium (LVmid) and epicardium (LVepi). (F) The longitudinal strain of right ventricular endocardium (RVendo), mid-myocardium (RVmid) and epicardium (RVepi). *P < 0.05, **P < 0.01, ***P < 0.001 vs. baseline, #P < 0.05, ###P < 0.001 vs. right ventricular apex (RVA).




Strain

At all pacing sites, the absolute values of GLPS (p < 0.001, Figure 3C), RVendo, RVmid, and RVepi were significantly lower than at baseline (Figure 3F). Except for LBBP, the absolute values of LVendo, LVmid, and LVepi at the other three pacing sites were also significantly lower than at baseline (Figure 3E).




Cardiac Synchrony

We analyzed heart rate (HR) and QRS duration using ECG; IVMD, PSD, and the Yu index were analyzed by echocardiography. Moreover, we also measured the Ts of the apical, middle, and basal segments of the lateral wall of left ventricle (Lat_ap, Lat_mid, Lat_bas, respectively) or right ventricle (RV_ap, RV_mid, RV_bas, respectively) in the four-chamber view, as well as the difference in Ts between the basal, middle, and apical segments of left and right ventricle lateral walls (LV-RV_bas, LV-RV_mid, LV-RV_ap, respectively; Table 3).


Table 3. Comparison of the acute effect of different pacing sites on cardiac synchrony.
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Electrical Synchrony

The mean HR at baseline was 53.8 ± 16.2 beats/min. The HR at four pacing sites was significantly increased (p < 0.001, Figure 4A). The mean QRS duration at baseline was 118.8 ± 24.6 ms but was significantly longer during RVAP and RVOP (p < 0.001, p < 0.01, respectively; Figure 4B); the mean QRS durations during HBP and LBBP had no significant difference (Figure 4B). Compared with RVAP, RVOP had a smaller effect on QRS duration (p < 0.05, Figure 4B). HBP and LBBP had significantly narrower QRS durations (p < 0.001 and p < 0.001, respectively; Figure 4B) compared with RVAP or RVOP.


[image: Figure 4]
FIGURE 4. Acute effect on cardiac synchrony associated with pacing at the different sites. (A) Heart rates, (B) QRS duration, (C) IVMD, interventricular mechanical delay, (D) PSD, the standard deviation of time to longitudinal peak strain of 17 segments, (E) Yu index, the standard deviation of time from QRS to peak systolic velocity in ejection phase for 12 left ventricular segments. **P < 0.01, ***P < 0.001 vs. baseline, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. right ventricular apex (RVA), ΔP < 0.05, ΔΔΔP < 0.001 vs. right ventricular outflow tract (RVOT).




Interventricular Mechanical Dyssynchrony

The mean IVMD during RVAP was 32.0 ± 30.5 ms and was significantly longer than at baseline (3.1 ± 23.1 ms, p < 0.01; Figure 4C). There was no significant difference in IVMD between baseline and either HBP or LBBP (Figure 4C). Meanwhile, the IVMD during HBP and LBBP were significantly shorter than during RVAP (p < 0.01 and p < 0.001, respectively; Figure 4C) or RVOP (p < 0.001, p < 0.01 respectively, Figure 4C). The PSD was significantly larger during RVAP than at baseline (p < 0.001; Figure 4D) but was not significantly different from baseline during RVOP, HBP, or LBBP (Figure 4D). To explore the local synchrony of the ventricles, we compared the Ts of three segments (LV-RV_bas, LV-RV_mid, LV-RV_ap) and failed to find significant differences.



Intraventricular Mechanical Dyssynchrony

The mean Yu index was 57.6 ± 28.7 ms at baseline, 66.9 ± 33.2 ms during RVAP, 63 ± 33.9 ms during RVOP, 51.6 ± 25.0 ms during HBP and 44.5 ± 21.9 ms during LBBP. The Yu index during LBBP was significantly shorter than during RVAP (p < 0.05; Figure 4E).





DISCUSSION

Pacemaker implantation is necessary for patients with a high degree AVB, where various pacing modalities can be chosen according to their respective advantages. The RVA and RVOT are conventional pacing sites because of their stability and ease of pacemaker implantation. However, previous studies have reported that RVAP increases the mortality and hospitalization rates of patients with heart failure (15) and does not alleviate cardiac valvular regurgitation or improve long-term clinical outcomes (16). The stimulus for RV pacing (RVP) must pass through the myocardial tissue first and then reach the conduction system, extending the activation time of the left ventricle. The conduction sequence during RVAP is contrary to that of the normal sequence. These limitations lead to cardiac electrical dyssynchrony and regional cardiac contraction discordance, ultimately causing ventricular mechanical dyssynchrony. Thus, physiological pacing is urgently required to maintain normal electrical conduction and achieve cardiac electrical and mechanical synchrony. HBP is considered an ideal physiological pacing mode duo to the relatively normal sequence of ventricular electrical activation and ventricular contraction synchrony, leading to better hemodynamics. In 2018, the American College of Cardiology, American Heart Association, and American Heart Rhythm Society jointly published guidelines for the evaluation and management of patients with bradycardia and cardiac conduction delay, and included HBP for the first time (17). Recently, LBBP has attracted broad interest as a new physiological pacing modality. In the present study, RVAP, RVOP, HBP, and LBBP were performed in the same patients and the acute effects on cardiac synchrony and contraction of pacing at these sites were compared. To a certain extent, the acute effects on cardiac synchrony can help predict long-term outcomes. Patients who had acute deteriorated LV synchrony after cardiac resynchronization therapy (CRT) demonstrated worse outcomes than those who had improved LV synchrony (18).


Cardiac Systolic Function

Many studies have investigated the feasibility, safety, and clinical outcomes of HBP. Sharma et al. (8) attempted HBP in 94 patients, and succeeded in 75(80%). They found that the HBP group required longer implantation times and a higher pacing threshold than the RVP group (98 patients). Heart failure hospitalization was significantly reduced in patients with >40% ventricular pacing in the HBP group than in the RVP group. For patients with no response to CRT or failure of LV electrode implantation, HBP corrected basal conduction disturbances and improved echocardiographic measurements as an alternative treatment for CRT (19). HBP was also employed to control atrial fibrillation in patients with heart failure who underwent atrioventricular node ablation, significantly improving their LVEF and NYHA classification (20). Our results provide complementary information with previous findings that showed that LVEF and TAPSE deteriorated during RVAP and RVOP, but had little influence on HBP and LBBP; LBBP evidently improved LVEDV. We measured GLPS and longitudinal layer-specific myocardial strains to accurately evaluate the regional mechanical motion of the ventricular myocardium. Although the longitudinal layer-specific strains of LV and RV and GLPS were significantly decreased at all pacing sites as the HR was corrected to within the normal range, LBBP showed the least impact. These results indicate that HBP and LBBP best maintained cardiac contraction. However, HBP has several limitations (21), including the requirement for skilled operation due to the difficulty in locating the His bundle and having a high pacing threshold and low sense. It is also not applicable to blocks below His bundle or to diffuse ventricular blocks caused by myocardial disease. Moreover, HBP cannot provide protection when cardiac conduction system lesions deteriorate. Hence, the investigation of new LV pacing (LVP) sites is required. In 2003, Peschar et al. (22) first conducted LVP in anesthetized, open-chest dogs with normal ventricular conduction. The immediate results demonstrated better maintained LV pump functioning associated with the LVP sites than with RVP sites. Mills et al. (23) carried out LVP in dogs after atrioventricular nodal ablation and further verified that LVP was superior to RVP in chronically maintaining LV contractile coordination and pump function. LV septal pacing was first clinically applied in 2016 and showed better hemodynamic effects than RVP (24). In 2017, Huang et al. (4) successfully implemented the first LBBP in a heart failure patient with LBBB, and the cardiac function of the patient improved during 1 year of follow-up. Previous studies have reported that RBBB can be corrected during LBBP. Li et al. observed a narrowing of the complete RBBB morphology using unipolar LBBP at a high output (25). Sometimes bipolar pacing (26) or adjusting atrioventricular delay (4) can also correct incomplete RBBB. In this study, LBBP did not induce RBBB and did not influence cardiac hemodynamics. However, further studies with long-term follow-up are necessary.



Cardiac Synchrony

Cardiac synchrony is essential for cardiac structure and function, and cardiac resynchronization can reverse LV remodeling and reduce the risk of heart failure events (27, 28). Pastore et al. (29) performed permanent HBP in 37 patients with normal cardiac function and added an RVA backup lead in each patient. Compared with HBP, RVAP resulted in a wider QRS duration, significantly longer LV isovolumetric contraction and relaxation times, and higher pulmonary arterial systolic pressure. In this study, we evaluated electrical and mechanical synchrony at four pacing sites. The QRS duration is the main index used to evaluate electrical synchrony; its normal value is <120 ms. RVAP and RVOP significantly prolonged the QRS duration, which did not change and remained within the normal range during HBP and LBBP. Therefore, RVAP and RVOP caused electrical dyssynchrony; HBP and LBBP preserved physiological electrical synchrony.

Currently, multiple methods are utilized to evaluate mechanical synchrony. For example, Zhang et al. (30) adopted gated, single-photon emission computed tomography (SPECT) myocardial perfusion imaging to study the LV mechanical synchrony associated with HBP and found that HBP resulted in better LV mechanical synchrony parameters. However, SPECT is a procedure that involves radiation and cannot be performed in the catheterization laboratory or at the bedside. Echocardiography is accurate and convenient for measuring cardiac contraction and hemodynamics in real-time without radiation exposure. So far, little is known about the acute outcomes on cardiac mechanical synchrony during LBBP, and comparisons among four different pacing sites are rare. In this study, the IVMD, PSD, and Yu index were used to evaluate inter- and intraventricular synchrony. We found that RVAP distinctly extended IVMD and PSD, and the Yu index tended to deteriorate during RVAP, suggesting that RVAP causes inter- and intraventricular dyssynchrony. LBBP significantly improved the IVMD and Yu index compared with RVAP. Among the four pacing modalities, RVAP resulted in the most unfavorable acute impact on mechanical synchrony, whereas HBP and LBBP had little influence on mechanical synchrony. LBBP represented the best physiological pacing mode and maintained ventricular synchrony.

This study was limited by its small sample size. Further, we only measured the immediate changes in myocardial mechanics after implantation of pacemaker electrodes. The long-term effects of pacing at each site require further investigation.




CONCLUSION

Our study compared acute changes in cardiac synchrony and contraction among four pacing modalities (RVAP, RVOP, HBP, and LBBP) in the same patients (each with AVB or SSS), to evaluate the effect of the His-Purkinje system pacing on ventricular electrical and mechanical synchrony. Echocardiographic parameters including LVEF, GLPS, TAPSE, IVMD, PSD, and Yu index, provided more detailed evaluations of ventricular synchrony and contraction at different pacing sites than QRS duration. HBP and LBBP demonstrated similar added value in preserving physiological hemodynamics and cardiac function, implying their interchangeability under some conditions. Our results showed that LBBP could maintain cardiac hemodynamics similar to or better than HBP, providing more evidence for this alternative of physiological pacing modality. In conclusion, our study suggests that LBBP is an effective physiological pacing mode as HBP, which preserved normal cardiac contraction and synchrony.
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Introduction: For patients who develop atrioventricular block (AVB) following transcatheter aortic valve replacement (TAVR), right ventricular pacing (RVP) may be associated with adverse outcomes. We assessed the feasibility of conduction system pacing (CSP) in patients who developed AVB following TAVR and compared the procedural and clinical outcomes with RVP.

Methods: Consecutive patients who developed AVB following TAVR were prospectively enrolled, and were implanted with RVP or CSP. Procedural and clinical outcomes were compared among different pacing modalities.

Results: A total of 60 patients were enrolled, including 10 who were implanted with His bundle pacing (HBP), 20 with left bundle branch pacing (LBBP), and 30 with RVP. The HBP group had significantly lower implant success rate, higher capture threshold, and lower R-wave amplitude than the LBBP and RVP groups (p < 0.01, respectively). The RVP group had a significantly longer paced QRS duration (153.5 ± 6.8 ms, p < 0.01) than the other two groups (HBP: 121.8 ± 8.6 ms; LBBP: 120.2 ± 10.6 ms). During a mean follow-up of 15.0 ± 9.1 months, the LBBP group had significantly higher left ventricular ejection fraction (LVEF) (54.9 ± 6.7% vs. 48.9 ± 9.1%, p < 0.05) and shorter left ventricular end-diastolic diameter (LVEDD) (49.7 ± 5.6 mm vs. 55.0 ± 7.7 mm, p < 0.05) than the RVP group. While the HBP group showed trends of higher LVEF (p = 0.016) and shorter LVEDD (p = 0.017) than the RVP group. Four patients in the RVP group died—three deaths were due to progressive heart failure and one was due to non-cardiac reasons. One death in the LBBP group was due to the non-cardiac reasons.

Conclusions: CSP achieved shorter paced QRS duration and better cardiac structure and function in post-TAVR patients than RVP. LBBP had a higher implant success rate and better pacing parameters than HBP.

Keywords: conduction system pacing, transcatheter aortic valve replacement, his bundle pacing, left bundle branch pacing, right ventricular pacing, outcomes


INTRODUCTION

Transcatheter aortic valve replacement (TAVR) is an effective treatment option for patients with severe aortic stenosis at moderate-to-high surgical risk. However, a high-degree or complete atrioventricular block (AVB) is a well-recognized complication of TAVR, which requires permanent pacemaker implantation. Patients undergoing TAVR usually have left ventricular systolic dysfunction, and right ventricular pacing (RVP) in these patients may increase the risk of heart failure (HF) and is associated with adverse clinical outcomes (1). His bundle pacing (HBP), which is regarded as a physiological pacing modality, is associated with reduced risk of HF hospitalization and pacing-induced cardiomyopathy compared with RVP (2). However, the implant success rate of HBP in post-TAVR patients is only about 50–63% (3, 4). More recently, left bundle branch pacing (LBBP) has been shown to be a safe and effective alternative to HBP, and is considered an alternative approach for conduction system pacing (CSP) (5). Unlike HBP, LBBP is more likely to cross the block site and achieve ideal pacing parameters. Several small-sample studies have evaluated the feasibility of CSP in post-TAVR patients. However, comparisons between CSP and RVP in post-TAVR patients have not been well-described (3, 6, 7). In this study, we assessed the feasibility of CSP in a cohort of post-TAVR patients and compared the procedural and clinical outcomes of TAVR with RVP.



MATERIALS AND METHODS

In this prospective, non-randomized, single-center study, 60 consecutive patients who developed AVB following TAVR and required pacemaker implantation were enrolled. Patients were excluded if they previously implanted with any cardiac implantable electronic devices. The patients were randomized to receive RVP or CSP. Those randomized to receive CSP were alternately allocated to attempt HBP or LBBP (first attempt HBP, second attempt LBBP, third attempt HBP, fourth attempt LBBP, etc…). However, if HBP was unsuccessful, LBBP was attempted and vice versa. If both types of the CSP (HBP and LBBP) were unsuccessful, RVP was finally performed (Figure 1). This study was approved by the Ethics Committee of Fuwai Hospital, and written informed consent was obtained from all patients.


[image: Figure 1]
FIGURE 1. Study flow diagram. AVB, atrioventricular block; HBP, His bundle pacing; LBBP, left bundle branch pacing; RVP, right ventricular pacing; TAVR, transcatheter aortic valve replacement.



Implantation Procedure

In this study, TAVR was performed using the self-expandable Venus A-Valve (Venus MedTech, Hangzhou, China) in patients with symptomatic severe aortic stenosis at moderate-to-high surgical risk. The RVP implantation was performed using the conventional transvenous approach, and the ventricular lead was placed at the right ventricle. The implantation procedures of HBP and LBBP were performed using the conventional method or with the guidance of the visualization technique previously described by our team (8–10). All CSP implantations were performed using the fixed-curve C315 HIS sheath (Medtronic Inc, Minneapolis, MN) and the Select Secure 3830, pacing lead (Medtronic Inc, Minneapolis, MN).



Target His Bundle Region

The His bundle (HB) region was defined as the region where the HB potential could be recorded or the HB could be captured by unipolar pacing. The HB region could also be located under the guidance of our visualization technique (8), which showed the location of the tricuspid value annulus (TVA) by injecting 10–20 mL contrast medium through the C315 HIS sheath below the root of the tricuspid septal leaflet. The fluoroscopic image of the TVA location was saved as an anatomic reference, which was then used to locate the HB region based on the positional relationship between the HB region and TVA as previously described (8).



Target Left Bundle Branch Region

After the HB region was identified, the lead was moved toward the right ventricular apex by ~1–2 cm. The initial screw-in site was defined as right-side site of the ventricular septum where the paced QRS morphology in lead V1 showed a “W” pattern. Then, the lead was screwed deep into the myocardium by carefully monitoring the pacing morphology to confirm left bundle branch (LBB) capture. Successful LBB capture was assumed in patients with a paced QRS morphology in lead V1 showing a right bundle branch block (RBBB) pattern and met at least one of the three criteria including: (1) recording of an LBB potential; (2) short and constant left ventricular activation time (LVAT) at different pacing outputs or abruptly shortened LVAT at high output; and (3) demonstration of selective LBB capture. In addition, the target LBB region could also be located based on the positional relationship between the LBB region and TVA provided by the visualization technique (9).



Lead Fixation and Testing

The lead was fixed at the ideal location where the pacing parameters were satisfactory (Figure 2). The CSP was considered unsuccessful if the capture threshold was >2.5 V/0.4 ms in three attempts, or the total fluoroscopic time was >20 min.
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FIGURE 2. Final LBBP lead location in post-TAVR patients. (A) LBBP lead location under RAO 30° fluoroscopic view. (B) LBBP lead location under anteroposterior (AP) fluoroscopic view. (C) LBBP Lead location under LAO 30° fluoroscopic view. LBBP, left bundle branch pacing; LAO, left anterior oblique; RAO, right anterior oblique.




Data Collection and Follow-Up

Data on baseline characteristics, valve types, and indications for pacemaker implantation were collected at enrollment. Post-implantation follow-up was performed at 3, 6, 12, and then routinely every 12 months. Data from the last follow-up with a minimal of 6 months were used for analysis. Echocardiographic measurements including left ventricular end-diastolic diameter (LVEDD) and left ventricular ejection fraction (LVEF) were recorded at baseline and during each follow-up visit. Pacing parameters including capture threshold, R-wave amplitude, and impedance were recorded during the procedure and during each follow-up visit. Procedure-related complications including capture threshold increase by >1 V/0.4 ms, loss of capture, lead septal perforation, and lead dislodgement were recorded during follow-up. Clinical endpoints including death or hospitalization for HF after pacemaker implantation were also evaluated during follow-up.



Statistical Analysis

Continuous variables were presented as mean ± standard deviation, and categorical variables were expressed as frequencies or percentages. Analysis of variance (ANOVA) was used for multiple comparisons in normally distributed data among groups, and post-hoc tests were performed for variables that showed a statistically significant difference. Kruskal–Wallis test was performed for data that were not normally distributed. The chi-squared or Fisher' s exact tests were used for categorical variables to determine differences among groups. A two-sided P-value < 0.05 was considered to indicate statistically significant differences. All statistical analyses were performed using the SPSS Statistics version 22.0 (IBM Corporation, Armonk, NY).




RESULTS


Baseline Characteristics

From April 2018 to December 2020, a total of 60 patients who developed AVB following TAVR and eventually had a pacemaker implanted in our center were prospectively enrolled. Baseline characteristics are summarized in Table 1. Briefly, patients' mean age was 78.2 ± 5.4 years, and 39 of 60 (65.0%) patients were male. Thirty-one (51.7%) patients had hypertension, 19 (31.7%) had diabetes mellitus, and 13 (21.7%) had coronary artery disease. For the baseline electrocardiogram, the mean native QRS duration was 134.1 ± 30.8 ms. Thirty-six (60%) patients had pre-existing conduction system block including LBBB in 13 (21.7%) and RBBB in 23 (38.3%). The mean LVEF was 52.1 ± 8.4 %, and the mean LVEDD was 52.4 ± 7.8 mm. All enrolled patients underwent TAVR using the self-expandable Venus A-Valve. The pacing indications included high-degree AVB and complete AVB, which accounted for 20 (33.3%) and 40 (66.7%) of the total patients, respectively.


Table 1. Baseline characteristics.
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Procedural Outcomes

The procedural outcomes are shown in Figure 1. RVP was attempted in 30 patients, and all were successfully implanted. Of the 30 patients who underwent CSP, 15 patients first tried HBP, and nine patients had a successful outcome. In two patients, the fluoroscopic time was >20 min and in four patients, the capture threshold was high. Subsequently, LBBP was attempted and successfully performed on these six patients. LBBP was first tried in 15 patients and was successfully achieved in 14 patients. The procedure in the remaining one patient was considered unsuccessful because of the failure to screw the lead into the myocardium after three screw-in attempts; HBP was then performed in this patient. Finally, a total of 10 patients were assigned to the HBP group, 20 to the LBBP group, and 30 to the RVP group. As shown in Table 2, no significant differences were observed in baseline characteristics including electrocardiographic measurements, echocardiogram, New York Heart Association (NYHA) functional class and medical therapy among the three groups.


Table 2. Baseline characteristics among groups.
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As shown in Table 3, the implant success rate in the HBP group was significantly lower than that in the LBBP and RVP groups (62.5 vs. 95.2% vs. 100.0%, p < 0.01). No significant differences were observed in the paced QRS duration between the HBP and LBBP groups (121.8 ± 8.6 ms and 120.2 ± 10.6 ms), while in the RVP group, the paced QRS duration was significantly longer (153.5 ± 6.8 ms, p < 0.01). During the procedure, the capture threshold was significantly different among the three groups. Patients in the HBP group had the highest capture threshold (1.5 ± 0.4 V/0.4 ms), patients in the RVP group had the lowest (0.6 ± 0.2 V/0.4 ms), and those in the LBBP group had moderate capture threshold (0.8 ± 0.2 V/0.4 ms). The R-wave amplitude in the HBP group (5.7 ± 2.6 mV, p < 0.01) was significantly lower than those in the LBBP and RVP groups (11.2 ± 3.0 mV and 11.5 ± 3.4 mV). No significant differences were observed in the impedance among the three groups during the procedure (p = 0.76).


Table 3. Procedural and clinical outcomes among groups.
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Follow-Up Outcomes

The mean follow-up duration after pacemaker implantation was 15.0 ± 9.1 months. The pacing percentages were similar among the three groups (HBP group vs. LBBP group vs. RVP group: 90.6 ± 8.1% vs. 91.6 ± 7.1% vs. 91.3 ± 10.0%, p = 0.72). As shown in Table 3, the HBP group still had the highest capture threshold and the lowest R-wave amplitude among groups. For echocardiographic measurements, the LBBP group had significantly higher LVEF (54.9 ± 6.7% vs. 48.9 ± 9.1%, p < 0.05) and significantly shorter LVEDD (49.7 ± 5.6 mm vs. 55.0 ± 7.7 mm, p < 0.05) than the RVP group. The HBP group had trends of higher LVEF (p = 0.16) and lower LVEDD (p = 0.17) than the RVP group. The NYHA functional class was improved in all groups during follow-up, and was similar among the three groups.

Further analysis between CSP (combining HBP and LBBP) and RVP showed that CSP and RVP had similar baseline echocardiographic parameters, while CSP achieved higher LVEF (55.2 ± 5.8% vs. 48.9 ± 9.1%, p < 0.01) and shorter LVEDD (49.5 ± 4.9 mm vs. 55.0 ± 7.7 mm, p < 0.01) compared with RVP during follow-up (Figure 3). The NYHA functional class were improved in both types of the pacing modalities during follow-up (Figure 4).
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FIGURE 3. Echocardiographic evaluation between CSP and RVP. CSP, conduction system pacing; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; RVP, right ventricular pacing.



[image: Figure 4]
FIGURE 4. NYHA functional class evaluation between CSP and RVP. CSP at baseline vs. RVP at baseline: p = 0.94; CSP at follow-up vs. RVP at follow-up: p = 0.47; CSP at baseline vs. CSP at follow-up: p < 0.01; RVP at baseline vs. RVP at follow-up: p < 0.01. CSP, conduction system pacing; NYHA, New York Heart Association; RVP, right ventricular pacing.


One patient in the HBP group had a capture threshold increase of >1 V/0.4 ms (from 1.6 V/0.4 ms to 3.0 V/0.4 ms) during the 6-month follow-up, while no other procedure-related complications were observed in the other two groups during follow-up. In the RVP group, four patients died: three deaths were due to progressive HF and one death was due to non-cardiac reasons. In the LBBP group, one patient died because of non-cardiac reasons. No death was observed in the HBP group. Three patients in the RVP group required hospitalization for HF; no patients in the other two groups needed hospitalization.




DISCUSSION

In this study, we evaluated the feasibility of CSP in patients who developed AVB following TAVR, and compared its outcomes with traditional RVP. The main findings were shown as follows: (1) CSP was feasible in post-TAVR patients; (2) CSP obtained a narrower paced QRS duration during the procedure and achieved better cardiac structure and function during follow-up than RVP; and (3) LBBP had higher implant success rate and better pacing parameters than HBP. To the best of our knowledge, this is the first study to directly compare the CSP with RVP in patients who developed AVB following TAVR.


Conduction Disorders Following TAVR

TAVR is an effective treatment for patients with severe aortic stenosis at moderate-to-high surgical risk. However, the incidence of high-degree AVB or complete AVB is still relatively high because of direct mechanical compression of the artificial valve or perivalvular inflammation or edema caused by the TAVR procedure (11). The incidence of postoperative conduction system block requiring pacemaker implantation was reported in the range of 4.2–17.2% in previous studies (12–14). A long-term follow-up study showed that more than half of the post-TAVR patients with pacemaker implantation had a high percentage of ventricular pacing (15). In these patients, non-physiological pacing modality may offset the therapeutic effect after TAVR and impair the cardiac function. In addition, patients with severe aortic stenosis usually have left ventricular dysfunction; RVP in these patients may aggravate the cardiac dysfunction and lead to poor clinical outcomes. Previous studies have shown that patients with RVP implantation following TAVR had a significantly increased overall mortality compared with patients without pacemaker implantation (16).



CSP Implantation in Post-TAVR Patients

HBP directly actives the native cardiac conduction system, and is considered as a physiological pacing modality. However, several limitations restrict its wide application including high and unstable capture threshold, low R-wave amplitude, and high lead dislodgement rate (17, 18). In addition, since the lesion site of the conduction system caused by the TAVR procedure is usually located at the distal part of the His–Purkinje system, pacing the HB is difficult to cross the lesion site, resulting in a low implant success rate (19). Previous studies have shown that the implant success rate of HBP in post-TAVR patients is ~50–63% (3, 4).

LBBP can achieve better pacing parameters and similar therapeutic effects by pacing the LBB conduction system, and is considered as an alternative CSP modality (20). In addition, LBBP captures the distal part of the conduction system and can more easily cross the block site, overcoming some limitations in application of HBP in post-TAVR patients (3). As shown in this study, LBBP achieved higher implant success rate, similar paced QRS duration, and more satisfactory pacing parameters than HBP. All these suggest that LBBP is more suitable than HBP as the primary treatment option for patients who need pacing therapy after TAVR.



Therapeutic Effects of Different Pacing Modalities

In this study, in addition to evaluating the feasibility of CSP implantation in post-TAVR populations, we also compared the echocardiographic measurements of CSP with traditional RVP. The results showed that for patients with pacemaker implantation after TAVR, CSP achieved better LVEF and LVEDD compared with RVP. To the best of our knowledge, this is the first study to compare the echocardiographic measurements of different pacing modalities in post-TAVR patients. However, due to the low incidence of the clinical endpoints in this study, we were unable to further evaluate whether this echocardiographic benefit could be translated into better long-term clinical outcomes.



Limitations

Our study has some limitations. First, this is a non-randomized, single-center study with a relatively small sample size. The sample size in the HBP group was small, resulting in insufficient statistical power to compare the difference in echocardiographic measurements compared to the other two groups. In addition, due to the small sample size, we were unable to identify the specific subgroup in the RVP group that was responsible for the worse echocardiographic measurements, nor to evaluate the risk factors of lead septal perforation in the elderly LBBP population (21). Multicenter randomized studies with larger sample size are needed to further confirm these conclusions. Second, the enrolled patients were all implanted with the same valve type, other valve types, especially balloon-expandable valves, may cause different types of injury to the conduction system, which may lead to different physiological characteristics and clinical outcomes. Finally, the low incidence of clinical endpoints made it difficult to compare the differences of clinical endpoints between groups. Further studies with larger sample size and longer follow-up duration are needed to evaluate the long-term clinical outcomes.




CONCLUSIONS

CSP achieved shorter paced QRS duration and better cardiac structure and function than RVP in patients who developed AVB following TAVR. Furthermore, LBBP had higher implant success rate and better pacing parameters than HBP.
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Left Ventricular Myocardial Septal Pacing in Close Proximity to LBB Does Not Prolong the Duration of the Left Ventricular Lateral Wall Depolarization Compared to LBB Pacing
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Background: Three different ventricular capture types are observed during left bundle branch pacing (LBBp). They are selective LBB pacing (sLBBp), non-selective LBB pacing (nsLBBp), and myocardial left septal pacing transiting from nsLBBp while decreasing the pacing output (LVSP). Study aimed to compare differences in ventricular depolarization between these captures using ultra-high-frequency electrocardiography (UHF-ECG).

Methods: Using decremental pacing voltage output, we identified and studied nsLBBp, sLBBp, and LVSP in patients with bradycardia. Timing of ventricular activations in precordial leads was displayed using UHF-ECGs, and electrical dyssynchrony (e-DYS) was calculated as the difference between the first and last activation. The durations of local depolarizations (Vd) were determined as the width of the UHF-QRS complex at 50% of its amplitude.

Results: In 57 consecutive patients, data were collected during nsLBBp (n = 57), LVSP (n = 34), and sLBBp (n = 23). Interventricular dyssynchrony (e-DYS) was significantly lower during LVSP −16 ms (−21; −11), than nsLBBp −24 ms (−28; −20) and sLBBp −31 ms (−36; −25). LVSP had the same V1d-V8d as nsLBBp and sLBBp except for V3d, which during LVSP was shorter than sLBBp; the mean difference −9 ms (−16; −1), p = 0.01. LVSP caused less interventricular dyssynchrony and the same or better local depolarization durations than nsLBBp and sLBBp irrespective of QRS morphology during spontaneous rhythm or paced QRS axis.

Conclusions: In patients with bradycardia, LVSP in close proximity to LBB resulted in better interventricular synchrony than nsLBBp and sLBBp and did not significantly prolong depolarization of the left ventricular lateral wall.

Keywords: left bundle branch pacing, left septal myocardial pacing, UHF-ECG, dyssynchrony, depolarization duration


BACKGROUND

Left bundle branch (LBB) pacing is defined as the pacing of the trunk of the LBB or its proximal fascicles, usually with septal myocardial capture at low output (1). When pacing the LBB, three types of ventricular capture were identified during pacing maneuvers, i.e., decreasing the pacing output. The first is selective LBB capture (sLBBp), during which exclusively the LBB is captured. The second is non-selective LBB capture (nsLBBp), which is defined as concomitant LBB and adjacent left septal myocardial capture. The third is pure myocardial left septal capture (LVSP) which transits from nsLBBp during pacing maneuvers (1).

During nsLBBp, sLBBp, and LVSP, a QRS morphology with a right bundle branch block-like pattern is usually present in lead V1. However, this paced QRS pattern is also present in left septal positions that are shallower than positions where LBB capture could be observed during pacing maneuvers (2, 3). Our previous study used the ultra-high-frequency ECG (UHF-ECG) to show that myocardial capture of the left septum (in positions where nsLBBp was not obtainable with pacing outputs up to 5 V at 0.5 ms) produced less interventricular dyssynchrony but prolonged LV lateral wall depolarization durations compared to nsLBBp (4). The impact of pure myocardial left septal pacing using pacing positions, which are closer to the LBB, i.e., locations where left septal myocardial capture appears from nsLBBp while decreasing pacing outputs, is not known. Also, the impact of sLBBp on ventricular depolarization has not been described.

This study aimed to compare ventricular depolarization using UHF-ECG during LVSP, sLBBp, and nsLBBp in patients with bradycardia and an indication for pacing.



METHODS


Study Design and Study Population

In this prospective study, consecutive patients with an indication for pacemaker implantation due to bradycardia were included. The project was approved by the Ethics Committee of the Faculty Hospital Kralovske Vinohrady, Prague, CZ; all subjects signed informed consent before enrollment.



Pacemaker Implantation

The left subclavian approach was preferred per study protocol. The His bundle region was mapped using a SelectSecure™ lead (model 3830, 69 cm, Medtronic Inc., Minneapolis, MN), delivered through a fixed-curve sheath (C315 HIS, Medtronic, Minneapolis, MN), and the His bundle signal was identified. If mapping of the His bundle was not successful, the tricuspid valve annulus was visualized by injection of a contrast agent through the C315 His sheath. The lead was then moved toward the right ventricle, along a line between the HB region or the vertex of the tricuspid annulus and the RV apex. We aimed for RV location where either the “W” morphology was seen in lead V1 or QRS complexes, with a preferably normal heart axis was observed during right septal pacing. Then, the lead was screwed deep into the septum to obtain a position on the left side of the interventricular septum producing nsLBBp during unipolar pacing with outputs up to a maximum of 5 V at 0.5 ms. nsLBBp was confirmed based on a change from nsLBBp-to-sLBBp or nsLBBp-to-LVSP using pacing maneuvers. Three types of ventricular capture were included in the study and are shown in Figure 1 and described as follows:

(1) nsLBBp; i.e., concomitant LBB and myocardial capture was defined by a pseudo-RBBB morphology with the terminal r/R in V1 during pacing with an output of 5 V at 0.5 ms, which changed to sLBBp or LVSP while decreasing the pacing outputs.

(2) sLBBp; i.e., selective capture of the LBB, was observed after decreasing the pacing output from nsLBBp with unchanged V5 R wave peak time (RWPT); however, the QRS complex in V1 changed from qR to rsR or rSR (usually the R during sLBBp was wider than nsLBBp) and the EGM signal became “discrete” (5).

(3) LVSP; i.e., pure myocardial capture of the left septum without LBB capture, that was observed after decreasing the pacing output from nsLBBp, and when after the transition the V5 RWPT was prolonged > 10 ms, usually the R amplitude in V1 also decreased or changed from a terminal r/R morphology during nsLBBp to a terminal rs/Rs morphology (6).
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FIGURE 1. Visualization of nsLBB to LVSP and nsLBBp to sLBBp transitions during pacing maneuvers (A,C) and representation of the position of the pacing lead tip in relation to the left Tawara branch for specified types of ventricular capture (B).


If nsLBBp with a transition to sLBBp or LVSP, was not observed during pacing maneuvers, the implant procedure was marked as the procedure without proved LBB capture.



UHF-ECG Data Acquisition and Analysis of Other Measured Parameters

A VDI monitor (Ventricular Dyssynchrony Imaging monitor, ISI Brno, Cardion, FNUSA, CZ, 2018) was used to record and analyze the 5 kHz 14-lead ECG signals with a three nV resolution and a frequency range of 1.5 kHz. Standard V1–V8 chest lead positions were used, except for lead V1, which was moved from the fourth to the 5th right parasternal intercostal space to obtain better signals from the lateral RV wall. UHF-ECG data for all captures were collected during 2–3 min of VVI pacing at 110 beats/min. Signal processing and UHF-ECG map construction are described in detail elsewhere (7). Median amplitude envelopes were computed in 16 frequency bands (150–1,000 Hz) for each chest lead. The broad-band QRS complex (UHF-QRS) was constructed as the average of the 16 normalized median amplitude envelopes and displayed as a colored map for V1–V8 leads. The local activation times were calculated as the center of mass (Mxc) of the UHF-QRS above the 50% threshold of the baseline-to-peak amplitude for each chest lead. The local depolarization durations under leads V1–V8 were computed as the UHF-QRS duration at 50% of its amplitude (the Vxd parameter). Interventricular electrical dyssynchrony, i.e., e-DYS (the maximum difference between M1-8c) and Vdmean (mean value of V1-8d), were calculated—Figure 2. A positive e-DYS indicates delayed LV activation, and a negative e-DYS indicates delayed RV activation.


[image: Figure 2]
FIGURE 2. Presentation of the UHF-QRS complexes, Mxc activation times, and Vxd local depolarization duration calculation; patient with sLBBp. (A) ultra-high-frequency amplitude envelopes of QRS complexes (UHF-QRS), Mxc computed as the center of mass above 50 percent threshold of the baseline to peak amplitude, Vxd determined as the depolarization duration at the 50 percent threshold of the baseline to peak amplitude. (B) 12-lead ECG. (C) Ventricular depolarization map with visualization of the M1-8c, electrical interventricular dyssynchrony e-DYS, and the V1-8d values. For details, see Jurak et al. (7). (C) The dark line connects the center of masses (solid points) under the specific lead (displayed on the y-axis). Time (ms) is displayed on the x-axis. In this case, the first activation occurred under V5 (M5c), and the last was under V1 (e-DYS = −35 ms). The width of depolarization under V1 is indicated by the blue arrow (V1d), under V6 by the orange arrow (V6d). The numerical parameters of the local depolarization duration (under each lead) are shown on the right side of (C).


Global QRS durations (QRSd) were measured using an electrophysiology system (Labsystem Pro, Boston Scientific, USA) from the earliest to the last deflection in any of the 12 leads during spontaneous rhythms. During nsLBBp and LVSP, the beginning of the QRS was measured from the pacing artifact (QRSd) and during sLBBp it was measured from the earliest deflection identified after the pacing artifact. The paced V5 RWPT was measured from the pacing artifact to the maximum positive QRS amplitude in lead V5. All measurements were done at 200 mm/s using two consecutive beats, and their average values were taken.

During the procedure, 2–3 ml of contrast agent was injected through a C315 HIS sheath in the LAO projection; lead depth inside the septum was measured using an xViewer (Vidis, Prague, Czech Republic) and the distance between the tip and the anode ring of a 3,830 lead (10.8 mm) in LAO was used as a reference. The QRS axis in the frontal plane was calculated and considered left-deviated if it was −30° to −90°, normal (−29° to 105°), right-deviated (105° to 180°), or extreme deviated (−90° to −180°).



Statistics

An exploratory data analysis was performed for all parameters. Unpaired comparisons of continuous and categorical variables were made using the unpaired t-test and Chi-square test. Repeated measurement comparisons were made using a linear mixed effect model (LMEM) and the Tukey multiple comparison test. The results of these models are presented as means with 95% confidence intervals and comparisons as mean differences with 95% confidence intervals and p-values (Figures 3–6; Supplementary Figures 1, 2). A p-value < 0.05 was considered statistically significant. RStudio version 1.2.1335 with R version 3.6.1 was used to perform statistical analyses. The LMEM was calculated using lme4 version 1.1–21. If not specified, values are shown as means (95% CI).
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FIGURE 3. (A) Local activation times M1c−8c (first activated segment was placed at 0 ms) and a comparison of e-DYS between nsLBBp, LVSP, and sLBBp (B). *p < 0.05; ***p < 0.001.
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FIGURE 4. (A) QRSd, Vdmean (B), and local depolarization durations (Vd in V1–V8) (C) between nsLBBp, LVSP, and sLBBp. *p < 0.05; ***p < 0.001.
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FIGURE 5. (A) V5 RWPT, QRSd (B), e-DYS (C), and local depolarization durations (Vd in V1–V8) (D) between nsLBBp and LVSP with normal heart axes. ***p < 0.001.
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FIGURE 6. (A) QRSd, e-DYS (B), local activation times M1c-8c (first activated segment was placed at 0 ms) (C) and in (D) local depolarization durations (Vd in V1–V8) between nsLBBp with a transition to LVSP and nsLBBp with a transition to sLBBp while decreasing the pacing output.





RESULTS

Lead placement in the left septal position resulting in nsLBBp that was confirmed using pacing maneuvers was successful in 57 of 96 (59%) patients, and these patients were included in the analyses. Patients without proved LBBp capture were more likely to suffer from heart failure, coronary artery disease, and type 2 diabetes mellitus compared to patients with proved nsLBBp capture (Table 1). Additionally, their septum's were thicker, and the indication for pacing was more often an AV block. In two patients, nsLBBp recordings were inadvertently omitted, and two other patients had two nsLBBp recordings (from different pacing locations). In total, we analyzed 57 nsLBBp, 23 sLBBp, and 34 LVSP in 57 patients with successful nsLBBp implants.


Table 1. Clinical characteristics of all patients and patients with successful and unsuccessful nsLBBp implants.

[image: Table 1]

The LBB potential was not present in 7/23 (26%) patients with nsLBBp-to-sLBBp transition (4 of them with LBBB during spontaneous rhythm), and in 6/34 (18%) patients with nsLBBp-to-LVSP transition (2 with LBBB), p = 0.26. Lead tips in patients with LVSP transition were shallower [14.8 mm (13.9; 15.7)] than in patients with sLBBp transition [15.4 (14.5; 16.4], p = 0.003). The LV ejection fraction of patients with transition from nsLBBp-to-LVSP was lower [55% (53; 58)] and their septum's tended to be thinner [10.6 mm (10.1; 11.0)] compared to patients with nsLBBp-to-sLBBp transition [59% (58; 61) and 11.2 (10.7; 11.8), p = 0.006 and p = 0.06 respectively]. The groups did not differ in other clinical characteristics. LVSP had the longest V5 RWPT [86 ms (83; 89)], p < 0.001 compared to both nsLBBp [68 ms (65; 71)] and sLBBp [70 ms (67; 73)].

The sequence of ventricular activation under V4–V8 was the same during all three types of ventricular capture. More delayed activation of ventricular segments under V1–V3 led to significant e-DYS prolongation during both nsLBBp and sLBBp (Figure 3). A negative e-DYS, indicating delayed RV depolarization was present in all 23 sLBBp, 57 of 58 nsLBBp, and 29 of 34 LVSP.

sLBBp had the shortest QRSd, but its Vdmean was longer than during both LVSP and nsLBBp. However, local depolarization durations associated with the depolarization of the LV lateral wall (V5–V8d) were the same during all three capture types. Local depolarization durations under V1–V4 were slightly prolonged during sLBBp, although a statistical difference was only reached in V3d for sLBBp vs. LVSP (p = 0.01). No differences in V1d−8d were observed between LVSP and nsLBBp (Figure 4).

Similar results with respect to the ventricular depolarization pattern were observed when comparing nsLBBp, LVSP, and sLBBp in patients without LBBB (non-LBBB group) and nsLBBp vs. LVSP in patients with QRSd below 120 ms (narrow QRS group); sLBBp were not included in this analysis because there were only six sLBBp in patients with narrow QRSs (Supplementary Figures 1, 2).

Significant differences in the proportion of patients with a deviated heart axis were observed in studied capture types. Left or extreme axis deviations were the most common during sLBBp (16 of 23 captures (70%), one of them had an extreme axis deviation); a left axis deviation was present in 27 of 58 nsLBBp (47%). For LVSP, most of the paced QRS axes were normal (27 of 34; 79%).

To exclude the possible influence of lead placement in LBB fascicles (which results in heart axis deviation), we compared nsLBBp (n = 31) vs. LVSP (n = 27) with normal axes. The V5 RWPT and QRSd during LVSP were longer compared to nsLBBp, but both capture types showed the same local depolarization duration in leads V5–V8. However, LVSP resulted in shorter depolarization durations in V1 to V4 (V1d–V4d) than nsLBBp. Moreover, LVSP with a normal axis resulted in less interventricular dyssynchrony than nsLBBp with a normal heart axis (Figure 5C).

As a result of precise lead placement, two different nsLBBp capture types were present. The first with a transition from nsLBBp-to-LVSP, and the second was a transition from nsLBBp-to-sLBBp while decreasing the pacing output. To investigate if they were the same or represented two capture types with different impacts on ventricular depolarization, we compared them to each other. We found no difference in the V5 RWPT [68 ms (65; 71) vs. 69 ms (65; 72), p = 0.9], QRSd, or local depolarization duration between them. However, nsLBBp with a transition to LVSP had less delayed activation of myocardial segments under V1–V3 and shorter e-DYS than nsLBBp with a transition to sLBBp (Figure 6).



DISCUSSION

This study showed that significant differences exist between ventricular captures when pacing the LBB or left septal myocardium in the immediate vicinity of the LBB. They are:

(1) sLBBp and nsLBBp are equivalent with respect to LV depolarization, but sLBBp leads to greater interventricular dyssynchrony than nsLBBp.

(2) Left septal myocardial pacing from the location where nsLBBp could be achieved during increasing the pacing output up to 5 V at 0.5 ms (LVSP) not only preserves interventricular dyssynchrony better than sLBBp and nsLBBp, but it also does not significantly prolong LV lateral wall depolarization times in patients with bradycardia.

(3) Small differences in ventricular activation are present between the two types of nsLBBp based on the transition pattern seen during pacing maneuvers, i.e., nsLBBp with a transition to LVSP leads to less delayed activation in the leads placed above the septum and the right ventricle compared to nsLBBp with a transition to sLBBp.


Selective and Non-selective Left Bundle Branch Pacing

Pacing of the left bundle branch is a relatively new pacing approach that preserves left ventricular synchrony at the costs of creating left to right interventricular dyssynchrony (8). Two types of LBB pacing have been described. The first one was sLBBp, during which the tissue of the left bundle is exclusively captured. During the nsLBBp, both LBB and adjacent myocardial tissue are captured at the same time. This results in changes in the QRS morphology and EGM signal characteristics (1), and the resultant left ventricular depolarization is a mix of conductive tissue and myocardial activation. As our results showed, there were no differences between these two LBB capture types regarding the sequence of ventricular activation or local depolarization durations under the lead associated with the LV lateral wall depolarization. This suggests that the contribution of myocardial wave-front propagation on LV activation during nsLBBp is minimal, and both capture types should be considered equivalent with respect to LV depolarization. However, the increased delay in RV activation resulted in greater interventricular dyssynchrony during sLBBp. This is very likely the result of concomitant myocardial capture during nsLBBp, which enables earlier trans-septal electrical wave-front propagation and further RV depolarization.



Left Ventricular Septal Myocardial Pacing

The exact criteria for pacing the left ventricular septum were not established yet. Some studies described the differences in EGM signals, QRS morphology, duration, and paced V6 RWPT between LVSP that emerge from the nsLBBp while decreasing pacing output (1, 9). However, a pseudo-right bundle branch block pattern, usually considered the main marker of left septal pacing, is also present at shallower pacing positions than in location where LVSP transits from nsLBBp (2, 3). As we showed in our previous work on a similar group of patients with bradycardia using the same methodology for lead depth measurement, terminal rs/Rs morphology in V1 during left septal myocardial pacing appeared ~2/3 (10 mm, i.e., 67%) of the distance between the right septum and pacing positions with nsLBBp. Terminal r/R morphology in V1 during left septal myocardial pacing was present on average 4/5 (12 mm, i.e., 81%) of the distance between the right septum and nsLBBp pacing positions (4). These two capture types resulted in less interventricular dyssynchrony but prolonged LV lateral wall depolarization duration compared to nsLBBp. Nonetheless, pacing from these positions did not lead to LBB capture when pacing with outputs up to 5 V at 0.5 ms, and LBBpotential was seen in a minority (7%) of cases. These are the main differences between pacing positions studied previously and left septal pacing with myocardial capture (LVSP) studied in this manuscript. LVSP was observed to be 98% of the distance between the right septum and nsLBBp pacing positions (14.8 mm vs. 15.1 mm), and LBBpotential was observed in a majority of cases (82%). LVSP caused the same interventricular dyssynchrony as left septal myocardial captures with terminal r/R morphology studied previously (4) (on average −16 ms). However, the LV lateral wall depolarization durations using LVSP in close proximity to LBB were shorter and similar to those seen during both sLBBp and nsLBBp. These findings demonstrate differences in ventricular depolarization during various types of left septal myocardial capture. They differ in the degree of interventricular dyssynchrony and the pattern of LV lateral wall activation. The deeper the lead is inserted into the septum during left septal myocardial pacing, the faster the LV lateral wall depolarization is obtained. The main difference in the LV activation pattern seen during LVSP compared to shallower left septal positions with myocardial capture is very likely related to the distance between the pacing lead tip and the left ventricular subendocardial His-Purkinje conductive tissue. With the LVSP in close proximity to LBB, the distance is so small that the contribution of the electrical wave-front originating from activated myocardial cells to LV depolarization is minimal. So, the ventricular depolarization is very similar to that seen during LBBp.



Non-selective LBBp With LVSP and sLBBp Transition During Pacing Maneuvers

Similar to His bundle pacing (HBp), the lead tip dedicated for LBB pacing can be placed inside the conductive tissue (sLBBp and nsLBBp present during pacing maneuvers) or adjacent to the LBB (LVSP and nsLBBp are seen during pacing maneuvers). In both situations, nsLBB captures are present at higher pacing outputs, and they are not considered different. As we showed, nsLBBp with a transition to LVSP was responsible for smaller interventricular dyssynchrony in our study. This was possibly due to shallow pacing positions with decreased left to right trans-septal conduction times. Compared to HBp, in which the para-Hisian pacing position was well-described and is used in clinical practice (10, 11), reports on LBB pacing suggested preferential lead tip placement in the LBB to obtain sLBBp and nsLBBp at different pacing outputs (12, 13). However, as we have shown in our work, the pacing of the left septum in close proximity to LBB can be an alternative for patients with bradycardia. Both types of captures seen in this location (LVSP and nsLBBp) preserve interventricular synchrony better than captures seen when the lead tip is located inside the LBB (sLBBp and nsLBBp) and does not worsen LV depolarization pattern significantly. It is also worth mentioning that this pacing position is potentially safer for patients due to shallower lead placement, which decreases the risk of lead perforation into the LV.



Limitations

The results of the study cannot be generalized to patients with heart failure and cardiac resynchronization therapy indication since this study included only patients with an indication for pacemaker implantation due to bradycardia. This study was performed during actual implant procedures. UHF-ECG measurements were taken immediately after the lead was placed in the predefined positions and after confirmation of the type of ventricular capture. We cannot rule out that the resultant damage to conductive and myocardial tissue could have influenced the paced ventricular depolarization patterns. Data were not compared to any other invasive or non-invasive electrocardiographic methods, and no hemodynamic or echocardiographic measurements of mechanical dyssynchrony were performed during the procedure. In the case of three patients with complete persistent AV block of 3rd degree during the procedure, we used the morphology of the escape rhythm to classify them into one of QRS complex morphologies (narrow, LBBB, RBBB, and IVCD). This may have led to incorrect results in some of the analyses presented in the manuscript. In two patients, poor QRS signal quality did not allow for the construction of UHF-ECG maps; therefore, these patients were excluded from the study.
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Introduction: Left bundle branch pacing (LBBP) is a rapidly growing conduction system pacing technique. However, little is known regarding the electrophysiological characteristics of different types of LBBP. We aimed to evaluate the electrophysiological characteristics and anatomic lead location with pacing different branches of the left bundle branch.

Methods: Consecutive bradycardia patients with successful LBBP were enrolled and classified into groups according to the paced electrocardiogram and the lead location. Electrocardiogram, pacing properties, vectorcardiogram, and lead tip location were analyzed.

Results: Ninety-one patients were enrolled, including 48 with the left bundle trunk pacing (LBTP) and 43 with the left bundle fascicular pacing (LBFP). The paced QRS duration in the LBTP group was significantly shorter than that in the LBFP group (108.1 ± 9.9 vs. 112.9 ± 11.2 ms, p = 0.03), with a more rightward QRS transition zone (p = 0.01). The paced QRS area in the LBTP group was similar to that during intrinsic rhythm (35.1 ± 15.8 vs. 34.7 ± 16.6 μVs, p = 0.98), whereas in the LBFP group, the paced QRS area was significantly larger compared to intrinsic rhythm (43.4 ± 15.8 vs. 35.7 ± 18.0 μVs, p = 0.01). The lead tip site for LBTP was located in a small fan-shaped area with the tricuspid valve annulus summit as the origin, whereas fascicular pacing sites were more likely in a larger and more distal area.

Conclusions: Pacing the proximal left bundle main trunk produced better electrical synchrony compared with pacing the distal left bundle fascicles. A visualization technique can facilitate achieving LBTP.

Keywords: left bundle branch pacing, left bundle trunk pacing, left bundle fascicular pacing, vectorcardiogram, visualization technique


INTRODUCTION

Left bundle branch pacing (LBBP) is a conduction system pacing (CSP) technique, which overcomes some of the limitations with His bundle pacing (HBP) (1). Unlike the relatively small distribution of the His bundle (HB) region, the left bundle branch (LBB) is a major extension of the HB with a larger anatomical distribution. It is composed of a short and thick left bundle main trunk and two main fascicles, the left anterior fascicle (LAF) and left posterior fascicle (LPF) (2). Theoretically, pacing any parts of the LBB can capture the left sided conduction system. However, the impact of pacing site of the LBB on electrophysiological characteristics and ventricular synchrony is not well-studied.

Recently, the QRS area obtained by the 3-dimensional (3D) vectorcardiography (VCG) has emerged as a reliable index to evaluate ventricular synchrony (3). Compared with the traditional electrocardiogram (ECG), the VCG contains 3D information of the electrical forces, which provides additional valuable information to the ECG. Previous studies showed that the QRS area predicted cardiac resynchronization therapy (CRT) response better than the QRS duration, and was strongly associated with clinical outcomes (4, 5).

The aim of the present study was to compare electrophysiological characteristics and ventricular synchrony of different pacing sites of the LBB. In addition, a novel visualization technique was used to correlate anatomic location with paced LBB morphology to help guide pacing different components of the LBB (6).



MATERIALS AND METHODS

Consecutive patients who underwent LBBP with bradycardia indications including sinus node dysfunction (SND) or atrioventricular block (AVB) from Fuwai Hospital (Beijing, China) were analyzed. Patients were classified into two groups including the left bundle trunk pacing (LBTP) and the left bundle fascicular pacing (LBFP) group. The latter group included those with either a paced LAF or LPF morphology (Figures 1, 2). Patients were excluded if they had a native QRS duration longer than 120 ms, including left bundle branch block (LBBB), right bundle branch block (RBBB), and non-specific intraventricular conduction disturbance (NIVCD). This study was approved by the Ethics Committee of Fuwai Hospital and all patients submitted the written informed consent.


[image: Figure 1]
FIGURE 1. Electrocardiographic characteristics of different ECG types. LAFP, left anterior fascicular pacing; LBBP, left bundle branch pacing; LBTP, left bundle trunk pacing; LPFP, left posterior fascicular pacing; SR, sinus rhythm.



[image: Figure 2]
FIGURE 2. Activation sequence of the conduction system in different ECG types. LAFP, left anterior fascicular pacing; LBTP, left bundle trunk pacing; LPFP, left posterior fascicular pacing.



Implantation Procedure

LBBP implantation was performed using the Select Secure 3830 pacing lead (Medtronic Inc., Minneapolis, MN) and the fixed-curve C315 HIS sheath (Medtronic Inc., Minneapolis, MN). The implantation procedure was performed as previously described (6). Successful LBBP was assumed in patients whose paced ECG morphology in lead V1 showing a RBBB pattern and also met at least one of the following three criteria: (1) recording of an LBB potential; (2) left ventricular activation time (LVAT) remained short and constant (<80 ms) at different pacing outputs or was abruptly shortened (≥10 ms) at high output; (3) demonstration of selective LBB capture.



LBB Lead Tip Location Evaluation

During the procedure, right ventriculography was performed with an injection below the root of the tricuspid septal leaflet with 10–15 ml contrast medium through C315 HIS sheath imaged in the right anterior oblique 30° (RAO 30°) fluoroscopic view. Then the fluoroscopic image of the tricuspid value annulus (TVA) was saved and served as a marker to help locate the target LBB region according to the positional relationship between the TVA and the LBB as revealed by our previous study. The target LBB area included area 1 and area 2. Area 1 was defined as a fan-shaped area drawn from the TVA summit with a radius of 15–35 mm and angle ranging from + 10 to −30°, area 2 was defined as a more distal fan-shaped area with a radius of 35–50 mm and angle ranging from + 10 to −60°. After the LBB lead was deployed, visualization of the TVA was performed again through another C315 HIS sheath to finally confirm the lead tip location (6). The horizontal and vertical distances between the LBB lead tip and the TVA summit were measured offline in each of the patients (Figure 3).


[image: Figure 3]
FIGURE 3. Evaluation of the positional relationship between the LBB lead tip and the TVA. (A) After the LBB lead was deployed, visualization of the TVA was performed to show the TVA summit. (B) The horizontal and vertical distances between the LBB lead tip and the TVA summit were measured offline. (C) An enlarged view of the measurement. LBB, left bundle branch; RAO, right anterior oblique; TVA, tricuspid value annulus.




ECG Criteria for Determining the LBB Lead Tip Location

The criteria for determining the electrophysiological classification of LBB lead tip location was based on previous studies of the ECG morphology of left bundle fascicular block and fascicular ventricular arrhythmia (Figure 1) (7–10). The types of ECG criteria include: (1) LBTP: RBBB pattern; paced QRS morphology similar to sinus rhythm; (2) left anterior fascicular pacing (LAFP): RBBB pattern; dominant S wave in leads I and aVL; dominant R wave in leads II, III, and aVF; right-axis deviation; (3) left posterior fascicular pacing (LPFP): RBBB pattern; dominant R wave in leads I and aVL; dominant S wave in leads II, III, and aVF; left-axis deviation. Patients who met the ECG criteria of LBTP were classified into the LBTP group, whereas patients who meet the ECG criteria of LAFP or LPFP were classified into the LBFP group. All ECGs were evaluated by two independent experienced electrophysiologists blinded to the anatomic location. In cases of discrepancy between reviewers, a third electrophysiologist provided adjudication.



ECG and VCG Analysis

For ECG analysis, the 12-lead ECG were recorded using an electrophysiology workstation (Bard, Boston Scientific, Lowell, MA). The QRS duration and QRS transition zone were recorded before and after the procedure. The LVAT was defined as the interval from the pacing stimulus to the R-wave peak of the QRS complex in leads V5-V6.

For VCG analysis, the customized MATLAB software (MathWorks Inc., Natick, MA) was used to convert the 12-lead ECG into the 3 orthogonal VCG leads (X, Y, and Z) using the Kors conversion matrix as described previously (Figure 4) (3, 11, 12). This matrix was based on a learning set from the Common Standards for Electrocardiography multilead library, including both patients and healthy individuals, and was generated by multiple linear regression. The VCG was synthesized by analyzing eight independent ECG leads (two limb leads and all six precordial leads) retrieved from the 12-lead ECG by the Kors conversion matrix. QRS area, which represents the extent of the unopposed electrical forces during ventricular activation, was calculated as the combined area under the QRS complex in the calculated vectorcardiographic X, Y, and Z leads [QRS area = (QRS area, x2 + QRS area, y2 + QRS area, z2)1/2].


[image: Figure 4]
FIGURE 4. Example of a 12-lead electrocardiogram transformed into a 3-dimensional vectorcardiogram using the Kors matrix.




Data Collection and Follow-Up

Baseline data including the demographic characteristics, indications for pacemaker implantation and echocardiographic measurements were collected at enrollment. Pacing parameters including capture threshold, R-wave amplitude, and impedance were recorded during the procedure and at 12-month follow-up. Procedural related complications including loss of capture, lead septal perforation, and lead dislodgement were tracked during follow-up.



Statistical Analysis

Continuous variables are presented as mean ± standard deviation or as median (interquartile range), and categorical variables are expressed as frequencies or percentages. Independent two sample t-test or analysis of variance (ANOVA) test are used to compare the differences between groups if the data are normally distributed. Wilcoxon signed rank test or Kruskal-Wallis test are performed for data that are not normally distributed. Chi square or Fisher's exact test are used to compare categorical variables. For within patients' comparisons of continuous variables, paired t-test are used for normally distributed data and Wilcoxon signed rank test for non-normally distributed data. A two-sided P < 0.05 is considered statistically significant. All statistical analyses are performed using the SPSS Statistics version 22.0 (IBM Corporation, Armonk, NY).




RESULTS


Baseline Characteristics Among Groups

From April 2018 to January 2020, 127 patients successfully underwent LBBP implantation for bradycardia indications. Among this group, 36 patients were excluded for having underlying QRS prolongation, including 17 for LBBB, 11 for RBBB, and 8 for NIVCD. Accordingly, a total of 91 patients were included in the analysis. There were 48 patients classified into the LBTP group and 43 to the LBFP group. The LBFP group included 14 patients with LAFP and 29 with LPFP. There were no significant differences in baseline demographics, pacing indications, ECG, VCG, and echocardiographic measurements between patients with LAFP and LPFP (Table 1). These subgroups were pooled because these were relatively small cohorts that paced fascicles of the LBB. Similarly, there were no differences in baseline characteristics between the LBTP and LBFP groups (Table 1).


Table 1. Baseline characteristics between groups.
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Electrophysiological Characteristics Among Groups

As shown in Table 2, the paced QRS duration in the LBTP group was significantly narrower than that in the LBFP group (108.1 ± 9.9 vs. 112.9 ± 11.2 ms, p = 0.03). In addition, the QRS transition zone in the LBTP group was more rightward than that in the LBFP group (p = 0.01). No significant differences were observed in LVAT between two groups (68.9 ± 6.4 vs. 67.7 ± 5.6 ms, p = 0.35).


Table 2. Procedural outcomes between groups.
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VCG analysis showed that the paced QRS area in the LBTP group was similar to that during intrinsic rhythm (35.1 ± 15.8 vs. 34.7 ± 16.6 μVs, p = 0.98), whereas in the LBFP group, the paced QRS area was significantly larger compared to intrinsic ventricular activation (43.4 ± 15.8 vs. 35.7 ± 18.0 μVs, p = 0.01) (Figure 5). Paced QRS area was larger for the LBFP group compared with the LBTP group (43.4 ± 15.8 vs. 35.1 ± 15.8 μVs, p = 0.01) (Table 2; Figure 5).


[image: Figure 5]
FIGURE 5. Comparison of the QRS area between different groups and different areas. LBFP, left bundle fascicular pacing; LBTP, left bundle trunk pacing.




Lead Tip Distribution Among Groups

As shown in Table 2, the proportion of patients in the LBTP group with the lead tip in Area 1 was significantly higher than that in the LBFP group (75.0 vs. 16.3%, p < 0.01). Conversely, while the proportion of patients with the lead tip within area 2 was significantly lower (20.8 vs. 81.4%, p < 0.01). The positional relationship between the LBB lead tip and the TVA summit in each ECG type is shown in Figure 6, and the lead tip distribution of different ECG type in different areas is presented in Table 3. Overall, 97% (88 of 91) of patients had the lead tip within a fan-shaped area drawn from the TVA summit with the radius from 15 to 50 mm and the angle range from + 10 to −60 degrees (area 1 or area 2). Nearly half of the patients (43 of 91, 47%) had the lead tip within area 1. Among these patients, 84% (36 of 43) were classified into the LBTP group. The majority of patients (35 of 45, 78%) with lead tips in area 2 were classified into the LBFP group. Among the subgroup of LBFP, both LAFP and LPFP most commonly had the lead tip within area 2 (71 and 86%, respectively, p = 0.45). However, the overlapping distribution of the lead tip in different ECG types in area 2 makes it difficult to distinguish them by specific positioning method. In general, LAFP was more likely located in the upper part of the area 2, whereas LPFP was located in the lower part of the area 2 (Figure 6).


[image: Figure 6]
FIGURE 6. Lead tip distribution in different electrocardiogram types. The red dots represented patients with LBTP, the green dots represented patients with LAFP, and the blue dots represented patients with LPFP. The green area termed area 1 was a fan-shaped area drawn from the TVA summit with the radius from 15 to 35 mm and the angle range from + 10 to −30 degrees. The yellow area termed area 2 was a fan-shaped area with the radius from 35 to 50 mm and the angle range from + 10 to −60 degrees. LAFP, left anterior fascicular pacing; LBTP, left bundle trunk pacing; LPFP, left posterior fascicular pacing; TVA, tricuspid value annulus.



Table 3. Lead tip distribution in each ECG type.
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Further analysis between area 1 and area 2 showed that the patients having the lead tip within area 1 had a similar paced QRS area compared with their intrinsic rhythm (36.4 ± 16.1 vs. 35.9 ± 16.8 μVs, p = 0.75), whereas patients with the lead tip in area 2 had a significantly increased QRS area (42.6 ± 15.9 vs. 34.2 ± 17.7 μVs, p < 0.01) (Figure 5).



Twelve-Month Follow-Up

No significant differences were observed between implantation and 12-month follow-up for electrical parameters of the lead as shown in Table 2. Similarly, echocardiographic measurements including LVEDD and LVEF were similar at follow-up (Table 2). One patient in both the LBTP and LBFP groups had a lead septal perforation during the procedure. The lead was immediately repositioned with no post-implant adverse effects. One patient in the LBFP group had lead dislodgement during follow-up, so a right ventricular pacing (RVP) lead was placed.




DISCUSSION

LBBP is a rapidly increasing conduction system pacing modality. In the present study, we evaluated the electrophysiological characteristics of pacing different parts of the LBB by comparing the paced ECG and VCG parameters. The primary findings of our study were that pacing the left bundle main trunk achieved narrower paced QRS duration than pacing the left bundle fascicles, and that the QRS transition zone was more rightward. Moreover, LBTP had a QRS area similar to intrinsic rhythm, whereas in the LBFP group, the QRS area was significantly larger than during intrinsic rhythm. These observations indicate worse ventricular synchrony. Furthermore, imaging showed that most patients with the lead tip within area 1 had LBTP. Fascicular pacing was noted more commonly in a broad and more distal area (area 2), which was associated with an increased paced QRS area. Since the paced QRS morphology cannot be assessed until the lead is deployed deep in the septum, the imaging technique helps to minimize repeat lead repositioning which are associated with high risk of perforation or other complications, as well as to achieve LBTP.


Physiological Pacing in Bradycardia Patients

HBP is the most physiological pacing modality, as it activates the most proximal part of the native conduction system to achieve normal ventricular activation sequence (13). However, locating the HB can be challenging due to the small region of the HB. Moreover, the pacing parameters of HBP are less stable compared to traditional RVP with frequent high pacing thresholds (14). LBBP can overcome some of the limitations exists in HBP, and is considered as an alternative CSP technique (1). Anatomically, the LBB is divided into several parts. The main trunk of the LBB is usually short and thick, after a short path, it gives rise to its two main fascicles including a thin LAF and a wider LPF (2). However, little is known regarding the pacing characteristics at different LBB sites.



Evaluation of Ventricular Synchrony

The paced ECG QRS duration is a commonly used index to evaluate ventricular depolarization. In general, a longer paced QRS duration is considered to represent worse ventricular synchrony. However, the paced QRS complex is a reflection of total ventricular activation. In patients who achieve CSP, pacing at any part of the conduction system can achieve relatively rapid ventricular activation, thus generate a similar paced QRS duration. This makes it difficult to compare the subtle differences between pacing sites. In a previous study of pacing different branches of the left bundle conduction system in a different cohort of patients, it was shown that the paced QRS duration were similar for different locations (9). In the present study with a larger sample size and different grouping method, the results shows that the paced QRS duration in the LBFP group was longer than that in the LBTP group, suggesting worse ventricular synchrony. Both studies showed that LPFP was more common than LAFP, likely reflecting the size of these fascicles. It should be noticed that, though pacing different parts of the LBB produced different ventricular synchrony, the overall conduction velocity is relatively fast due to the capture of the conduction system, so the absolute differences in paced QRS duration were relatively small.

The paced QRS area calculated by the VCG has emerged as a more sensitive measure of dyssynchronous electrical activation. The VCG contains more complete information on electrical forces, as the QRS area calculated by the VCG is the combined area under the QRS complex and represents the extent of unopposed electrical forces during ventricular activation (15). Previous studies showed the better predictive value of the QRS area than traditional QRS duration for echocardiographic response and clinical outcomes in CRT eligible patients (4, 5). In the present study, the paced QRS area in the LBFP group was significantly larger than during intrinsic rhythm or compared with LBTP, which further supports that ventricular synchrony is impaired with LBFP.



Ideal LBBP Location

Theoretically, pacing the proximal main trunk of the LBB should result in better cardiac synchrony compared with pacing the left bundle fascicles. LBTP preserves left ventricular synchrony by sequentially activating each segment of the left ventricle. Moreover, among patients without heart block, retrograde activation of the RBB can rapidly activate the right ventricle with less time delay, thus maintaining interventricular synchrony and potentially achieve more normal right ventricular synchrony (Figure 2). In contrast, pacing distal LBB fascicles leads to different ventricular activation sequences, thus resulting in impaired left ventricular synchrony, reflected in part by changes in paced QRS axis (2). Moreover, the longer distance of retrograde activation of RBB by LBBP may exacerbate delayed right ventricular activation, leading to significantly decreased interventricular synchrony (Figure 2) (16).

The present study shows that ventricular synchrony evaluated by both QRS duration and VCG is optimized and more physiologic by pacing the main trunk of the LBB conduction system. In addition, the superiority of pacing the proximal LBB was verified by the significantly different QRS area between pacing in proximal area 1 and distal area 2 defined by our visualization technique. All of these findings support pacing the proximal left bundle main trunk instead the distal LBB fascicles when possible. The visualization technique used in this study can facilitate activating this area, which occurred more commonly in the present study (53%) compared previously using the traditional fluoroscopic approach (25%) (9).



Clinical Perspectives

The findings of this study show the superiority of pacing the proximal left conduction system, as defined by either the ECG (left bundle main trunk) or the fluoroscopic lead tip location (area 1). While the present study was performed in a bradycardia population with a normal left ventricular function, providing the optimal LBBP would be crucial in heart failure patients who have left ventricular dyssynchrony and may benefit even more from LBTP. The visualization technique used in this study for LBBP lead deployment shortens procedural and fluoroscopic durations (6). Moreover, it facilitates achieving LBTP and reduces the need for repositioning to achieve LBBP. Finally, while LBTP achieves more physiologic activation compared with LBFP, CSP is superior to right ventricular pacing, with regard to paced QRS duration and ventricular synchrony, regardless of whether it is HBP, LBTP or LBFP.




LIMITATIONS

The present study should be interpreted in light of certain methodological limitations. First, this was a single center study with a relatively small sample size. Second, only patients with a normal conduction system were evaluated. In other patient populations, the ventricular activation pattern may be different, and hence the results in this study may not be generalized to patients with conduction block. Third, the only acute measures of activation and electrical synchrony were assessed, and the absolute differences were relatively small. Whether these small differences are clinically significant will have to be shown in randomized clinical trials.



CONCLUSIONS

When performing LBBP, pacing the proximal left bundle main trunk produced optimal ventricular synchrony than pacing the distal LBB fascicles. With the guidance of a visualization technique, LBTP is facilitated to help maintained ventricular synchrony.
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Aims: His-Purkinje system pacing has recently emerged as an alternative to biventricular pacing (BIVP) in cardiac resynchronization therapy (CRT). The aim of this study was to conduct a meta-analysis comparing the clinical outcomes associated with His-Purkinje system pacing (HPSP) vs. BIVP in patients with heart failure. There is also a comparison of clinical outcomes of His-bundle pacing (HBP) and left bundle branch pacing (LBBP) in the His-Purkinje system.

Methods: We searched the Cochrane Library, Embase, and PubMed, for studies published between January 2010 and October 2021 that compared the clinical outcomes associated with HPSP vs. BIVP and HBP vs. LBBP in HPSP in patients who underwent CRT. The pacing threshold, R-wave amplitudes, QRS duration, New York Heart Association functional (NYHA), left ventricular ejection fraction (LVEF), and LV end-diastolic diameter (LVEDD) of heart failure, at follow-up, were extracted and summarized for meta-analysis.

Results: A total of 18 studies and 1517 patients were included in our analysis. After a follow-up period of 9.3 ± 5.4 months, the HPSP was found to be associated with shorter QRS duration in the CRT population compared to that in the BIVP (SMD, −1.17; 95% CI, −1.56 to −0.78; P < 0.00001; I2 = 74%). No statistical difference was verified between HBP and LBBP on QRS duration (SMD, 0.04; 95% CI, −0.32 to 0.40; P = 0.82; I2 = 84%). In the comparison of HPSP and BIVP, the LBBP subgroup showed improved LVEF (SMD, 0.67; 95% CI, 0.42–0.91; P < 0.00001; I2 = 0%), shorter LVEDD (SMD, 0.59; 95% CI, 0.93–0.26; P = 0.0005; I2 = 0%), and higher New York Heart Association functional class (SMD, −0.65; 95% CI, −0.86 to −0.43; P < 0.00001; I2 = 45%). In terms of pacing threshold and R-wave amplitude clinical outcomes, LBBP has a lower pacing threshold (SMD, 1.25; 95% CI, 1.12–1.39; P < 0.00001; I2 = 47%) and higher R-wave amplitude (MD, −7.88; 95% CI, −8.46 to −7.31; P < 0.00001; I2 = 8%) performance compared to HBP.

Conclusion: Our meta-analysis showed that the HPSP produced higher LVEF, shorter QRS duration, and higher NYHA functional class in the CRT population than the BIVP as observed on follow-up. LBBP has a lower pacing threshold and higher R-wave amplitude. HPSP may be a new and promising alternative to BIVP in the future.

Keywords: cardiac resynchronization therapy, His-Purkinje system pacing, biventricular pacing, meta-analysis, biventricular pacing, meta-analysis (as topic)


HIGHLIGHTS

- QRS duration was shorter in His-Purkinje system pacing than in biventricular pacing.

- The left bundle branch pacing group in His-Purkinje system pacing is associated with improved LVEF, increased LVEDD, and higher NYHA functional class.

- In patients with heart failure who underwent cardiac resynchronization therapy, the His-Purkinje system pacing showed better results than biventricular pacing.

- LBBP has a lower pacing threshold and higher R-wave amplitude.



INTRODUCTION

Cardiac resynchronization therapy (CRT) is used to treat patients with heart failure (HF), and ventricular systolic dyssynchrony. By electrically activating the heart in a coordinated manner, CRT can successfully restore mechanical synchrony. Traditionally, this therapy has been implemented using biventricular pacing. Studies have shown that biventricular pacing (BIVP) can improve symptoms, reduce hospitalization times, and prolong the survival of patients (1–4). However, multiple clinical trials have demonstrated that 30-40% of patients showed no changes after BIVP-based CRT (5–10).

In 2015, a crossover study by Lustgarten et al. showed that His-bundle pacing (HBP) can achieve clinical outcomes comparable to BIVP (11). Similarly, several other studies have suggested that HBP may be a suitable alternative for CRT non-responders and patients with failed left ventricle (LV) lead placement (12–14); some of these studies have even recommended HBP as frontline therapy for heart failure and left ventricle dyssynchrony (12–14). In addition, recent guidelines by the American College of Cardiology/American Heart Association have assigned HBP a grade II in terms of recommendation for replacing right ventricular pacing in patients who need chronic ventricular pacing with reduced LV ejection fraction (LVEF; 36–50%) (11, 15). More recently, however, studies compared HPSP with BIVP pacing and evaluated the potential advantages in CRT. The HPSP is characterized by a generation of strategies that can mimic pacing or fully restore normal atrioventricular (AV) activation, ensuring optimal clinical outcomes; it involves left bundle branch pacing (LBBP) and HBP. LBBP can correct left bundle branch blocks (LBBB) and, thus, lead to improvement of cardiac electrical dyssynchrony compared with conventional right ventricular apical pacing (16). LBBP produces a lower pacing capture threshold and higher R-wave amplitude than HBP and stimulates the conduction system of the heart as well as the deep septal myocardium (17, 18). The role of His-Purkinje conduction system is usually to produce true cardiac resynchronization. In contrast, some studies have concluded that ventricular mechanical synchronization parameters are significantly better in patients with HBP than in patients with right ventricular septal pacing (RVSP) (19, 20).

HBP is the most physiological pacing strategy for restoring normal ventricular excitation patterns (21). In the case of His bundle pacing (HBP), HBP corrects complete left bundle branch block (CLBBB) by activating the heart's intrinsic conduction system and thus providing natural ventricular excitation propagation (22, 23). There are currently no publications that comprehensively analyze and summarize the data generated from clinical trials that have evaluated the influence of HPSP therapy. Currently for the His-Purkinje conduction system, both the comparison with conventional BIVP pacing and the advantages and disadvantages of HBP vs. LBBP pacing in the His-Purkinje conduction system have a great role for CRT. Therefore, this study aimed to compare HPSP and BIVP in clinical outcomes in patients with HF and to conduct a meta-analysis.



METHODS

This study protocol has been published previously in PROSPERO (CRD42021235736).


Search Strategy

The meta-analysis was conducted according to the meta-analysis statement and the preferred reporting items for systematic reviews (24). We selected relevant studies published between January 2010 and October 2021 by searching PubMed, EMBASE, and Cochrane Library. Our search did not have any language restrictions. The search terms were “His bundle pacing” OR “Left branch bundle pacing” OR “biventricular pacing” AND “Cardiac Resynchronization Therapy.” In addition, we also searched the list of references in the studies retrieved by our search criteria.



Study Eligibility Criteria

We included randomized clinical trials (RCTs) and observational studies which examined patients with HF requiring CRT. Specifically, studies were included if they (i) were RCTs, (ii) were observational studies, or (iii) reported empirical data regarding clinical outcomes, including Pacing threshold, R-wave amplitudes, QRS duration, LVEF, LV end-diastolic diameter (LVEDD), and New York Heart Association (NYHA) class of HF. Studies were excluded if they (i) were missing text, (ii) reported results from a previously included study, (iii) did not include or directly study CRT, or (iv) had missing data or insufficient original data.



Data Extraction

Two reviewers independently extracted data from the included RCTs and observational studies; disagreements were resolved by consensus through discussion. We recorded the following information from the included RCTs and observational studies: duration of follow-up, number of participants, and year of publication, and study design. We also extracted information on pacing threshold, R-wave amplitudes QRS duration, LVEF, LVEDD, and NYHA HF class.



Quality Assessment

Two reviewers independently assessed the RCTs included in this study using the Jadad scoring system (25), which assesses the methodological quality of RCTs. Investigations that received Jadad scores below 4 (out of a possible 5) were classified as low-quality, while those that scored ≥4 were deemed high-quality. Among the included observational studies, for the retrospective studies and cohort studies, assessment of using the Newcastle Ottawa scale (NOS) (26) to performed the quality of nonrandomized studies. Investigations that received NOS scores below 6 (out of a possible 9) were classified as low-quality, while those that scored ≥6 were deemed high-quality. When the format of the required data for inclusion was not suitable for the meta-analysis, the primary authors and publishing journals were contacted by email to access unpublished data.



Statistical Analyses

For all statistical analyses, RevMan 5.3 software (27) was used. A comprehensive analysis of individual studies was done to compare the different effects of His-Purkinje system pacing and BIVP in patients with HF. We assessed statistical heterogeneity with the Q statistic from the chi-square test and P < 0.05 represented a significant result. We dequantified the proportion of variation using the I2 statistics between studies due to heterogeneity. It was considered that there was little heterogeneity between studies if P ≥ 0.1, or I2 ≤ 50%; P < 0.1, or I2 > 50% indicated moderate heterogeneity, and I2 > 75% indicated considerable heterogeneity, I2 ≤ 50% used fixed-effects model and I2 > 50% used-random effects model. A subgroup analysis was attempted to find the source of heterogeneity. To analyze the literature for the presence or absence of publication bias, we used funnel plots. The mean and standard deviation were reported for continuous variables. Review Manager V5.3 (27) was used for all data processing analyses.




RESULTS


Study and Patient Characteristics

Initially, a total of 425 articles were retrieved. Out of which, 32 articles were retained for full article evaluation by reviewing the study titles with the abstracts. Duplicate reviews and duplicate case reports with non-relevant studies were excluded. These 32 studies underwent a thorough screening process as shown in Figure 1. Following the screening, 18 studies were included in our analysis; four of these were RCT studies, while 14 were observational studies. Ten of them are the comparison of HPSP with BIVP and eight are the comparison of HBP with LBBP in HPSP. Further details regarding the studies analyzed are shown in Table 1. The 18 included studies (11, 29–45), which were RCTs and observational studies, were scored using the Jadad scoring system and the NOS quality assessment system, as shown in Figures 2A,B.


[image: Figure 1]
FIGURE 1. A flow diagram showing how articles were selected for analysis, Moher et al. (28).



Table 1. Basic characteristics of included studies analyzed during this study.
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[image: Figure 2]
FIGURE 2. (A) Four of the included RCT studies were using scoring system at risk of bias. (B) Fourteen of the included studies using the Newcastle Ottawa scale (NOS).




QRS Duration

The heterogeneity between individual studies was tested by analyzing differences in the QRS duration in 482 patients from 10 studies (I2 = 74%). The random-effect model was used. As shown in Figure 3A, patients treated with the His-Purkinje system pacing had shorter QRS duration than those treated with BIVP (SMD, −1.17; 95% CI, −1.56 to −0.78; P < 0.00001; I2 = 74%; Figure 3A). Although the heterogeneity test between the 10 studies indicated that there was moderate heterogeneity, sensitivity analysis showed that the results did not change significantly among all the studies included.


[image: Figure 3]
FIGURE 3. (A) QRS duration in patients receiving HPSP therapy vs. BIVP therapy. (B) QRS duration in patients receiving LBBP vs. HBP [(A) top table; (B) bottom table].


The eight included papers on HBP and LBBP directly compared clinical outcomes. There was no significant difference between LBP and LBBP in the QRS duration index (SMD, 0.04; 95% CI, −0.32 to 0.40; P = 0.82; I2 = 84%; Figure 3B). HPSP produced a reduction in QRS duration compared to the BIVP group, but no differences were found when comparing within groups.



LV Function Assessment

LVEF was analyzed by fixed models in 436 patients from nine studies. The LVEF fraction was higher in the HPSP group, compared with that in the BIVP group (SMD, 0.47; 95% CI, 0.29–0.65; P < 0.00001; I2 = 42%; Figure 4A).There was little heterogeneity among the study results (P < 0.00001; I2 = 42%). Three studies were included in the evaluation of LVEDD differences. We used the fixed-effects model because of the heterogeneity between the studies (I2 = 0%). When compared with BIVP, the His-Purkinje system pacing indicated better performance (SMD, 0.59; 95% CI, 0.93–0.26; P = 0.0005; I2 = 0%; Figure 4B).


[image: Figure 4]
FIGURE 4. (A) LVEF. (B) LVEDD. Left ventricular function pacing of the His-Purkinje system is required in patients with HF therapy vs. biventricular pacing therapy. Both LVEF and LVEDD were measured by echocardiography.




NYHA Functional Class

Of the eight included studies, seven of them reported a functionally relevant improvement analysis. We used the random-effect model because of the heterogeneity between the studies (I2 = 45%). Compared with BIVP, His-Purkinje system pacing indicated better performance (SMD, −0.65; 95% CI, −0.86 to −0.43; P < 0.00001; I2 = 45%, Figure 5). No evidence of publication bias was found, after passing the inspection of the corresponding funnel plots.


[image: Figure 5]
FIGURE 5. New York Heart Association functional class in patients receiving His-Purkinje system pacing therapy vs. biventricular pacing therapy.



Pacing Threshold

In the eight papers we adopted on the direct comparison between LBBP and HBP, the pacing threshold indexes all showed a great advantage of LBBP (SMD, 1.25; 95% CI, 1.12–1.39; P < 0.00001; I2 = 47%, Figure 6).


[image: Figure 6]
FIGURE 6. Pacing thresholds in patients receiving comparison between HBP and LBBP in His-Purkinje system.




R-wave Amplitudes

Seven of the eight included papers reported R-wave amplitudes, with LBBP reflecting considerable R-wave amplitudes compared to HBP (MD, −7.88; 95% CI, −8.46 to −7.31; P < 0.00001; I2 = 8%, Figure 7).


[image: Figure 7]
FIGURE 7. R-wave amplitudes in patients receiving comparison between HBP and LBBP in His-Purkinje system.






DISCUSSION

This systematic review and meta-analysis identified 18 trials with a total of 1,517 participants and compared cardiac electrophysiology and cardiac function in HPSP and BIVP and in HBP and LBBP. Ultimately, we concluded that HPSP resulted in a favorable improvement in QRS duration in patients with HF, while LBBP improved LV function and improved NYHA functional class in CRT candidates. When HBP and LBBP were directly compared in terms of the His-Purkinje system, LBBP demonstrated a lower pacing threshold and higher R-wave amplitude than HBP.

Several randomized controlled trials and observational studies have shown that long-term differences in LVEF have the potential to lead to interventricular dyssynchrony. One of the parameters of interventricular dyssynchrony is QRS duration (29–33, 35, 46). In the present study, the HPSP group performed better than the BIVP group in terms of QRS duration. It can also be argued that LBBP or HBP may produce better electromechanical synchronization and thus induce more synchronized LV contractions. In our study, HPSP improved the QRS duration by 22.23 ms relative to BIVP. Moreover, no difference in QRSd was found between LBBP and HBP (P = 0.82).

Sheng et al. (41) also confirmed that HBP and LBBP produce similar QRSd. During atrial fibrillation, LBBP is equally as viable as HBP. A unique finding of Sheng's (41) study was the difference in interventricular synchrony between HBP and LBBP. In contrast, the unipolar configuration of LBBP produced a slightly later contraction of the right ventricular myocardium compared to that produced by HBP. In bradycardic patients requiring CRT, HBP and LBBP led to similar QRSd and implantation success rates and shorter procedure and fluoroscopy times. However, the study (41) also noted a significantly lower pacing threshold for LBBP and a higher R-wave amplitude at implantation and at the 3-month follow-up. Moreover, LBBP has better clinical feasibility compared to the HBP. This is consistent with our findings comparing HBP with LBBP, in which LBBP improved pacing thresholds by an average of 0.62 ms over HBP and by 7.88 mv in R-wave amplitude. Chen et al. (47) demonstrated the clinical feasibility of LBBP by using a transventricular septal approach. Massing et al. (48) suggested that LBBP could directly branch out from the branch point of the His bundle in the cardiac structure under the endocardium on the left side of the septum, thus forming a reticular structure, so that the left bundle branch can be paced faster than by HBP through the septal approach. This may explain the better pacing threshold and R-wave amplitude of LBBP compared with HBP. Zhang et al. (49) attributed the narrow QRS pattern during LBBP to the activation of the right bundle branch of the ventricle by electrophysiological retrograde conduction, which forms a connection with intrinsic conduction fusion. Huang et al. (50) had a higher success rate and a stable lower pacing threshold with LBBP than HBP and a better perception of ventricular excitation (R-wave amplitude).

LBBP is now the preferred conduction system pacing modality for patients with pacing indications (20, 21). Li et al. (21) reported on LBBP in 33 patients with AVB and found that it has a success rate of more than 90%, produces low and stable thresholds, maintains LV synchronization, and has few complications. The current potential hypothesis is that LBBP further enriches physiological pacing and may even be more applicable to patients with AVB. Furthermore, Vinther et al. (37) found that His bundle improved ventricular function and quality of life, but this was at the cost of a higher pacing threshold. Hou et al. (39) found that left bundle branch pacing produced higher R-wave amplitude than HBP and lower capture threshold stability parameters than HBP. Qian et al. (44) concluded that His-Purkinje system pacing produces good electrical synchronization and narrow QRS time frames and that it has beneficial effects in maintaining cardiac function. In contrast, left bundle branch pacing showed superior lead stability in terms of pacing parameters. Ye et al. (45) found that both HBP and LBBP can be successfully implemented in the same patient with atrial fibrillation and that LBBP produces better and more stable parameters compared to HBP. Patients with AF with HF and arrhythmias benefit more from HPSP in terms of physical performance and echocardiographic parameters.

Overall, we concluded that HPSP produced better electromechanical synchronization than BIVP; further, when comparing HPSP within groups, LBBP had higher success rates, lower pacing thresholds, and higher R-wave amplitudes compared to HBP.

HPSP, a physiological pacing modality that directly stimulates the conduction system of the heart and maintains synchronization of ventricular electrical activation has produced better results compared to BIVP in clinical practice (41, 45). Lustgarten et al. (11) summarized the clinical outcome data from a 2015 study of 12 patients with a mean baseline LVEF of 26%; at the 6-month follow-up, HBP was shown to improve by 32% and BIVP by 31% (P = 0.043 and P = 0.02, respectively); the baseline NYHA grades for HBP and BIVP improved from 2.9 to 1.9 (P < 0.01 and P < 0.01, respectively). The multicenter 2019 RCT His-SYNC study by Upadhyay et al. (33) included 41 patients from 7 centers who met the criteria indications for CRT; 20 and 21 of these patients were randomized to the BIVP CRT and His CRT groups, respectively. Patients in both groups showed a significant improvement in LVEF after 6.2 months of follow-up, when compared with the baseline values. The median LVEF increased from 28.0 to 34.6% (P < 0.001) in patients treated with HBP CRT, whereas it increased from 27.7 to 32.0% (P < 0.001) in those treated with BIVP CRT. To determine the difference in LV function by pacing modality, we also compared LVEF, LVEDD, and NYHA. In our meta-analysis, LVEF was significantly improved in both groups compared with the baseline values at the 6-month follow-up. HPSP showed a 3.91% improvement in LVEF, a 5.36 mm reduction in LVEDD, and a 0.44 grade reduction in NYHA compared with BIVP. Clinical outcomes were similar for BIVP and HBP. In patients with HF, cardiac resynchronization can be achieved by pacing the His-Purkinje system to correct LBBB. Theoretically, HPSP may be more physiologically consistent than BIVP because the latter still relies on stimuli that do not propagate through the normal conduction system but through the myocardium. The relatively small number of 18 studies analyzed may have influenced the results. Larger RCTs are needed to validate the relationship between His-Purkinje system pacing and BIVP.

In summary, we conclude that the His-Purkinje system produces higher LVEF, shorter QRS duration, and higher NYHA functional class in the CRT group compared to BIVP in pacing therapy overall. When comparing HPSP systems within groups, LBBP had a higher success rate, a lower pacing threshold, and higher R-wave amplitude compared to HBP. HPSP may be a new and promising alternative to BIVP in the future.


Study Limitations

This meta-analysis has several limitations. First, is a bias due to the small number of included relevant RCTs and the fact that most studies (29–32, 34, 35, 38–45) were post-hoc analyses. This bias may have influenced the conclusions of the present study. Second, the length of follow-up in the included literature takes longer to justify the results. Third, this study did not include data on mortality or cardiovascular hospitalization. Fourth, the complications after different pacing procedures are not discussed.




CONCLUSION

In conclusion, the HPSP can produce shorter QRS duration, higher LVEF, and higher NYHA functional class in the CRT population compared with BIVP as observed by follow-up. HPSP may be a new and promising alternative to BIVP in the future. LBBP has a lower pacing threshold and higher R-wave amplitude. Considering the clinical significance of pacing therapies, RCTs are required to further evaluate the efficacy of HPSP compared with BIVP in achieving CRT.
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Left bundle branch area pacing (LBBAP) has emerged as a novel pacing modality which aims to capture the left bundle branch area and avoids the detrimental effects of right ventricular pacing. Current approaches for LBBAP have been developed using lumen-less pacing leads (LLL). Expanding the tools and leads for LBBAP might contribute to a wider adoption of this technique. Standard stylet-driven pacing leads (SDL) differ from current LLL as they are characterized by a wider lead body diameter, are stylet-supported and often have a non-isodiametric extendable helix design. Although LBBAP can be performed safely with SDL, the implant technique of LBBAP differs compared to LLL. In the current overview we describe in detail how different types of SDL can be used to target a deep septal position and provide a practical guide on how to achieve LBBAP using SDL.

Keywords: left bundle branch area pacing, stylet-driven pacing leads, lumen-less pacing lead, conduction system pacing, stylet-driven extendable screw lead


INTRODUCTION

Conduction system pacing (CSP) aims to pace the ventricles by capturing the conduction system at either the level of the His bundle (His bundle pacing, HBP) or the left bundle branch (left bundle branch area pacing, LBBAP). These new pacing techniques were developed to avoid the detrimental effects of pacing induced dyssynchrony with right ventricular pacing by offering more physiologic activation of the heart (1–3). Of the two techniques, HBP is deemed the most physiological as it captures the ventricular conduction system at its proximal origin, but its clinical applicability is limited by high pacing thresholds, low sensing amplitudes, oversensing issues, and a greater number of lead revisions (4, 5). Left bundle branch area pacing has subsequently emerged as an attractive alternative as it provides comparable physiological pacing to HBP but with lower pacing thresholds, higher sensing amplitudes, and more stable lead positions (3, 6–9). To obtain LBBAP, the pacing lead is positioned deep into the ventricular septum, along the course of the left bundle branch. Until now, LBBAP has been performed almost exclusively with a lumen-less pacing lead (LLL) with a fixed helix design (7–9). Detailed operator guides on how to perform LBBAP using LLL (LLL-LBBAP) have been previously published (10). Recently, LBBAP using standard stylet-driven pacing leads (SDL) has been reported to be safe and feasible (11, 12). However, due to the differences in lead and helix design, LBBAP with SDL (SDL-LBBAP) requires different handling and lead preparation. In the current overview, we describe in detail how LBBAP can be safely performed with different types of SDL and highlight the relevant differences with respect to LLL-LBBAP.



STYLET- AND SHEATH-GUIDED CONDUCTION SYSTEM PACING

Early in the evolution of CSP, HBP was attempted with SDL and custom-curved stylets (13). Although HBP was feasible with this approach, implant success was low and pacing thresholds remained often high and unstable. In 2006, Zanon et al. described a new approach for HBP using a long preshaped delivery sheath to guide the pacing lead toward the His bundle area (14). The use of such delivery sheaths allowed for a more stable position and better contact of the pacing lead with the His bundle area. It also allowed the use of a narrow-caliber LLL, which rapidly appeared associated with better long-term results and lead stability. With this sheath-guided approach, implant success of HBP increased to 90%. Since then, sheath-guided HBP has become the standard approach and is now also used to achieve LBBAP (9, 10). The widespread adoption of the sheath-guided method for LBBAP has also been driven by the use of LLL which requires, due to absence of stylet support, a dedicated delivery sheath to be directed toward the septum.

Current guiding sheaths for LBBAP are similar to those used for HBP. Several delivery sheaths are commercially available for CSP (both HBP and LBBAP) with the majority having a double curved design (Supplementary Figure 1A). The wide primary curve allows to cross the tricuspid valve toward the interventricular septum while the smaller secondary curve ensures lead positioning perpendicular to the septum. Currently available guiding sheaths differ with respect to size and angulation of the curves and have been developed to address differences in cardiac size or to target different sites of the conduction system. Deflectable-single curve-sheaths are also proposed for CSP but appears less appropriate for LBBAP as they have a tendency to bring the pacing lead in a potentially dangerous anterior position. Details regarding different delivery sheaths have been previously published (15).



LUMEN-LESS VS. STYLET-DRIVEN PACING LEADS: DIFFERENCES IN LEAD DESIGN

Different pacing leads used for LBBAP, are shown in Supplementary Figure 1B with details on lead and helix design summarized in Table 1. Largest experience with LBBAP has been obtained with a single type of LLL (SelectSecure, 3830 pacing lead, Medtronic Inc., Minneapolis, USA). Due to the absence of an inner lumen, the lead body measures only 4.1 Fr and the fixed helix (1.8 mm length) design results in an isodiametric lead. The electrically active helix of the SelectSecure pacing lead facilitates conduction system capture in both unipolar and bipolar pacing mode.


Table 1. Lead specifications of different stylet-driven and lumen-less pacing leads used for left bundle branch area pacing.

[image: Table 1]

Standard stylet-driven pacing leads differ from LLL with respect to several important features. Standard stylet-driven pacing leads have an inner lumen which allows for stylet insertion. As a result, the lead body of SDL is wider than LLL and usually measures >5.5 Fr. Standard stylet-driven pacing leads are also stiffer than LLL when the stylet is inserted. The SDL helix has an extendable-retractable design. Fully extended the SDL helix measures 1.8–2.0 mm in length, similar as the SelectSecure lead, but due to a wider diameter, the electrically active helix surface of SDL is larger compared to LLL. The lead body of SDL consists of an inner and outer coil which are separated by silicon insulation and rotate independently from each other. The inner coil is connected distally to the helix and proximally to the rotating pin of the pacing lead. Clockwise rotation of the connector pin allows extending the helix. However, when rotating the outer lead body of SDL, care must be taken to ensure that rotations of the outer lead body are adequately transferred to the inner coil. If the inner and outer coils do not rotate simultaneously, retraction of extended helices might occur and will hamper lead advancement in the septum.



LBBAP IMPLANT TECHNIQUE USING LUMEN-LESS PACING LEADS

Lumen-less pacing leads–left bundle branch area pacing has been described in detail by Huang et al. and most implantation techniques represent small variations on Huangs approach (10). With this approach, a single type of LLL (SelectSecure, model 3830, Medtronic Inc., Minneapolis, USA) is used and dedicated delivery sheaths are mandatory with this type of lead as it lacks the support of a stylet. Two sheaths, with a fixed double curve (C315 His, Medtronic Inc., Minneapolis, USA) or a deflectable curve (C304 and C304 His, Medtronic Inc., Minneapolis, USA) are available for use. The delivery sheath is advanced to the right ventricle over a J-tip guidewire. Using a right anterior oblique (RAO 20–30°) view on fluoroscopy can help to avoid unwanted CS cannulation, which tends to happen frequently due to the double curvature of the sheaths. Once in the right ventricle, the pacing lead is advanced through the delivery sheath and both sheath and lead are retracted to target the upper part of the septum. The implant height on the septum is determined by localizing the His bundle region and targeting a septal position >1 cm from the His region toward the apex in a RAO view. Slight counter clockwise rotation of the sheath and lead combination allows for perpendicular positioning on the septum which is best confirmed, in our experience, in a 25–30° left anterior oblique fluoroscopic (LAO) view. A small amount of contrast may also be injected to delineate the right septal border and confirm the appropriate septal position. In this position, unipolar pace mapping at the lead tip typically reveals a wide “W” shaped QRS morphology in lead V1 of the 12-lead surface electrocardiogram (ECG). The SelectSecure pacing lead is screwed into the septum by clockwise rotation of the outer lead body with the delivery sheath in close contact with the right septum in order to maintain a stable lead position on the septum. Lead advancement into the septum is further guided by unipolar pacing impedance, contrast injection, assessment of paced QRS morphology, observation of fixation beats, or presence of a left bundle branch potential on the unipolar lead tip electrogram (10, 16, 17). As the pacing lead reaches the course of the left bundle branch, the paced “W” shaped QRS morphology in lead V1 gradually changes to a narrow QRS morphology with a terminal r-wave in lead V1 (so-called incomplete right bundle branch block morphology). As such 12-lead ECG monitoring is mandatory for successful LBBAP. Different criteria to confirm capture of the left bundle branch and differentiate left bundle branch pacing from left sided myocardial capture have been proposed, although currently no consensus exists (10, 16, 18, 19).



LBBAP IMPLANT TECHNIQUE USING SDL

With SDL-LBBAP, delivery sheath manipulation and septal positioning is similar to that of LLL-LBBAP. Given the length of SDL helix, extending the helix alone will not penetrate the septum deep enough to achieve LBBAP. Therefore, similar to LLL-LBBAP, rotating the outer lead body of SDL is mandatory to access deep septal position (11, 12). However, when rotating the outer lead body of SDL, retraction of the helix may occur due to fixation in the tissue causing the outer coil to turn over the inner coil. Below we provide details on our approach to achieve LBBAP with different types of SDL.


Solia S Pacing Lead, Biotronik

The Solia S pacing lead (Biotronik, SE & Co., KG, Germany) is a 5.6 Fr SDL with an extendable helix design. The lead body consists of an outer and inner coil, with the latter connected to the electrical active helix. When used for LBBAP, our approach is to extend the helix in advance, generally before septal positioning is attempted (Figure 1.1A). Alternately, one can map the His area and perform pace mapping with the helix withdrawn, which give less chance to snag the tricuspid valvular apparatus. However, when performing pace mapping on the right side of the septum, unipolar impedances might be more accurate with extended helix and might allow a better reference impedance when screwing into the septum. To avoid helix retraction when clockwise rotating the outer lead body, the inner coil of Solia S lead needs to be pretensioned before insertion. Therefore, the green stylet-guide is connected to the lead pin and pressed against the silicone coating at the proximal portion of the lead (Figure 1.1B). To build up the torque on the inner coil, this green stylet-guide tool is rotated 8–10 times clockwise (Figure 1.1C). As such, the inner coil builds up tension and rotations of the outer lead body are better transferred in a one-to-one relation to the inner coil and helix. This preparation step avoids unwanted helix retraction during screwing. To maintain the tension, the green stylet-guide is kept on the pin of the pacing lead while screwing the Solia S lead toward a deep septal position. Advancement of the Solia S lead into the septum is further facilitated by fast rotation (to overcome resistance at the right septal subendocardial layer) and by keeping the stylet advanced to the tip of the pacing lead. The stylet and stylet guide are kept in position until the final position is reached (Figure 1.1D).


[image: Figure 1]
FIGURE 1. (1.1) LBBAP using the Solia S lead (Biotronik). (1A) The helix is extended using the standard clip-on-tool with 10–15 clockwise rotations. (1B) The green stylet insertion tool is connected to the pin of the pacing lead and the silicon rubber separating the inner and outer coil. (1C) Tension to the lead is applied with 10 additional clockwise rotations on the green stylet insertion tool. (1D) Deep septal position of the Solia-S lead on fluoroscopy. (1.2) LBBAP using the Ingevity pacing lead (Boston Scientific). (2A) The closed end of a regular lead cap is cut. (2B) The lead cap is advanced over the lead pin toward the silicone rubber at the proximal part of the lead. The stylet insertion tool is forced between the lead end cap and the pin of the pacing lead and pushed toward the proximal lead part. (2C) The Ingevity lead is screwed in a deep septal position by applying clockwise rotations on the outer lead body. (2D) Deep septal position of the Ingevity lead on fluoroscopy. The red dotted lines indicate the septal borders. (1.3) LBBAP using the Tendril 2088TC pacing lead (Abbott). (3A) The tendril pacing lead can be screwed toward a deep septal position by continuous rotations with the clip-on tool on the pin of the pacing lead. As the helix grips into the tissue, it will further advance into the septum and pull the lead body toward a deep septal position. Often 20–30 clockwise (CW) rotations are needed. (3B) Deep septal position of a Tendril pacing lead. The red dotted lines indicate the septal borders.




Ingevity Lead, Boston Scientific

The Ingevity pacing lead (Boston Scientific Inc., Marlborough, MA, USA) is a 5.7 Fr diameter SDL with an extendable helix design. The electrically active helix is extended in advance using the standard clip-on-tool. To screw the Ingevity lead in a deep septal position two approaches are used. With the first approach, clockwise rotations on the outer lead body are applied. This generally leads to helix retraction, as described before, and further advancement in the septum becomes hampered, as the helix is no longer exposed. Helix retraction is often suggested by a sudden increase in pacing impedance (sometimes up to >2,000 Ohms). The helix needs to be extended once again using the clip-on-tool. Afterwards, new clockwise rotations on the outer lead body can be applied to further advance the lead. These maneuvers are repeated until a deep septal position is reached. A second method consists in extending the helix in advance and fixating the helix and inner coil to the outer lead coil. As the stylet-guide tool of this lead does not get over the proximal silicone seal of the lead, the tension created on the inner coil is not maintained. However, a custom-made fixation tool can be made from an IS-1 lead-end cap (20). First, the tip of an IS-1 lead end-cap is cut-off and the opened lead end-cap is slided over the proximal end of the pacing lead (beyond the proximal electrode). Secondly, with the stylet fully inserted in the lead, the stylet-guide tool is advanced onto the connector pin and around 15 rotations of the stylet-guide tool are applied to expose the helix and pretension the inner coil. Finally, without releasing the built-up tension, the lead-end cap is pulled back until the insertion tool is forced between the lead pin and the lead end cap. This technique allows to maintain the pretension on the inner coil and avoid helix retraction when clockwise rotations of the outer lead body of the Ingevity are applied (Figure 1.2A–D). With both approaches the stylet remains advanced to the tip of the pacing lead while screwing as this facilitates lead advancement into the septum.



Tendril 2088TC, Abbott

The Tendril 2088TC lead (Abbott, Inc., USA) is a 5.8 Fr SDL with an extended helix measuring 2 mm in length. The outer isolation of this lead consists of a polymer (OptimTM) made of silicone and polyurethane. This particular insulation has the potential to become damaged when subject to rotations applied on the outer lead body. Therefore, rotating the outer lead body of the Tendril is not recommended to obtain a deep septal position. However, the helix extension mechanism of this lead is protected from overturning and helix fracture has not been described, even with numerous rotations. With the helix extended, the Tendril pacing lead is positioned at the right side of the septum and unipolar pace mapping is performed. The Tendril pacing lead is advanced into the septal tissue by continuous clockwise rotation of the connector pin using the standard clip-on-tool delivered with the lead (Figure 1.3A,B). As the helix grips the septal tissue, continuous rotation of the lead pin will advance the helix and lead body further into the septum. The tapered transition between the helix and lead body facilitates the advancement of the Tendril lead in the septum. Often, 20–30 rotations on the lead pin are needed before the lead reaches the left side of the septum.




PRECAUTIONS AND POTENTIAL PITFALLS WHEN USING SDL FOR LBBAP

With the stylet inserted, SDL are stiffer than LLL and care must be taken not to perforate through the septum when implanting LBBAP leads. It is recommended to screw SDL in deep septal positions under fluoroscopic guidance and with continuous monitoring of the unipolar impedance and paced QRS. The lead implant depth can be assessed with contrast injection and based on the fluoroscopic landmarks of the pacing electrodes and interelectrode distance (Table 1). As the lead advances into the septum, the unipolar pacing impedance tends to rise initially but decrease by 50–100 ohms as it approaches the left sided septal border. If the impedance drops by more than 200 ohms during screwing, further lead advancement is not recommended as this indicates that the helix is at the edge of the left sided septum. Absolute values of unipolar pacing impedance depend on the type, length, and design of the SDL. As the Boston Scientific Ingevity lead is developed as a high impedance pacing lead, it demonstrates higher unipolar impedances than the Tendril or the Solia S leads. Therefore, we recommend using unipolar pacing impedance at the right side of the septum as an individual reference for impedance monitoring during screwing. Furthermore, unipolar pacing impedances measured from the stylet are reported to be comparable to unipolar pacing impedances measured from the lead pin (21).

A further potential pitfall of SDL is the risk of entanglement of the exposed helix in the right-sided subendocardial tissue. This so-called entanglement effect has previously been described in a cadaver model with LLL targeted to a deep septal position but can occur with any type of pacing lead (22). Entanglement of the helix occurs when the helix does not get grip on the septal tissue but instead becomes trapped in the septal subendocardial tissue. Prolonged rotation of the lead body without lead advancement into the septum, may eventually result in complete helix entrapment and difficulty in repositioning the lead (23). If entanglement is suspected, counter clockwise rotation and slight traction on the lead body while maintaining tension on the lead, usually untangles the lead.



DISCUSSION: THE USE OF SDL IN LBBAP AND FUTURE PERSPECTIVES

Reported experience with LBBAP using SDL is limited (11, 12). In a recent study, SDL- and LLL-LBBAP yielded similar implant success rates, procedural safety and pacing characteristics (11). Although larger studies are needed to confirm these results, SDL may offer advantages for LBBAP for several reasons. The thicker lead body of SDL together with the support of the stylet results in excellent torquability and stiffness when targeting deep septal positions with rotations applied on the outer lead body effectively transferred to the distal part of the lead and helix. Compared to LLL, unwanted twisting of the lead at the entry of the delivery sheath during implant is rarely observed. Furthermore, the larger lead body diameter of SDL also allows for an improved tissue grip when rotating the lead body. As such, and despite the larger lead body diameter, SDL are characterized by an easy penetration into the septum. Additionally, unipolar lead impedances can be monitored directly on the stylet of SDL, rather than through connection of the crocodile clamps on the lead pin (21). This approach avoids repetitive connection and disconnection of the clamps, limits less lead body rotations, and offers continuous unipolar pacing and reliable impedance monitoring during screwing. Another advantage with stylet-driven leads is that in the unfortunate event of post-operative lead dislodgment, the lead may be repositioned in a “conventional” right ventricular position without having to regain venous access. Disadvantages include the requirement for lead preparation and particular precautions to avoid unwinding of the helix during deep septal lead positioning for SDL leads with extendable helices. An additional drawback is that His bundle pacing is generally easier with lumen-less leads, and in case LBBAP with SDL does not give satisfactory results, HBP as backup might not be as easy with SDL. Although, the optimal lead design for LBBAP (and CSP in general) has not yet been determined, several of the features of current SDL may merit incorporation into future dedicated LBBAP lead designs.
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Supplementary Figure 1. (A) Currently available delivery sheaths for left bundle branch area pacing. Note that steerable/single curve sheaths are not represented here as the secondary curve appears critical to correctly position the sheath before lead implantation. (B) Different types of pacing leads used for left bundle branch area pacing.

Supplementary Movie 1. Preparation of the Solia S lead when used for LBBAP. The helix might be extended in advance. The green stylet-guide is connected to the lead pin and pressed against the silicone coating at the proximal portion of the lead. To pretension the lead, build up the torque on the inner coil is achieved by rotating the green stylet-guide tool 8–10 times clockwise.

Supplementary Movie 2. Screwing of the Solia S lead during LBBAP. The stylet is advanced to the pin of the pacing lead and fast rotations on the outer lead body are applied to achieve a deep septal position.

Supplementary Movie 3. Preparation of the Ingevity pacing lead when used for LBBAP. The helix is extended using the clip-on-tool. A lead end cap is cut and connected to the proximal pin of the pacing lead to avoid helix retraction. The stylet is inserted and kept advanced when screwing.
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Background: His-Purkinje system pacing (HPSP) combined with atrioventricular node ablation is an effective therapy for atrial fibrillation (AF) patients with heart failure (HF). However, atrioventricular node ablation has some limitations and disadvantages. HPSP combined with β -blockers reduces intrinsic heart rate and increases pacing proportion, which may be an alternative to HPSP combined with atrioventricular node ablation. This study was to assess the therapeutic effect of different HPSP proportion on AF patients with HF.

Methods: The study enrolled 30 consecutive persistent AF patients with HF who underwent HPSP. Heart rate was controlled by medical therapy. NYHA class, NT-proBNP, echocardiographic parameters were assessed at follow-up. MACE was defined as the composite endpoint of readmission for HF and cardiac mortality.

Results: The AUC of pacing proportion for predicting MACE was 0.830 (SE = 0.140, 95%CI:0.649–0.941, p = 0.018), the optimal cut-off point of pacing proportion to predict MACE by ROC analysis was 71% (sensitivity:83.3%, specificity: 91.7%). In high pacing proportion group (>71%), there were significant improvements of NYHA class, NT-proBNP, LVEF and LVEDD from the baseline in wide QRS complex (QRSd>120 ms) patients and HFrEF patients at half year follow-up, and there were significant improvements in NYHA class, NT-proBNP from baseline in narrow QRS complex (QRSd ≤ 120 ms) patients and HFpEF patients at half year follow-up, moderate but no significant improvements of LVEF and LVEDD were observed in these patients. In low pacing proportion group (≤ 71%), there were no significant improvements of NT-proBNP, LVEDD or LVEF regardless of baseline QRS duration or LVEF (p > 0.05).

Conclusion: High pacing proportion (>71%) of HPSP can improve clinical outcomes and echocardiographic parameters in persistent AF patients with wide QRS complex or HFrEF, and clinical outcomes in persistent AF patients with narrow QRS complex or HFpEF. High pacing proportion of HPSP has a beneficial effect on the prognosis of persistent AF patients with HF.
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INTRODUCTION

Atrial fibrillation (AF) is the most common arrhythmia in patients with heart failure (HF) (1, 2). AF and HF have similar risks and mechanisms (3) related to physiological processes that initiate and sustain each other (4). Current methods to control heart rate and rhythm in patients with AF include drug therapy, radiofrequency ablation (RFA) and cryoablation, but drug therapy is sometimes ineffective and may be accompanied by adverse reactions. Catheter ablation has a high recurrence rate of AF (5), especially the recurrence rate of persistent AF can reach up to 50% (6, 7). AF duration for more than 2 years and HF are identified as predictor for AF recurrence (6, 8). Therefore, the clinical treatment of AF with long duration and HF is still challenging.

2021 European Society of Cardiology (ESC) Guidelines on cardiac pacing and cardiac resynchronization therapy (CRT) proposed that CRT should be considered as a strategy for permanent AF patients with HF with left ventricular ejection fraction (LVEF) ≤ 35% and QRS≥130 ms (9), as for patients with LVEF>35% or QRS <130 ms not regarded as candidates for CRT. His-Purkinje system pacing (HPSP) including His bundle pacing (HBP) and left bundle branch pacing (LBBP) can restore physiologic activation of the ventricles and maintain ventricular synchrony via intrinsic conduction pathway (10). Arnold et al. indicated slowly conducted AF, CRT in patients with HF and bundle branch block (BBB) as potential indication for HPSP through assessing recent evidence and current practice (10). In 2000, Deshmukh et al. first performed HBP and atrioventricular node (AVN) ablation in patients with AF, dilated cardiomyopathy and HF with reduced ejection fraction (HFrEF), and improvement of left ventricle dimensions and cardiac function were observed (11). In 2017, Huang et al. implemented HBP and AVN ablation in AF patients complicated with HFrEF or HF with preserved ejection fraction (HFpEF), and observed improvement in symptoms and echocardiographic parameters (12). However, after AVN ablation, HBP threshold increased by 0.5–1.5V (13). AVN ablation artificially causes complete atrioventricular block and pacer-dependence, and physiology of HPSP is also different from intrinsic conduction system. Therefore, clinically physicians can prescribe β-blockers for patients with persistent AF and HF to inhibit AVN conduction function and reduce intrinsic heart rate, so as to achieve a high proportion of HPSP and the purpose of rate and rhythm control. However, there are few studies on this therapy. This study aimed to assess the therapeutic effect of different HPSP proportion on persistent AF patients with HF.



METHODS


Study Patients

Consecutive patients who met the inclusion criteria were enrolled between October 2017 and July 2020. The inclusion criteria were the following: (1) Persistent AF with bradycardia or long RR interval, or AF recurrence after RFA, or unsuitable for RFA; (2) HF in New York Heart Association (NYHA) class was referred to II-IV class; (3) Patients were at least 18 years old and not pregnant.

Patients with any of the following conditions were excluded: (1) Severe mitral or aortic valve stenosis or regurgitation; (2) Congenital heart disease requiring cardiac surgery; (3) Severe chronic obstructive pulmonary disease; (4) Chronic kidney disease requiring long-term dialysis. The study was approved by ethics committees of Shengjing Hospital of China Medical University, and written informed consent has been obtained from all patients.



Implantation Procedure

HBP: C315 fixed curve delivery sheath (Medtronic) was sent to the right atrium or right ventricle through guide wire via subclavian vein or axillary vein. The SelectSecure 3830 lead (Medtronic) was navigated into the vicinity of His bundle (HB) through delivery sheath. During the lead placement procedure, the 12-lead electrocardiogram (ECG) and electrogram (EGM) via pacing lead were monitored and recorded. After HB potential was identified, ECG were recorded continuously by high pressure pacing method with higher than native heart rate. Through synchronous ECG, we could determine whether HB was captured. After the ideal position was determined, the pacemaker lead was vertically screwed into interventricular septum (IVS) to maintain the stability of the sheath, and to penetrates the fibrous capsule of the His bundle. Pacing thresholds, sensed R-wave amplitudes and lead impedances were measured. The morphology of ECG at different output voltages was recorded. Thresholds of selective and non-selective HB capture were recorded. Non-selective His bundle pacing (NS-HBP) was the first choice in our center, and the acceptable threshold was ≤ 2 V/0.5 ms. If parameters of HBP were not acceptable, LBBP or ventricular backup pacing would be attempted. The lower rate for HBP was initially set at 70 bpm.

Selective His bundle pacing (S-HBP) criteria: (1) The paced QRS duration (QRSd) and morphology are both identical to intrinsic QRS complex; (2) The pacing stimulus to QRS complex onset interval (PV interval) is identical to His-QRS onset interval (HV interval); (3) The potential of HB can be determined by a narrow QRS at low output pacing and the presence of QRS broadening at high output pacing; (4) Pacing signal can be seen from the beginning of QRS complex.

NS-HBP criteria: (1) PV interval is less than or equal to HV interval; (2) The potential of HB can be identified, with QRS widening at low output pacing and narrowing at capture of HB; (3) A pseudo pre-excitation wave can be immediately after HBP stimulus (Figure 1).


[image: Figure 1]
FIGURE 1. Right anterior oblique fluoroscopic projections showing location of HBP lead and LBBP lead (A). Left anterior oblique fluoroscopic projections showing location of HBP lead and LBBP lead (B). Twelve-lead ECG and EGM from HBP leads of intrinsic rhythm and HV interval (C). Twelve-lead ECG and EGM from HBP leads of NS-HBP (D). Bedside twelve-lead ECG of intrinsic rhythm (E). Bedside twelve-lead ECG of NS-HBP (F). HBP, His bundle pacing; LBBP, left bundle branch pacing; ECG, electrocardiogram; EGM, electrogram; HV interval, His-QRS onset interval; NS-HBP, non-selective His bundle pacing.


LBBP: SelectSecure 3,830 lead (Medtronic) was delivered through C315 fixed curve delivery sheath (Medtronic). During the lead placement procedure, the 12-lead ECG and EGM were monitored and recorded. Under fluoroscopic imaging in the right anterior oblique view, HB potential was first identified and HB region was used as an anatomical landmark. Then the sheath and the pacing lead were moved by 1–2 cm more distally along the RV septal surface toward the RV apex, and the pacing lead was perpendicularly screwed into IVS until the pacing lead helix to the left side of IVS. LBBP presented an QRS pattern of right bundle branch block (RBBB), with reduced time interval between stimulation and peak left ventricular activation time (LVAT) in leads V5 and V6. The lower rate for HBP was initially set at 70 bpm.

LBBP criteria: (1) The morphology of pacing QRS complex are RBBB; (2) Left bundle branch (LBB) potential can be identified, but LBB potential prior to V wave can not be identified during left bundle branch block (LBBB); (3) LVAT is shortened, usually <80 ms (lead V5 or V6) (Figure 2).


[image: Figure 2]
FIGURE 2. Right anterior oblique fluoroscopic projections showing location of LBBP lead and defibrillation lead (A). Left anterior oblique fluoroscopic projections showing location of LBBP lead and defibrillation lead (B). Twelve-lead ECG and EGM from LBBP leads of intrinsic rhythm (C). Twelve-lead ECG and EGM from LBBP leads of LBBP and LVAT (D). Bedside twelve-lead ECG of intrinsic rhythm (E). Bedside twelve-lead ECG of LBBP (F). LBBP, left bundle branch pacing; ECG, electrocardiogram; EGM, electrogram; LVAT, peak left ventricular activation time.




Follow Up

Patients were followed in clinic at 1, 3, and 6 months. Pacing thresholds, sensed R-wave amplitudes, lead impedances and percentages of ventricular pacing were recorded at each visit. Routine ECG examination, N-terminal pro-brain natriuretic peptide (NT-proBNP) test were performed, and echocardiographic indices including left ventricular end diastolic dimension (LVEDD) and LVEF were measured during follow-up. At each follow-up visit, the dosage of β-blockers was adjusted according to pacing ratio, and the ventricular rate was controlled <60–80 beats/min as far as possible. The pacing rate was programmed to 60–80 beats/min. If necessary, the pacing rate set by the program could be increased to fulfill higher pacing ratio. After pacemaker was implanted, patients who were readmitted for HF or cardiac mortality would be recorded by phone, and the date of event would be recorded. Major adverse cardiovascular events (MACE) were defined as the composite endpoint of readmission for HF and cardiac mortality.



Statistical Analyses

Continuous variables were expressed as mean ± standard deviation (SD) in normal distribution and median ± interquartile in non-normal distribution. Categorical variables were presented as number of patients (%). Receiver operating characteristic (ROC) analysis was performed to determine the optimal cut-off point of pacing proportion to predict MACE, and area under curve (AUC) was calculated as a measure of test accuracy. The independent sample T test was used for normal distribution continuous variables to compare the baseline characteristics between high pacing proportion (HPP) and low pacing proportion (LPP), Mann Whitney U test was used for non-normal distribution continuous variables, and Pearson Chi-square test was used for category variables. Paired T tests were performed to compare the differences between the baseline time and half year follow-up time. MACE rate curves were constructed using the Kaplan-Meier method stratified by HPP and LPP, and were compared by log rank tests. All data management and statistical analyses were carried out using the SPSS version 24.0. All statistical tests were two-tailed, and P < 0.05 was considered to be statistically significant.




RESULTS


Implantation Results, Device Electrical Parameters and Patient Characteristics

In all 37 enrolled patients, HPSP were attempted (Figure 3). Failure of HPSP occurred in 5 of these patients (13.5%). HPSP was achieved in the remaining 32 patients (86.5%). Two patients did not achieve permanent HPSP due to thresholds rising (5.4%). Of the 30 patients with HPSP, 17 patients attempted permanent HBP (6 with S-HBP and 11 with NS-HBP), and 13 patients attempted LBBP. HPSP was performed in 13 patients with single-chamber pacemakers, 11 patients with dual-chamber pacemakers, 5 patients with dual-chamber implanted defibrillators, and 1 patient with CRT pacemakers.


[image: Figure 3]
FIGURE 3. Schematic summary of study and patient flow. HPSP, His-Purkinje system pacing; HBP, His bundle pacing; LBBP, left bundle branch pacing.


HBP threshold, sensed R-wave amplitude, lead impedance at time of implant was 1.29 ± 0.47 V, 7.14 ± 4.13 mV, 357.5 ± 25.6 Ω, respectively. HBP threshold, sensed R-wave amplitude, lead impedance at time of half year follow-up was 1.52 ± 0.82 V, 7.29 ± 4.21 mV, 362.1 ± 45.7 Ω, respectively. LBBP threshold, sensed R-wave amplitude, lead impedance at time of implant was 0.88 ± 0.227 V, 16.19 ± 4.00 mV, 608.3 ± 69.9 Ω, respectively. LBBP threshold, sensed R-wave amplitude, lead impedance at time of half year follow-up was 0.78 ± 0.28 V, 17.25 ± 3.78 mV, 574.3 ± 77.2 Ω, respectively.

LBBB was present in 10 patients. RBBB was present in 5 patients. The native QRSd of 30 patients was 121.4 ± 29.5 ms, and the pacing QRSd was shortened to 111.8 ± 15.9 ms.

The follow-up period was 15.1 ± 9.4 months. The median follow-up period was 12.0 months. During the follow-up period, 2 patients were readmitted to hospital due to HF and 4 patients died of cardiac origin. Figure 4 shows the predictive ability of pacing proportion for MACE by ROC analysis. The AUC of pacing proportion for predicting MACE was 0.830 (SE = 0.140, 95% confidence interval (CI):0.649–0.941, p = 0.018), indicating that pacing proportion had a significant predictive value for the prognosis of AF patients with HF. ROC analysis showed that the optimal threshold for pacing proportion to predict MACE was 71% (sensitivity:83.3%, specificity: 91.7%).


[image: Figure 4]
FIGURE 4. ROC analysis of pacing proportion for prediction of MACE. MACE: composite endpoint of readmission for HF and cardiac mortality; ROC, receiver operating characteristic; MACE, major adverse cardiovascular events. HF, heart failure.




Baseline Characteristics of Patients Under High and Low Pacing Proportion

HPP was defined as pacing proportion>71% (n = 23), LPP was defined as pacing proportion ≤ 71% (n = 7). Detailed baseline characteristics of patients were summarized in Table 1. Characteristics of patients such as gender, age, systolic blood pressure, heart rate, hypertension, diabetes, coronary heart disease, percutaneous coronary intervention (PCI) history, smoking, hemoglobin, albumin, creatinine, NT-proBNP, native QRSd, LVEF, HBP were comparable between HPP group and LPP group (all p > 0.05). The dosages of β-blockers in HPP group were significantly lower than those in LPP group (p = 0.018).


Table 1. Baseline clinical characteristics of patients under high and low pacing proportion.

[image: Table 1]



Clinical Outcomes and Echocardiographic Changes of Patients Under High and Low Pacing Proportion

After half year of HPSP, there were significant overall improvements in NYHA class, NT-proBNP and LVEF in HPP group at half-year follow-up from the baseline. There were no significant changes of NT-proBNP, LVEF and LVEDD in LPP group at half-year follow-up from the baseline (Table 2).


Table 2. Clinical outcomes and echocardiographic changes of patients under high and low pacing proportion.

[image: Table 2]



Subgroup Analysis of Different QRSd and LVEF Patients for Clinical Outcomes and Echocardiographic Changes

All patients were divided into two subgroups based on QRSd: wide QRS complex group with QRS>120 ms (n = 15) and narrow QRS complex group with QRS ≤ 120 ms (n = 15); and they were also divided into two subgroups based on LVEF: the HFpEF group with LVEF ≥40% (n = 18) and HFrEF group with LVEF <40% (n = 12).

In condition of HPP (>71%), NT-proBNP was reduced to 1,085 ± 2,074 ng/L after half year of HPSP from the baseline 2,757 ± 2,835 ng/L in patients of QRS>120 ms (p = 0.010), and to 1,219 ± 1,032 ng/L from baseline 2,930 ± 2,897 ng/L in the patients of QRS ≤ 120 ms (p = 0.032). NYHA class was improved to 1.6 ± 0.9 after half year of HPSP from the baseline 3.2 ± 0.8 in patients of QRS>120 ms (p < 0.001), and to 1.6 ± 0.5 after HPSP from the baseline 3.0 ± 0.7 in patients of QRS ≤ 120 ms (p < 0.001). NT-proBNP was reduced to 1,744 ± 2,472 ng/L after half year of HPSP from the baseline 4,205 ± 4,044 ng/L in HFrEF patients (p = 0.032), and to 840 ± 747 ng/L from baseline 2,123 ± 1,598 ng/L in the HFpEF patients (p = 0.010). NYHA class was improved to 1.9 ± 1.0 after half year of HPSP from the baseline 3.5 ± 0.8 in HFrEF patients (p = 0.003) and to 1.4 ± 0.5 after HPSP from the baseline 2.8 ± 0.6 in HFpEF patients (p < 0.001).

In condition of LPP ( ≤ 71%), after half year of HPSP, there were no significant changes of NT-proBNP and NYHA class in patients of QRS>120 ms (2.259 ± 2,107 ng/L, vs. baseline 2,760 ± 1634 ng/L, p = 0.529; 2.8 ± 1.1, vs. baseline 3.6 ± 0.5, p = 0.099), and QRS ≤ 120 ms (2,709 ± 2,331 ng/L, vs. baseline 5,320 ± 4,267 ng/L, p = 0.359; 2.0 ± 0.0, vs. baseline 3.0 ± 0.0, p = 0.225). After half year of HPSP, there were no significant changes of NT-proBNP and NYHA class in HFrEF patients (2,870 ± 2,107 ng/L, vs. baseline 5,111 ± 3,399 ng/L, p = 0.306; 3.0 ± 0.8, vs. baseline 3.8 ± 0.5, p = 0.058)and HFpEF patients (1,985 ± 2,174 ng/L, vs. baseline 2,329 ± 1,756 ng/L, p = 0.363; 2.0 ± 1.2, vs. baseline 3.0 ± 0.0, p = 0.182).

Echocardiographic changes of HPP and LPP patients with different QRSd and LVEF were summarized in Figure 5. Compared with baseline echocardiographic parameters, LVEF significantly increased while LVEDD decreased in HFrEF and wide QRS complex (QRS>120 ms) patients when pacing proportion>71%. However, moderate but no significant improvements of LVEF and LVEDD were observed in HFpEF and narrow QRS complex (QRS ≤ 120 ms) patients. In condition of pacing proportion ≤ 71%, HFrEF and HFpEF patients showed no significant change in LVEF and LVEDD after half year of HPSP treatment regardless of QRSd (Figure 5).


[image: Figure 5]
FIGURE 5. LVEF changes of patients with wide QRS complex and narrow QRS complex under HPP and LPP (A). LVEDD changes of patients with wide QRS complex and narrow QRS complex under HPP and LPP (B). LVEF changes of patients with HFpEF and HFrEF under HPP and LPP (C). LVEDD changes of patients with HFpEF and HFrEF under HPP and LPP (D). HPP, high pacing proportion; LPP, low pacing proportion; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end diastolic dimension; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction.




Kaplan-Meier Curves Analysis for MACE Under High and Low Proportion

Kaplan-Meier survival curves analysis were performed for MACE in all patients under different pacing proportion. It showed that patients in LPP had significantly higher MACE rate than patients in HPP (Log Rank test, p < 0.001; Figure 6).


[image: Figure 6]
FIGURE 6. Kaplan–Meier estimate for MACE of HPP and LPP. MACE: composite endpoint of readmission for HF and cardiac mortality. MACE, major adverse cardiovascular events; HPP, high pacing proportion; LPP, low pacing proportion.





DISCUSSION

Ventricular rhythm is irregular in AF with or without rapid ventricular rate. Fast ventricular rate has an acknowledged deleterious impact upon left ventricular systolic function (14, 15), and ventricular irregular rhythm itself also has adverse effects on left ventricular systolic function (4). Therefore, the treatment of AF should focus on rate control and rhythm control. HPSP combined with AVN ablation can not only achieve rate control and rhythm control, but also utilize the complete His-Purkinje pathway, which is beneficial to synchronous ventricular activation (16). If AF is complicated with BBB and wide QRS complex, whether LBBB or RBBB pattern, HPSP can overcome ventricular systolic asynchrony and improve cardiac function by correcting conduction block (17, 18). In patients with AF without AVN ablation,β-blockers can inhibit AVN conduction function and reduce intrinsic heart rate to achieve high proportion of HPSP and fulfill the purpose of rate control and rhythm control.

In this study, we found that higher pacing proportion of HPSP could significantly improve the clinical outcomes and echocardiographic results of AF patients complicated with HF. The clinical characteristics such as age, gender, co-morbidities, hepatic and renal function, cardiac function in HPP patients were similar to those in LPP. Therefore, the discrepancy of therapeutic effect between HPP and LPP could be attributed to pacing proportion itself. Nabeta et al. demonstrated that increasing the dose of β-blockers was an independent factor to improve the prognosis of HF patients treated with CRT (19). In our study, β-blockers dosage (59.9 ± 52.1 mg daily) (medication duration 5.04 ± 1.19 months) in HPP was significantly lower than that (120.6 ± 68.5 mg daily) (medication duration 4.71 ± 1.25 months) in LPP (p = 0.018), indicating that the clinical benefits of patients in HPP were further ascribed to the higher pacing proportion.

Boczar et al. showed that improvements in HF symptoms using NYHA classification based on severity, reduction of LVEDD, improvement of LVEF, were observed CRT in wide QRS complex (159.2 ± 28.6 ms) patients with AF and HF by implanting HB lead (17). In this study, HBP achieved an average pacing percentage of 97% through the optimization of medical therapy and appropriate device programming (17). Hayes et al. observed the proportion of biventricular pacing (BVP) > 98% could significantly reduce mortality rate (20). Jacobsson et al. also demonstrated that AF was associated with poor prognosis in patients with CRT, due to AF resulting in a decrease in the proportion of BVP. The proportion of BVP ≤ 98% was an independent risk factor for poor prognosis in patients with CRT (21). Our study found that the effect could be observed when the proportion of HPSP was more than 71% in wide QRS complex AF patients with HF. The relatively low pacing ratio of HPSP to achieve therapeutic effect seemly presented its potential advantages over BVP. Furthermore, Arnold et al. demonstrated BVP still produced a non-physiological activation pattern (22), indicating the physiology of BVP inferior to that of HPSP, and Arnold et al. also found that HBP could provide better ventricular resynchronization and hemodynamic feedback than BVP (22). The study above gave us the plausibility of HPSP superior to BVP for HF complicated with AF. However, in 2019, a pilot head-to-head study comparing HBP with BVP demonstrated that HBP produced greater QRSd reduction than BVP, but no significant improvements in echocardiographic parameters as compared with BVP (23). In this first randomized controlled trials (RCT), high rate of crossover from HBP to BVP compromised the assessment of HBP efficacy, and half crossover exhibited non-specific intraventricular conduction delay which cannot be corrected by HBP, thus efficacy of HBP was offset. The discrepancy of pacing proportion in our study might be caused by not only pacing modes, but also the difference of native QRSd in study population. QRSd of the wide QRS complex patients in our study was 146.1 ± 18.9 ms, thus the degree of ventricular activation asynchrony was lower than that of the patients with CRT implantation (17, 21). The detrimental impact of native activation on ventricular remodeling was relatively low, suggesting a relatively low pacing proportion needed to achieve clinical benefits. On the basis of the above reasons, it is preliminarily explained the relatively low pacing proportion sufficient to improve the clinical condition compared with previous studies. Previous studies on paroxysmal AF complicated with HF revealed that the longer the sinus rhythm (SR) time (≥61%) was maintained, the more significant the improvement of life quality, 6-min walk test and NYHA classification were observed (24). For persistent AF patients with HPSP, ventricular activation sequence and rhythm are similar to those of SR. However, considering AF has not been corrected, the atrium loses contraction function and impairs 20% of cardiac output compared with SR in patients with paroxysmal AF (25). Therefore, SR time >61% was enough to achieve the purpose of treatment. Furthermore, QRSd of the patients included in this study was 114 ± 30 ms (24), ventricular synchronization was even better than that of our study (QRSd = 121.4 ± 29.5 ms). As for HPSP application for persistent AF patients with HF, the analysis above gives a tendency that when the native QRSd is greater than pacing QRSd, the longer the native QRSd is, the higher pacing proportion of resynchronization therapy is needed to achieve clinical benefits. There could be a lower limit for the pacing proportion required for the effective treatment, but the establishment of the lower limit still needs further exploration.

In narrow QRS complex (<120 ms) persistent AF patients with HF, regular paced ventricular rhythm by HPSP was a primary hemodynamic benefit due to the absence of BBB (26). Our study found that there were significant improvement of NYHA class and NT-proBNP when HPP was applied, but no significant improvements were observed in echocardiographic measurements. Deshmukh et al. performed AVN ablation and HBP in patients with narrow QRS complex (<120 ms) AF and dilated cardiomyopathy, which showed the improvement of LVEDD and LVEF (11). Huang et al. implemented AVN ablation and HBP for patients with narrow QRS complex (107.1 ± 25.8 ms) AF and HF, and the echocardiographic parameters were also improved (12). Compared with the results of previous studies, the difference in the improvement of echocardiography in our study was related to the fact that our subjects did not undergo AVN ablation, and the pacing proportion was <100%. Therefore, AVN ablation was recommended for these patients to increase the pacing proportion to 100%, in order to further improve the therapeutic effect.

Our study found that HPSP proportion had a good predictive ability for MACE in persistent AF patients with HF (AUC = 0.830). The optimal cut-off point of pacing proportion related to prognosis was 71% during the follow-up period of 15.1 ± 9.4 months. Patients with QRSd > 120 ms or HFrEF in HPP group could showed significant improvement in clinical outcomes and echocardiographic results within 6 months after HPSP, which were similar to the results of Huang et al. (12). However, unlike previous studies (12), patients with QRSd ≤ 120 ms or HFpEF in HPP group showed modest, but no significant improvement in echocardiographic results. The discrepancy perhaps resulted from not only the absence of AVN ablation and pacing proportion being <100%, but also follow-up time of 6 months significantly shorter than follow-up time of 21.1 ± 9.3 months of Huang et al. (12). Although there is no clinical evidence of HPSP superior to BVP for patients with HF, 23 patients (76.7%) with LVEF>35% or QRS <130 ms in our study are not candidates for BVP according to 2021 ESC guidelines (9), and results of our study indicate the potential of HPSP in patients with HF who are not eligible for BVP, the potential as an alternative strategy to CRT (27), and the promising future for AF patients with HF.

Our study has some limitations that should be mentioned. This was a retrospective, observational single center study with a small patient population. We expected to perform a large-scale multicenter prospective clinical trial in the future. Furthermore, this study belonged to the self-control study and lacked a control group, so the differences in therapeutic effects of the HPSP group, internal medicine treatment group and catheter ablation group could not be obtained. Randomized controlled trials are expected to be conducted in the future to compare the differences in therapeutic effects of each treatment method. In this study, patients with pacing proportion >71% achieved significant clinical benefits. However, given the limited size of the study population and unevenly distributed pacing proportion, the pacing proportion amounting to 71% could only indicate that the higher the pacing proportion, the greater the clinical benefit. And it could not be interpreted as the lower limit of pacing proportion to achieve effective therapeutic effect. Large-scale observations are necessary to establish a lower limit for pacing proportion.
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Left bundle branch pacing (LBBP) is a physiological pacing technique that captures the left bundle branch (LBB) directly, causing the left ventricle (LV) to be excited earlier than the right ventricle (RV), resulting in a “iatrogenic” right bundle branch block (RBBB) pacing pattern. Several studies have recently shown that permanent LBBP can completely or partially narrow the wide QRS duration of the intrinsic RBBB in most patients with bradycardia, although the mechanisms by which this occurs has not been thoroughly investigated. This article presents a review of the LBBP in patients with intrinsic RBBB mentioned in current case reports and clinical studies, discussing the technique, possible mechanisms, future clinical explorations, and the feasibility of eliminating the interventricular dyssynchronization accompanied with LBBP.
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INTRODUCTION

For decades, right ventricular pacing (RVP) has been the standard treatment for patients with symptomatic bradyarrhythmia caused by sinus node dysfunction or atrioventricular conduction disease. RVP, however, has been established to cause electrical and mechanical dyssynchronization, which increases the risk of cardiac dysfunction, heart failure hospitalization, atrial fibrillation, and a higher mortality rate (1–3). Therefore, His bundle pacing (HBP), a physiologic pacing strategy, has been developed. Multiple observational studies have demonstrated the feasibility and therapeutic advantages of HBP in maintaining cardiac synchrony (4–9). However, the clinical applicability of HBP is restricted due to its high pacing threshold, low sensing amplitude, and technically challenging of implantation (6, 10, 11).

Left bundle branch pacing (LBBP) is a novel physiological pacing technique in which a Select Secure lead (Model 3830 69 cm, Medtronic Inc., Minneapolis, MN, United States) delivered through the Select Site preshaped sheath (C315HIS, Medtronic Inc., Minneapolis, MN, United States) is deeply rotated via a transventricular septal approach to capture the left bundle branch (LBB), including the trunk and its proximal branches. When compared to HBP, LBBP has been shown to be effective, feasible, and safe for correcting LBB block and maintaining physiological left ventricle (LV) activation, with a greater success rate and more stable lead parameters (12–16). But little is known about LBBP in patients with intrinsic right bundle branch block (RBBB) who have pacemaker indications.



LEFT BUNDLE BRANCH PACING TECHNIQUE AND ECG FEATURES

The presence of a paced RBBB pattern is a required but insufficient criterion for confirmation of LBB capture with a sensitivity of 100% (17). When the lead is advancing from the right ventricular septum to the left, the morphology of paced QRS complex changes dynamically, as seen by the W-shaped notch at the nadir of the QRS complex in lead V1 gradually moving to the end of that and eventually presenting a pseudo-RBBB pattern (13, 14). This is because LBBP can directly capture the LBB, causing the excitation of the left ventricular lateral wall to be to accelerated while the excitation of the right ventricle (RV) to be delayed (17–20). LBBP can be divided into two types: selective LBBP (SLBBP), which involves only LBB capture, and non-selective LBBP (NSLBBP), which involves LBB and surrounding myocardium capture. At a low output, SLBBP is achieved, with a typical paced RBBB morphology (QRS duration > 0.12 s, rSR’ pattern in leads V1 and V2, wide and slurred S wave in leads V6 and I). At a high pacing output, NSLBBP is achieved, with an atypical paced RBBB morphology (QR pattern and narrow R without a distinct notch in lead V1, narrow and small S wave without a notch in leads V6 and I) (17, 21).



LEFT BUNDLE BRANCH PACING IN RIGHT BUNDLE BRANCH BLOCK PATIENTS

Although the excitation sequence of LBBP in RBBB patients is comparable to that of the original, the morphology of paced RBBB differs dramatically from that of intrinsic RBBB. Gao et al. (19) compared the ECG characteristics of LBBP to those of intrinsic RBBB, and discovered that the majority of the QRS morphology in lead V1 of LBBP showed a Qr pattern, whereas the majority of intrinsic RBBB showed a rsR’ pattern. Furthermore, they described an RBBB patient who completed SLBBP with the same terminal R’ wave duration of 76 ms as the intrinsic, but which reduced to 58 ms as output increased, suggesting that NSLBBP could compensate for RV delay by capturing a portion of cardiomyocytes, which is consistent with the findings of the other studies (22, 23). According to Li et al. (15), 8 atrioventricular block (AVB) patients with RBBB completed LBBP, with five RBBB corrected successfully by bipolar LBBP at a low output or unipolar pacing at relatively high output. Several other studies have also suggested that LBBP might be a viable choice to correct the RBBB (24, 25). Lin et al. (26) employed unipolar LBBP to shorten the RBBB duration from 137.7 ± 19.2 ms to 118.7 ± 6.7 ms, and bipolar LBBP to shorten the RBBB duration even further to 105.0 ± 5.0 ms, eliminating interventricular conduction delay. Previous studies have also shown that LBBP can shorten the QRS duration of intrinsic RBBB by about 30ms (27), as summarized in Table 1. In the following article, we present two cases of LBBP shortening RBBB and not shortening RBBB (Figures 1A,D), and the sheath angiography of the first case (Figure 1B). We will focus on the potential mechanisms underlying paced QRS narrowing during LBBP in RBBB patients (Figure 1C), including the anatomy and electrophysiology of the His-Purkinje system, classical and possible alternative understandings of longitudinal dissociation and transverse interconnection, output dependence of transition from SLBBP to NSLBBP, components captured of unipolar tip pacing configuration (UTP) and bipolar tip pacing configuration (BTP).


TABLE 1. Summary of studies demonstrating paced QRS narrowing during LBBP in RBBB.
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FIGURE 1. (A) The QRS morphologies of intrinsic right bundle branch block (RBBB) under different pacing configurations of left bundle branch pacing (LBBP) at speed of 50 mm/s. QRS duration is shortened from intrinsic 148–122 ms at low output unipolar LBBP, and is further shortened to 102 ms at high output. The paced QRS morphology does not change significantly in unipolar pacing with low or high outputs, both presented a Qr pattern in lead V1. At low output bipolar LBBP, the paced QRS duration is 123 ms, which was similar to the performance at low output unipolar LBBP. However, at high output bipolar LBBP, the paced QRS duration is shortened to 84ms, and the paced QRS morphology changes significantly, showing that the r’ wave at the end of the QRS in lead V1 disappeared, suggesting the RV delay was compensated. (B) Sheath angiography of 3830 lead after LBBP completion. (C1–C6) Schematic diagram of different pacing modes of LBBP performed on RBBB. (C1–C3) Low output unipolar LBBP only captures the left bundle branch (LBB) and a small portion of the surrounding myocardium to partially shorten the RBBB. High-output unipolar LBBP captures LBB and more surrounding myocardium, further shortening RBBB, and may even overcome the resistivity of fibrous sheaths of longitudinal dissociation to completely correct RBBB. (C4) High output bipolar LBBP captures both LBB and RBB to completely correct RBBB. (C5,C6) When conduction delay occurs at the terminal branch of the RBB, neither the unipolar nor bipolar LBBP can bypass the blockage. (D) A case with no significant changes in QRS morphology and duration of RBBB under different LBBP modes, suggesting that RBB distal block might be involved.




ANATOMY AND ELECTROPHYSIOLOGY OF HIS-PURKINJE SYSTEM

The His-Purkinje system is composed predominantly of longitudinally oriented Purkinje cells, which have a conduction velocity of 2.3 m/s and are specialized for rapid conduction, whereas the ventricular muscle is composed of working myocardial cells with typical intercalated discs and has a conduction velocity is only 0.75 m/s (28, 29). His bundle travels within the inferior margin of the membranous septum before dividing into the LBB and right bundle branch (RBB) at the subjacent left side of the crest of the muscular interventricular septum (30).

The LBB is a broad ribbon-like structure that emerges beneath the endocardium of the non-coronary cusp of the aortic valve and divides into a thin left anterior fascicle (LAF) and a broad left posterior fascicle (LPF) (29, 31, 32). The ribbon-like structure and rich interfascicular connections of LBB provide an anatomical foundation for the LBBP. The RBB is a cord-like structure that most commonly originates at an obtuse angle from the His bundle (HB) or merges as a continuation of a rightward HB (29, 30, 33). Because of its slender anatomical structure and blood supply only from the right coronary artery, the RBB is prone to injury.

Longitudinal dissociation theory, that is, LBB and RBB were predominantly separated longitudinally inside the HB by collagen sheaths (29, 34), but only at a distance of less than 2-3 mm (35). The existence of transverse interconnection in the HB and the proximal bundle branches was proven by Lazzara et al. (36), and the existence of transverse interconnection in RBB was undisputed. RBBB narrowing by LBBP may be transversally propagated from LBB to RBB by stimulation bypassing the blocking site. However, the transverse velocity of the bundle branches is significantly lower than longitudinal velocity (36), it is not clear whether the lateral capture of RBB can compensate for the excitation delay of RV caused by intrinsic RBBB. Besides, if transverse interconnection coexists alongside longitudinal dissociation, LBBP should not take an RBBB pattern when the right conduction system is normal, yet this is not the case.



OUTPUT DEPENDENCE OF TRANSITION FROM SLBBP TO NSLBBP

SLBBP is characterized by the isoelectric interval between the pacing artifact and the V wave in the intracardiac electrocardiogram, which indicates that only left conduction system is captured, resulting a typical RBBB pattern (17, 21). In patients with complete RBBB, the terminal R’ duration in lead V1 after SLBBP was consistent with the original, indicating that SLBBP could only accelerate LV excitation (19). SLBBP transforms into NSLBBP as output increases, capturing LBB and surrounding myocardium, presenting an atypical RBBB pattern, and shortening QRS duration (17). The terminal R’ duration of intrinsic RBBB in lead V1 similarly decreased as the output increased (19). However, the stimulus to left ventricular peak activation time (Stim-LVAT) remains constant and short in both SLBBP and NSLBBP regardless of output.

Li et al. (23) believed that low-output LBBP might capture LBB and surrounding myocardium, resulting in an incomplete RBBB pattern due to the delayed conduction of excitation to the distal RBB. High-output stimulation, on the other hand, was able to capture LBB, surrounding myocardium and RBB, shortening the RBBB QRS duration even further (15) (Figures 1A,C1–C3). While the emphasis remained on longitudinal dissociation theory and the necessity for high pacing output to overcome the resistivity of the fibrous sheath encasing the RBB within the HB. Finally, it is possible that, when the output increases, LBBP can capture more myocardium around LBB and partially compensate for the RV excitation delay caused by RBBB, thereby shortening the paced QRS duration, and even capturing RBB beyond the conduction block to completely correct RBBB.



UNIPOLAR TIP PACING AND BIPOLAR TIP PACING CONFIGURATION

The paced QRS complex with BTP is differs from that with UTP, probably due to anodal capture during bipolar pacing (37). RV anodal capture is observed during cardiac resynchronization therapy treatment using an LV tip-RV ring pacing mode. The high output RV ring anodal capture necessary to stimulate the myocardium might induce depolarization and hyperpolarization regions around the RV ring, that is, virtual electrode polarization effect (38), which can improve cardiac contractility and accelerate conduction velocity (39).

Shimeno et al. (18) observed that the mean threshold of anodal capture in NSLBBP was 4.9 ± 1.2V @ 0.4ms, and that the paced QRS duration was significantly shorter than that without anodal capture (121 ± 9 ms vs. 135 ± 8 ms). Similarly, the average threshold for simultaneous capture of LBB and RBB in cathode tip and anode ring bipolar pacing mode in Lin et al. ’s study was 2.7 V @ 0.5 ms (26). LBBP with BTP configuration might also narrow the intrinsic RBBB duration (15, 23). This could be due to anodal capture, in which the anode ring penetrated the right side of the septum in a BTP configuration, allowing LBBP to stimulate the left and right septal myocardium as well as left conduction system simultaneously, partially compensating for the RV excitation delay caused by intrinsic RBBB (Figures 1A,C4). However, the output required to correct RBBB by anodal capture has not been reported, necessitating further study.



THE BLOCKAGE SITE OF THE RBB AND THE LEAD TIP SITE OF THE LBBP

The location of RBBB is quite crucial. The existence of two types of RBBB has been confirmed: proximal RBBB, in which conduction interruption occurs at the main right branch of HB, and distal RBBB, in which conduction delay occurs at the terminal part of the RBB (40). According to the longitudinal dissociation theory, a high percentage of RBBB may be in the main right branch of HB (29, 34). However, pacing at the LBB trunk, LAF, and LPF resulted in similar intraventricular and interventricular electrical synchrony, suggesting that the lead tip site of LBBP may not be so important (41). The blockade point in proximal RBBB is above the pacing site of LBBP. Stimulation of LBBP can bypass the blockage to capture RBB by the transverse interconnection between LBB and RBB or anodal capture of anode ring. However, it may be difficult for LBBP to capture RBB in the case of distal RBBB (Figures 1C5,C6,D), since it has been observed that RBB was injured at anatomic bifurcation could not be corrected by LBBP regardless of the pacing output (23, 42).



DISCUSSION

The precise mechanisms underlying the paced QRS narrowing during LBBP in RBBB patients remain unclear and are likely multifactorial. The possible mechanism is that high output unipolar pacing overcomes the resistivity of fibrous sheaths of longitudinal dissociation and captures RBB by bypassing the blockage through transverse interconnection, or excites a part of the right septal myocardium by anodal capture of bipolar pacing to compensate for RV delay under the prerequisite that pacing lead of LBBP is placed beyond the block site of RBBB.

RBBB is the electrocardiographic reflection of RV excitation delay caused by RBB sclerosis, fibrosis, or necrosis, and it is associated with an elevated risk of all-cause mortality in patients with cardiac and pulmonary disease. The intrinsic RBBB may be corrected with traditional RVP by adjusting the atrioventricular interval to achieve optimal fusion with the intact LBB, maintaining the physiological LV excitation while correcting the delayed RV excitation. However, many RBBB patients who require a pacemaker may develop complete AVB that is unable to achieve fusion and necessitates 100% RVP. Furthermore, during exercise, atrioventricular conduction may shorten, reducing optimal fusion to some extent. HBP has been reported as a viable alternative for cardiac resynchronization therapy in RBBB patients with advanced heart failure, reduced LV ejection fraction and wide QRS duration (7–9). However, its development has been limited by unsatisfactory electrical parameters and a low success rate. LBBP directly captures LBB to accelerate left ventricular lateral wall excitation to achieve LV synchronization similar to HBP, but to increase interventricular dyssynchronization to result in “iatrogenic” RBBB (16, 20), the long-term outcome of this accompanying effect is unclear. In some pacing configurations, such as high output UTP or BTP, LBBP can partially or even completely correct intrinsic RBBB. In addition, the combination of LBBP and RVP can to achieve interventricular synchronization with proper biventricular pacing interval. In RBBB patients with high pacing percentage is expected, such as high-degree AVB, more physiological LBBP should be considered. This has sparked interest in whether LBBP can eliminate accompanying RBBB, and even whether LBBP can be an effective pacing therapy for RBBB patients with pacing indications to achieve more homogenous and physiologic interventricular synchronization rather than only intraventricular synchronization. It also makes sense to optimize the structure of pacing leads, such as adjusting the interelectrode distance so that the anode ring may be implanted more readily into the RBB region.
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Aims: The present study aimed to compare the effects of left bundle branch area pacing (LBBAP) on cardiac function and clinical outcomes in patients with left bundle branch block (LBBB) and left ventricular ejection fraction (LVEF) >35 vs. ≤35%.

Methods and Results: Thirty-six consecutive patients with LBBB and LVEF <50% were enrolled. All patients were followed up for a mean of 6 months. The successful LBBAP was defined as a paced QRS complex presented as right bundle branch block (RBBB) morphology and QRSd < 130 ms. Echocardiography parameters, pacing parameters and clinical outcomes were collected. The successful LBBAP was achieved in 77.8% of all cases (28/36). In LVEF > 35% group (70 ± 8 years, 9 male), the success rate was 81.0% (17/21). QRSd significantly decreased from 174 ± 23 ms to 108 ± 13 ms (P < 0.001). The pacing threshold and R-wave amplitude were 0.6 ± 0.2 V @ 0.5 ms and 12 ± 7 mV, respectively. In LVEF ≤ 35% group (69 ± 5 years, 9 male), the success rate was 73.3% (11/15) with QRSd decreasing from 188 ± 25 ms to 107 ± 11 ms (P < 0.001). The hyperresponders to LBBAP (functional recovery and LVEF ≥ 50%) in LVEF > 35% group was 52.9%, which were almost twice of that in LVEF ≤ 35% group (33.3%). Whether patients had LBBAP or left ventricular septal pacing (LVSP), patients in the LVEF > 35% group showed significantly lower incidence of heart failure hospitalizations or death from any cause (hazard ratio in LVEF > 35% group, 0.22; 95%CI, 0.06 to 0.75, P = 0.011).

Conclusions: LBBAP can significantly shorten the QRSd and improve cardiac function in LBBB patients with either LVEF > 35 or ≤ 35%. LBBAP should be considered as an effective therapy for preventing the deterioration of cardiac function in early-stage heart failure patients with LBBB and LVEF > 35%.

Keywords: left bundle branch block, left bundle branch area pacing, cardiac resynchronization therapy, QRS duration, heart failure


INTRODUCTION

It is well established that left bundle branch block (LBBB) has bad effect on left ventricular (LV) function independent of coexisting heart disease. The electromechanical dyssynchrony of the ventricular contractions can contribute to adverse remodeling, reduction of left ventricular ejection fraction (LVEF), and mitral regurgitation in the long term. Cardiac resynchronization therapy (CRT), which involves simultaneous pacing of both right and left ventricles is beneficial and widely used around the world. Major US (ACC/AHA/HRS) (1) and European Society of Cardiology (ESC) guidelines (2, 3) were consistent in issuing Class I and IIA recommendations for CRT in patients who have LVEF ≤ 35% and LBBB with a QRS duration (QRSd) ≥ 150 ms, and New York Heart Association (NYHA) class II, III, or ambulatory IV symptoms. However, when LVEF is more than 35%, the recommendation level degrades, which seems to be arbitrary. The LVEF cut-off of ≤ 35% is adopted by heart failure (HF) major clinical trials of CRT, such as COMPANION (4), because people with LVEF ≤ 35% have higher incidence of adverse events, both in terms of sensitivity and specificity of incidence. However, LVEF or LV systolic dysfunction are continuous variables. And LVEF measured by echocardiography is not highly precise compared to magnetic resonance imaging (MRI). In addition, patients with LVEF > 35% are being neglected and the proportion of them is increasing. And they have similar characteristics and treatment patterns to those with LVEF <35%. In eraly-stage HF patients, those with LBBB have significantly worse clinical outcomes than patients without conduction system disease. Although common practice indicates that we implant CRT outside of guideline recommendations, randomized, multicenter studies in this population have not been conducted yet.

What's more, up to 30% of patients do not respond to CRT and the published data may be underestimated (5). Significant scar burden related to lead position (6), QRSd <150 ms (7), right ventricular failure (8), right bundle branch block (RBBB) morphology (9) have been demonstrated to be associated with lack of response. And in combination with national conditions of China, the price of CRT may be too high to be accepted in many patients. In 2017, Huang et al. (10) first reported a novel pacing method to correct the LBBB in the site of the left bundle branch (LBB) area with low and stable output; clinical outcome significantly improved over one year of follow-up. A large single center study (11), which included 632 patients who underwent left bundle branch area pacing (LBBAP), demonstrated that LBBAP was feasible and safe with high success rate in bradycardia or HF patients during long-term follow-up. And several studies (12, 13) have proved that LBBAP could achieve narrowing of QRS duration and improvement of clinical and echocardiographic outcomes in HF patients with LBBB, which means that LBBAP could be a promising resynchronization therapy alternative to biventricular pacing (BVP) for patients with CRT-indications. Since LBBAP is more convenient and cheaper compared to CRT, it would be of clinical interest whether LBBAP could benefit for the HF patients with LBBB and LVEF > 35%. Consequently, this study was undertaken to compare the clinical outcomes of LBBAP in patients with LBBB and LVEF > 35 vs. ≤ 35%.



METHODS


Study Population

This was a single-center retrospective study. Consecutive patients underwent LBBAP were enrolled from the First Affiliated Hospital of Nanjing Medical University between May 2017 and December 2020. Patients who met the following criteria were included: (1) complete LBBB morphology that met Strauss criteria (14); (2)echocardiographic evidence of LVEF < 50%; (3) follow-up period over 6 months. All the patients included were provided written informed consent to the study protocol, and were approved by the Institutional Review Board.



Implantation Procedure

The technique of LBBAP procedure has been described in previous reports (15–19). Briefly, a ventricular pacing electrode (Medtronic 3830 electrode) with a 7-Fr guiding catheter (Model C315-S10; Medtronic Inc) was introduced into right ventricle via left subclavian or axillary vein, from His bundle area advanced 1–2 cm toward the right ventricle apex against the ventricular septum, then screwed through the interventricular septum (IVS) to the LBB area. When unipolar paced QRS complex presented as right bundle branch block morphology (qR or rSR' morphology in V1), and pacing parameters were satisfied, lead position and no perforation were assessed by angiogram through C315 sheath under left anterior oblique (LAO) 40°, the sheath was removed and lead was fixed. Successful LBBAP was defined as unipolar paced QRS morphology present as RBBB pattern and QRSd < 130 ms (15). If successful LBBAP could not be achieved after 5 attempts of lead positioning or fluoroscopy duration exceeded 30 min, the left ventricular septum pacing (LVSP) was also accepted, placing the 3,830 lead in the LV mid-septum to achieve a relatively narrow QRSd (17).



Data Collection

The baseline characteristics and medical history of participants were collected at enrollment. The LBBAP paced electrocardiogram (ECG) were interpreted by two cardiologists. The stimulus to peak LV activation time (SPLVAT), defined as the duration between the ventricular stimulation signal and R peak in lead V5, was measured, which meant LBBAP indirectly captured either the main LBB or its branches as previously described (15, 17, 18). Other electrocardiographic parameters such as the intrinsic QRSd, paced QRSd (pQRSd) were also measured. Pacing parameters like pacing thresholds, pacing impedance, R-wave amplitude were recorded. Echocardiographic parameters including left atrial dimension (LAD), left ventricular end diastolic diameter (LVEDD), left ventricular end systolic diameter (LVESD) and LVEF were also recorded.



Follow Up

Patients were followed up in the clinic or in hospital at baseline, 3, 6 and 12 months. Clinical characteristics, echocardiographic parameters and lead-related complications were recorded. LBBAP responder was defined as a patient who had an LVEF improvement of at least 5% at the 6-month follow-up. Patients were considered to be “hyperresponders” (20), if they met two following criteria: functional recovery and LVEF ≥ 50%. The primary composite endpoint included death from any cause or hospitalizations for HF. The diagnosis of HF hospitalization was made by professional physicians, if patients were developing symptoms that current treatments could not control and have to be hospitalized again due to the congestive HF.



Statistical Analysis

Continuous variables were expressed as mean ± standard deviation (SD). Categorical variables were expressed as numbers and percentage values and compared using chi-square or Fisher's exact test. Comparisons between continuous variables were tested using Student's t-test. Kaplan–Meier survival curves were used to estimate for the combined endpoint of time to death or first HF hospitalization. The log rank test compared survival curves between two groups. Statistical analysis was performed using SPSS version 20.0 software. All P-values were two-tailed and P-values < 0.05 were considered significant.




RESULTS


Baseline Characteristics

From May 2017 to December 2020, 496 patients underwent LBBAP. Of the 69 patients who had complete LBBB morphology, 33 patients with normal LVEF were excluded. Finally, 36 LBBB patients (age: 70 ± 7 years, male = 18) underwent an attempted LBBAP. There were 15 LBBB patients with LVEF ≤ 35% (27.9 ± 4.7), 21 LBBB patients with LVEF > 35% (40.2 ± 4.5). Successful LBBAP was achieved in 77.8% (28/36) of cases. The baseline characteristics were summarized in Table 1. There was no difference in age, sex, QRSd, drug utilization and complications including hypertension, diabetes mellitus, renal insufficiency, syncope, coronary artery disease and atrial fibrillation (AF) between the two groups. The LAD, LVEDD and LVESD were significantly higher in LVEF ≤ 35% group (46 ± 8 vs. 41 ± 7, P < 0.05; 72 ± 9 vs. 58 ± 6, P < 0.001; 63 ± 8 vs. 46 ± 5, P < 0.001).


Table 1. Baseline characteristics.
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Pacing Parameters

In LVEF ≤ 35% group, the QRSd significantly decreased from 188 ± 25 ms to 107 ± 11 ms (P < 0.001) and the SPLVAT was 88 ± 13 ms. In LVEF > 35% group, the QRSd also decreased from 174 ± 23 ms to 108 ± 13 ms (P < 0.001), and the SPLVAT was 88 ± 15 ms. In Table 2, during the LBBAP procedure, R-wave amplitude of LVEF > 35% group was significantly higher than LVEF ≤ 35% group (12 ± 7 mV vs. 7 ± 3 mV, P < 0.01). The pacing threshold, pacing impedance, paced QRSd and SPLVAT between the two groups were of no significance.


Table 2. Pacing parameters in successful LBBAP patients.
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Clinical Outcomes

During the follow-up of a mean of 6 months, no complications associated with LBBAP such as lead perforation and dislodgement, pericardial effusion, pneumothorax, and thromboembolism were observed. There was one person in each group who had pocket infection and underwent incision and drainage of pocket. Clinical endpoint in successful LBBAP patients at the 12-month follow-up was shown in Table 3. The primary outcome occurred in 3 of 17 patients (17.6%) in LVEF > 35% group and 5 of 11 patients (45.5%) in LVEF ≤ 35% group. In addition, as shown in Figure 1, in all 36 patients recruited, the Kaplan-Meier survival curve of the primary endpoint of LVEF > 35% group including hospitalization for HF or death from any cause was significantly higher than of LVEF ≤ 35% group (hazard ratio in LVEF > 35% group, 0.22; 95%CI, 0.06 to 0.74, P = 0.011). And so did the Kaplan-Meier survival curve of death from any cause with P-value < 0.05.


Table 3. Clinical endpoints in successful LBBAP patients at the 12-month follow-up.
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FIGURE 1. Kaplan–meier estimates of death or hospitalization for heart failure (composite primary outcome), death from any cause and hospitalization for heart failure among all of 36 patients recruited. (A) Heart failure hospitalization or death from any cause; (B) Death from any cause; (C) Heart failure hospitalization.


As it was shown in Table 4 and Figure 2, LAD, LVEDD, LVESD had shortened and LVEF had improved in both groups, but there was no difference in ΔLAD, ΔLVEDD, ΔLVESD and ΔLVEF between the two groups. However, the number of LBBAP hyperresponders in LVEF > 35% group was 9 (52.9%), which was almost twice of that in LVEF ≤ 35% group (33.3%).


Table 4. LBBAP response and clinical outcomes at 6-month follow-up.

[image: Table 4]


[image: Figure 2]
FIGURE 2. Echocardiographic parameters. (A–C) Left ventricular ejection fraction (LVEF), left ventricular end-diastolic dimension (LVEDD) and left ventricular end-systolic dimension (LVESD) of patients pre-left bundle branch area pacing (LBBAP) and 6 months after LBBAP.


In our study, a total of 3 patients died (one at 8 month, two at 1 month) after LBBAP due to progressive HF. The baseline LVEF of these patients were below 35%. Of them, 2 accepted LBBAP and 1 accepted LVSP. They were over 70 years old and had HF for many years with N-terminal pro-B-type natriuretic peptide (NT-proBNP) over 7000 pg/ml before LBBAP. Two of them had chronic kidney disease (21), which is a major contributor to mortality and HF exacerbations. One patient with LVEF below 25% died soon after LVSP due to ventricular fibrillation.




DISCUSSION

In this study, we found that LBBAP could significantly shorten the QRSd and improve the cardiac function in LBBB patients with LVEF > 35%. Compared with LVEF ≤ 35%, patients with LVEF > 35% showed lower risk of combined endpoint of death from any cause or hospitalizations for HF and better echocardiographic response to LBBAP.

Active measures have been taken on those patients with LVEF ≤ 35% and the mortality and hospitalization have been decreasing in recent years. However, patients with higher LVEF are not being treated positively and promptly at the same time. The data from the American Heart Association's Get With The Guidelines (GWTG)(22) which included 110,621 patients showed that preserved and borderline LVEF (>40%) accounted for about half of all HF hospitalizations and the number was on increase. And LVEF is recognized to be an independent predictor of mortality and morbility in HF patients (23). Patients with LVEF ranging from 36 to 45% still have higher risk of adverse outcomes. Further, Witt et al. (24) proved that in patients with LVEF between 35 and 50%, those with LBBB had poorer clinical outcomes than those without conduction disease in the long-term follow-up.

Recently, there have been some studies which aim to prove the effect of CRT in patients with LVEF > 35%. Fung et al. (25) and Foley et al. (26) both reported that CRT could improve cardiac function and reverse LV remodeling in small groups of HF patients with LVEF > 35%. And in PROSPECT trial (27), CRT improved the clinical composite score (CCS) and decreased left ventricular end-systolic volume (LVESV) similarly in patients with LVEF ≤ 35 and >35%. However, In REVERSE (28), the study discovered that in patients with LVEF > 30%, CCS was improving by CRT but of no significance. Besides, a statistically significant decrease of LV end diastolic volume index (LVEDVi) was only seen in patients with LVEF <30%. Reasons why REVERSE showed lower LV reverse remodeling than the other studies are unclear. Interestingly, a prospective, randomized, controlled, double-blinded study called MIRACLE EF study (29) which aimed to prove that CRT could achieve clinical benefit in patients combined with moderately reduced LVEF (36–50%) and LBBB with the minimum 24-month follow-up. However the study was stopped after 13 months due to poor recruitment and enrolling only 44 patients. Reasons are complicated but one reason may be in short of understanding the feasibility and necessity of preventive treatment in this population. Current studies show contradictory results and the sample size is too small to be convincing. Besides, there is a lack of non-CRT group comparison and multicenter, randomized study to reflect the clinical effect of CRT in HF patients with LVEF > 35%, especially in the presence of LBBB.

Since the population of patients with LBBB and LVEF from 36 to 50% has been on the increase and the prognosis of them is quite poor if any proper measure is taken, there exists the need to take effective interventions ahead of time. Except for CRT, LBBAP is another appropriate choice as a new strategy for physiological pacing to achieve electrical synchrony of LV with high success rate.

In recent years, there has been many articles to prove the safety and feasibility of LBBAP in LBBB patients. Zhang et al. (30) used to demonstrate that QRSd was significantly shortened with shorter interventricular mechanical delay by LBBAP. And in 2020, Guo et al. (12) made a comparison between LBBAP and biventricular pacing (BIV) and the study showed that LBBAP could restore electrical synchrony better and achieve greater improvement in echocardiographic and clinical outcomes. We can take LBBAP to be a feasible treatment as a rescue pacing method or as the primary pacing strategy for HF patients with CRT indications (13, 31).

Our research and previous studies have yielded similar results. Furthermore, in LVEF >35% group, the number of hyperresponders is more than that in LVEF ≤ 35% group. Meanwhile, in this group, more than half of the patients had LV restored [defined as return to NYHA I and LVEF > 50% (32)]. And LVEF > 35% group has higher R-wave amplitude, possibly because fewer people in this group have myocardial injury, fibrosis, or infarction, which contributes to better response to LBBAP. Besides, there may be a “sweet spot” (33) for LBBAP as well, just like CRT. If the ventricular function gets worse to a certain level, the myocardium is too “sick” to respond to any therapy. As a result of the decline in LVEF, adverse remodeling also progressed so that the cardiac function of patients is hard to return to normal.

In all the 36 patients recruited in our study, whether patients have LBBAP or LVSP, compared with LVEF ≤ 35% group, patients in LVEF > 35% group show significantly lower incidence of death from any cause or hospitalization for HF via LBBAP (P = 0.011). Besides, all-cause mortality is significantly lower in the LVEF > 35% group as well (P = 0.034). In our study, many of patients with primary endpoints had chronic kidney disease or persistent AF before procedure, both of which can accelerate the overall progression of HF independently. And in EAARN score (34), renal failure with GRF <60 mL/min/1.73 m2 was predictive of poor outcomes in patients treated with CRT. Besides, AF was associated with poorer survival in CRT patients despite the benefits of the therapy.


Limitation

First, our study did not directly verify that LBBAP captured the cardiac conduction system by recording left bundle branch potential. Due to LBBB in most of patients, the potential could not be recorded in the conventional way; it could be achieved by double leads method, but this is not practical in regular clinical practice. In any event, our results of degree of narrowing QRSd and SPLVAT were comparable with other studies using direct left bundle branch potential recording (17–19). Thus the definition of LBBAP used in our study may include both left bundle branch pacing (LBBP) and LVSP. Nonetheless, LBBAP was supposed to have the same effect as LBBP. Second, the sample size was relatively small and follow-up was short-term. A large-scale randomized study with longer follow-up is necessary to clarify the role of LBBAP in these patients.




CONCLUSION

LBBAP could significantly shorten QRS duration and improve cardiac function during medium-and-short term follow up in patients with LBBB and LVEF between 35 and 50%. The degree of echocardiographic and clinical improvement by LBBAP in these patients was better than those with LVEF ≤ 35%. Thus, LBBAP is a promising physiological ventricular pacing which could be an effective therapy for preventing the deterioration of cardiac function in early-stage HF patients.
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Background: His bundle pacing (HBP) is a physiological pacing strategy, which aims to capture the His bundle-Purkinje system and synchronously activate the ventricles. Left bundle branch pacing (LBBP) is a newly discovered physiological pacing technique similar to HBP. We conducted this meta-analysis to compare the pacing parameters and clinical results between HBP and LBBP.

Methods: We systematically retrieved studies using the PubMed, Embase database, and Cochrane Library. Mean difference (MD) and relative risk (RR) with their 95% confidence intervals [CIs] were used to measure the outcomes. A random-effect model was used when studies were of high heterogeneity.

Results: A total of seven studies containing 867 individuals were included. Compared with HBP, LBBP was associated with higher implant success rates (RR: 1.12, 95% CI: 1.05–1.18; I2 = 60%, P = 0.0003), lower capture threshold at implantation (V/0.5 ms) (MD: 0.63, 95% CI: 0.35–0.90, I2 = 89%, P < 0.0001) and capture threshold at follow-up (V/0.5 ms) (MD: 0.76, 95% CI: 0.34–1.18, I2 = 93%, P = 0.0004), and larger sensed R wave amplitude (mV) at implantation (MD: 7.23, 95% CI: 5.29–9.16, P < 0.0001) and sensed R wave amplitude (mV) at follow-up (MD: 7.53, 95% CI: 6.85–8.22, P < 0.0001). In LBBP recipients, greater QRS wave complex reduction was found in the paced QRS duration at follow-up compared with HBP recipients at follow-up (MD: 6.12, 95% CI: 1.23–11.01, I2 = 0%, P = 0.01). No statistical differences were found in procedure duration, fluoroscopy time, native left ventricular ejection fractions (LVEF), LVEF improvement, native QRS duration, and QRS reduction from the native QRS duration vs. paced QRS duration at implantation.

Conclusion: Current evidence suggests that pacing characteristics are better in LBBP compared with HBP. Further prospective studies are needed to validate the clinical advantages of LBBP.

Keywords: his bundle pacing, left bundle branch pacing, prognosis, physiologic pacing, pacing parameters


INTRODUCTION

Traditional right ventricular pacing (RVP), including right ventricular apical, septal, or outflow tract pacing, does not result in synchronous ventricular activation and contraction. It is associated with an increased risk of ventricular remodeling and atrial fibrillation (AF) and can lead to left ventricular dysfunction (1–4).

The development of biventricular pacing (BVP) may have a beneficial hemodynamic effect on patients with left bundle branch block and can improve the prognosis of patients with symptomatic heart failure (5, 6). Despite BVP significantly improving prognosis compared with RVP (7), 1/3 of patients with BVP indications do not gain significant clinical benefit after treatment (8, 9).

His bundle pacing (HBP), by capturing and conducting via His bundle-Purkinje fibers and then by activating the ventricle from the normal physiological sequence, is considered to be the most physiological pacing strategy (10). It is effective in the treatment of bradycardia arrhythmias and chronic AF with heart failure. However, there are still some limitations with HBP, such as long fluoroscopy times, high pacing thresholds, and high incidences of early battery depletion and lead dislodgement (11). Recently, Huang et al. reported left bundle branch pacing (LBBP) as an alternative to HBP (12). LBBP has a physiological pacing effect similar to HBP, and some studies have evaluated its safety and effectiveness (13–15).

Currently, few clinical studies are comparing HBP with LBBP. The purpose of this meta-analysis is to further analyze the current clinical studies, comparing pacing parameters, clinical safety, and efficacy of HBP vs. LBBP.



METHODS

The study was prepared according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (16).


Search Strategy

We systematically searched relevant studies in PubMed, Embase database, and Cochrane Library up until October 15, 2021. No language or publication restrictions were placed. The MeSH terms and free text words were used to retrieve studies. The first group of keywords was linked to HBP (“His bundle pacing” or “Hisian pacing” or “para-His bundle pacing” or “para-Hisian pacing”). The second group of keywords was linked to LBBP (“left bundle branch pacing” or “left bundle branch area pacing”). The two groups of keywords were combined using the Boolean operator “AND.” The studies were selected independently by two reviewers (Wen Zhuo and Xiaojie Zhong). Endnote X8 was used to manage the studies. These two authors independently reviewed the title and abstract and excluded the irrelevant studies. Full texts were further scrutinized to assess whether the studies could be included in the meta-analysis. The controversy was resolved by discussion or consultation with additional coauthors (Qinmei Xiong and Jinzhu Hu).



Selection Criteria

Eligible studies that focused on a direct comparison between HBP and LBBP were included in line with the following criteria: (1) published in English with an available full text; (2) measurable parameters have been reported, such as implantation success rates, procedure duration, fluoroscopy time, QRS duration, left ventricular ejection fractions (LVEF), sensed R wave amplitude, or capture threshold; and (3) the follow-up duration was at least 3 months.

Studies were excluded if (1) they were certain publication types, such as reviews, meta-analyses, notes, case reports, or conference abstracts; (2) they had overlapping study populations; or (3) the full text was unavailable.



Data Extraction and Quality Assessment

The data were extracted independently by two authors (Wen Zhuo and Hualong Liu) on a standard data extraction form. The following information was extracted from the studies: author's name, publication year, study design, country, sample size, follow-up duration, age, sex ratio, number of participants, primary diseases, procedure duration, fluoroscopy time, native LVEF, LVEF at follow-up, native QRS duration, QRS duration at implantation and follow-up, sensed R wave amplitude at implantation and follow-up, and capture threshold at implantation and follow-up. The quality of included studies was assessed using the Newcastle-Ottawa Scale (NOS). Each study was scored based on selection, comparability, and outcome by two reviewers independently. One star would be given to a positive response to one question on the scale. The maximum number of stars each article could get was 9. We considered a study with a NOS score >6 stars to be of high quality.



Outcomes

The procedural outcomes included the implant success rates, procedure duration, and fluoroscopy time. The efficacy outcomes included QRS duration reduction (native QRS duration minus paced QRS duration at implantation and native QRS duration minus paced QRS duration at follow-up), sensed R wave amplitude at implantation, sensed R wave amplitude at follow-up, paced capture threshold at implantation, paced capture threshold at follow-up, native LVEF, and LVEF improvement (LVEF at follow-up minus native LVEF).



Statistical Analysis

We used Review Manager 5.3 (Cochrane Collaboration, Copenhagen, Denmark) to perform our meta-analysis. Mean difference (MD) was used for the outcomes of continuous variables, whereas relative risk (RR) was used for the categorized variables. The 95% confidence intervals (CIs) for MD and RR were also calculated. Heterogeneity among studies was assessed using chi-squared and I-squared tests. A P < 0.10 was considered to indicate the existence of heterogeneity among the studies. We considered substantial heterogeneity to exist when I2 > 50% and a random-effect model was used. Otherwise, a fixed-effect model was used.




RESULTS


Literature Search

Our search results are summarized in the PRISMA flowchart (Supplementary Table). The process of literature searching is shown in Figure 1. We initially identified 1,457 potential data sources through electronic retrieval strategies with 330 duplicates. After reviewing the titles and abstracts, 47 studies were qualified for a full review. Then intensive reading was done, and 40 studies were excluded, among which 13 articles were off-topic, two studies were without full text, and 3 studies had overlapping study populations. Among the studies describing the same cohort, we selected the studies including the largest number of participants. A total of 22 articles were excluded by publication type, including eight case-report studies, four review studies, and 10 conference abstracts. Finally, seven studies were found to be eligible for the meta-analysis (15, 17–22).


[image: Figure 1]
FIGURE 1. Flowchart of study selection.




Study Characteristics

A total number of 867 individuals were included for analysis. Among them, 476 were men, and the estimated mean age of all individuals was 68.8 ± 12.9 years. Table 1 provides the main characteristics and the relevant parameters of the included studies. Basic parameters of clinical studies were extracted, such as author's name, year of publication, regions, study design, age, sex, follow-up duration, number of participants, and primary diseases. The quality of the included studies was high, with NOS scores varying from 8 to 9, and the results are shown in Table 2.


Table 1. Basic characteristics of studies included in the meta-analysis.
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Table 2. Quality assessment based on the Newcastle–Ottawa scale.
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Procedure Assessment

Data from the four included studies (17–19, 21) were extracted to analyze the implant success rates. As shown in Figure 2A, LBBP was associated with a statistically significant higher success rate compared with HBP (RR: 1.12, 95%CI: 1.05–1.18; I2 = 60%, P = 0.0003). In total, three included studies (17, 21, 22) measured the mean procedure duration, and two studies (21, 22) reported the fluoroscopy time. No statistical difference was observed in the procedure duration between patients who received HBP or LBBP (MD: 14.00, 95% CI: −0.96–28.95, I2 = 65%, P = 0.07; Figure 2B). There was no significant difference in fluoroscopy time between HBP or LBBP recipients (MD: 2.56, 95% CI: −7.43–12.56, I2 = 97%, P = 0.62; Figure 2C). Due to the existence of heterogeneity, a random model was used.


[image: Figure 2]
FIGURE 2. Procedural outcomes of HBP vs. LBBP (A) implant success rates, (B) procedure duration, and (C) fluoroscopy time.


In total, four studies (18, 19, 21, 22) reported surgical complications on at least one of the following: lead dislodgement, loss of capture, macro displacement, increase in pacing threshold, and pocket infection. Kaplan–Meier estimates for overall complication rate were not analyzed due to lack of data.



Efficacy Assessment


R-Wave Amplitude

In total, four studies (17, 18, 20, 22) reported R wave amplitudes. As shown in Figure 3A, our study found that the sensed R wave amplitude at implantation of LBBP recipients was larger than HBP recipients (MD: 7.23, 95% CI: 5.29–9.16, P < 0.0001). Due to the existence of significant heterogeneity (I2 = 79%), a random model was used. The sensed R wave amplitude at follow-up was also assessed in HBP and LBBP recipients; the results also showed that R wave amplitude was larger in LBBP recipients than HBP recipients (MD: 7.53, 95% CI: 6.85–8.22, P < 0.0001; Figure 3B). The heterogeneity among these studies was low (I2 = 41%), and a fixed model was used.


[image: Figure 3]
FIGURE 3. Efficacy characteristics of implantation outcomes and surgical complications: (A) capture threshold at implantation, (B) capture threshold at follow-up, (C) sensed R wave amplitude at implantation, (D) sensed R wave amplitude at follow-up, (E) native QRS duration, (F) QRS duration reduction (native QRS duration minus paced QRS duration at implantation), (G) QRS duration reduction (native QRS duration minus paced QRS duration at follow-up), (H) native LVEF, and (I) LVEF improvement.




Capture Threshold

In total, four studies (17, 20–22) reported the paced capture threshold at implantation and follow-up. A statistically significant difference was observed at implantation and follow-up in capture threshold. Pooled results showed that capture threshold was lower in patients with LBBP at implantation (MD: 0.63, 95% CI: 0.35–0.90, I2 = 89%; P < 0.0001, Figure 3C) and follow-up (MD: 0.76, 95% CI: 0.34–1.18, I2 = 93%, P = 0.0004; Figure 3D).



Reduction of QRS Duration

QRS duration was evaluated in six studies, including five studies (15, 17, 20–22) that reported the native QRS duration and the paced QRS duration at implantation and two studies (17, 18) that reported the native QRS duration and the paced QRS duration at follow-up.

We compared QRS duration reduction in our meta-analysis by subtracting paced QRS duration at implantation from the native QRS duration and subtracting paced QRS duration from the native QRS duration at follow-up. As shown in Figures 3E,F, no statistical difference was observed in native QRS duration and the reduction of QRS duration between paced QRS duration at implantation (MD: 3.02, 95% CI: −0.81–6.84, I2 = 33%, P = 0.12) and native QRS duration (MD: −3.29, 95% CI: −13.29–6.71, I2 = 85%, P = 0.52). In LBBP recipients, greater QRS reduction was found in the paced QRS duration at follow-up compared with HBP recipients (MD: 6.12, 95% CI: 1.23–11.01, I2 = 0%, P = 0.01; Figure 3G).



Left Ventricular Ejection Fractions

In total, two studies (21, 22) reported the LVEF values at baseline and after follow-up to assess the cardiac function of HBP and LBBP recipients. Figure 3H shows no statistical difference in native LVEF between HBP and LBBP recipients (MD: −0.82, 95% CI: −3.45–1.80, P = 0.45). As shown in Figure 3I, no statistical difference in LVEF improvement was found between HBP and LBBP recipients (MD: −1.43, 95% CI: −5.11–2.25, P = 0.45). There was no heterogeneity among these studies (I2 = 0%).





DISCUSSION

In this meta-analysis, it can be observed that LBBP is associated with a higher implant success rate than HBP, and the QRS duration was shorter after follow-up compared with native QRS duration. Second, data show that LBBP recipients have larger R wave amplitudes and lower capture thresholds than HBP recipients postoperatively and after follow-up, while no statistically significant difference in reduction of QRS duration was found between these pacing modalities at baseline. Other pacing parameters and clinical characteristics did not differ significantly between LBBP and HBP.

Since no randomized controlled trials (RCTs) have been published comparing the assessment of the safety and effectiveness of HBP and LBBP, our findings provide some evidence that compared with HBP, LBBP may be easier to implant and has better pacing parameters including capture threshold and R wave amplitude.

Although HBP provides physiological pacing and benefits many patients, it still has some limitations in practice. In addition to electrogram recordings, defining the anatomical region of the HB requires fluoroscopy. When patients have anatomical variations or enlarged right atria, locating the area of the HB can be challenging, which complicates implantation. In some instances, it is difficult to determine where to screw in the lead as well as whether the depth and direction of the lead are appropriate. Optimal lead placement may depend on the use of three-dimensional electroanatomic mapping and/or intracavitary ultrasound (23). The LBB is widely distributed below the left septal endocardium, making it easier to place the lead and capture the left ventricular conduction system (24). These aspects might explain the higher success rate of LBBP.

Previous studies have shown that the HBP capture threshold is significantly higher than the traditional RVP capture threshold (11, 25), which will lead to faster battery depletion and more frequent lead revisions. The exact mechanism is not clear, which may be related to the lead relaxation caused by tricuspid valve movement, inadequate lead fixation, and local fibrosis of the tissue around the lead. However, LBBP can maintain a low pacing threshold during the follow-up period and show higher R wave amplitude (11, 14, 26). This can be explained by noting that the LBBP lead is positioned deep within the left ventricular septum and close to the myocardial tissue, stimulating not only the specialized conduction system but also the deep myocardium of the interventricular septum. Of note, Kawashima et al. found three variations in His bundle anatomy (27), showing that 79% of His bundle are insulated by myocardial fibers, suggesting that the low amplitude of R wave in HBP may be related to the myocardial limitations around the HB region. His bundle encapsulation by myocardial fibrous sheaths may be linked to high capture thresholds during HBP. Our findings show that LBBP has a higher R wave amplitude and a lower capture threshold than HBP, which is consistent with the above studies.

QRS duration is an important indicator of ventricular systolic synchronization in ECG parameters. HBP keeps the electromechanical activity of left and right ventricles synchronized, showing a narrow QRS duration on ECG. The typical pacing QRS morphology of LBBP is characterized by an incomplete right bundle branch block pattern, resulting in longer pacing QRS duration than intrinsic QRS duration (28). However, LBBP may also lead to a narrow QRS duration due to the activation of the right bundle branch by retrograde conduction, intrinsic conduction fusion, and the communications between the bundle branches (29).

In this study, we first analyzed the QRS duration reduction by subtracting paced QRS at implantation from the native QRS duration. In total, three studies reported prolonged QRS duration by LBBP (15, 17, 20), and two studies reported shortened QRS duration by LBBP (21, 22). The final combined results show that there is no statistical difference in the changes in QRS duration between HBP and LBBP at implantation. Then we analyzed QRS duration reduction by subtracting paced QRS duration at follow-up from the native QRS duration, and our results demonstrated that QRS duration reduction from LBBP is greater than that of HBP at follow-up. It can also be interpreted that LBBP recipients have a lower rate of lead dislodgement, suggesting that the long-term stability of LBBP is better than that of HBP. However, the limited data make it hard to confirm the better performance of LBBP than HBP, and more studies are needed for further verification.

Several studies have shown that HBP and LBBP can improve the LVEF of patients (12, 14, 30, 31). Our results showed no statistical difference in the improvement of LVEF between HBP and LBBP, and both pacing modes had a positive effect on patients with left ventricular dysfunction, indicating that despite LBBP demonstrating better pacing parameters, HBP is not inferior to LBBP in improving cardiac function.

Other pacing parameters, including the mean procedure time and fluoroscopy time, were not statistically different between LBBP and HBP due to the small number of included studies. As for the fluoroscopy time, Vijayaraman et al. (21) had a longer fluoroscopy time in LBBP than in HBP, contrary to Wu et al. (22). The learning curve of HBP has shown that procedure time and fluoroscopy time were shorter with increasing operator experience (32). The differences in procedure time and fluoroscopy time in different studies may be related to the skills and experience of different operators.



LIMITATIONS

Our meta-analysis has several limitations, and the results should be interpreted with caution. First, the included studies are observational cohort studies with small sample sizes rather than randomized controlled trials. Second, owing to only two studies reporting the QRS duration at baseline and follow-up, the real relationship of QRS duration reduction at baseline and follow-up among HBP or LBBP recipients needs to be further investigated. Third, QRS morphology could not be analyzed because of limited reporting in the included studies. Fourth, the primary disease of LBBP or HBP recipients could not be distinguished due to a lack of data. Fifth, as LBBP is a newly discovered pacing technique, the included studies had a short follow-up duration, no longer than 1 year, and long-term outcomes are unavailable. Consequently, multicenter, double-blinded RCTs are still needed to validate the clinical advantages of LBBP.



CONCLUSION

This meta-analysis has shown that compared with HBP, LBBP is associated with a higher implant success rate, larger R wave amplitude, and lower capture threshold. Pacing characteristics are better with LBBP compared with HBP. LBBP appears to be a promising, possibly superior, and alternative to HBP.
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INTRODUCTION

In advanced heart failure patients with low left ventricular ejection fraction and left bundle branch block (LBBB), cardiac resynchronization therapy (CRT) via stimulation of both the right ventricle (RV) and the left ventricular lateral wall is a recommended therapeutic strategy (1–3). However, conventional biventricular pacing causes a dyssynchronous cardiac contraction due to non-physiological fusion of paced propagation, with a non-response rate of up to 30% (4, 5). In 2016, Mafi-Rad et al. (6) established the viability of the left ventricular septal pacing (LVSP) via a trans-interventricular septal approach in 10 patients with sinus node dysfunction, which shortened QRS duration and preserved acute left ventricular contractility compared to RV pacing. Huang et al. refined LVSP and introduced first left bundle branch pacing (LBBP) in 2017 (7), which could restore physiological left ventricular contractility in a patient with LBBB by pacing left bundle branch (LBB) immediately beyond the conduction blockage with satisfactory pacing parameters. Many studies have demonstrated the feasibility and stability of LBBP in patients with pacemaker indications, and it has been proposed that LBBP is a novel physiological pacing method for delivering CRT for achieving electric resynchronization in patients with LBBB (8–10).



BRIEF PACING MECHANISMS OF LBBP AND LVSP

Selective LBBP (SLBBP) and non-selective LBBP (NSLBBP) are two subgroups of LBBP. SLBBP, that is, only the LBB trunk or its proximal fascicles is captured (Figure 1A). NSLBBP, that is, concomitant LBB and adjacent myocardium are captured (Figures 1B,E). It is LVSP if just the left ventricular septal myocardium is captured (Figure 1D). Both LVSP and LBBP usually present a paced pseudo right bundle branch block (RBBB) pattern in lead V1 (11), with the percentage of direct evidence that LBBP captured LBB ranging between 60 and 90% (12–14). Therefore, LBBP described in some previous studies was actually LVSP. A method to measure the time from stimulus to left ventricular activation at high and low outputs in lead V5 or V6 (Stim-LVAT) to distinguish LBBP from LVSP with a specificity of 100% has recently been presented (11). If the Stim-LVAT remains shortest and constant (prolonged ≤ 10 ms) as the pacing output decreases, it must be LBBP, because LBBP directly captures the LBB resulting in physiologically LV excitation; otherwise LVSP can be considered, because LVSP excites left ventricular septum first, rather than LBB. SLBBP and NSLBBP can be distinguished by the discrete component and isoelectric interval between the pacing artifact and V wave on intracardiac electrogram with unchanged Stim-LVAT (11).


[image: Figure 1]
FIGURE 1. Diagrammatic sketch of left bundle branch pacing (LBBP) and left ventricular septal pacing (LVSP) with different pacing modes. (A) Selective LBBP (SLBBP) captures only the left bundle branch (LBB) trunk or its proximal bundle, resulting in physiologically left ventricle (LV) excitation but delayed right ventricle (RV) excitation. Non-selective LBBP (NSLBBP) is divided into two types: (B), which excites the LBB and surrounding myocardium, and (E), which excites the LBB and the left ventricular septal myocardium. (C) In bipolar pacing configuration, the cathode tip of LBBP captures the LBB and the anode ring captures the right bundle branch at the same time, probably due to the anodal capture. (D) LVSP captures only the left ventricular septal myocardium. RV, right ventricle; IVS, interventricular septum; LV, left ventricle.




COMPARISON OF LBBP AND LVSP IN INTERVENTRICULAR SYNCHRONY

In the paper published in Frontiers in Cardiovascular Medicine, Curila et al. (15) used ultra-high-frequency electrocardiography to compare ventricular depolarization in SLBBP, NSLBBP, and LVSP in 57 bradycardia patients, which were rigorously distinguished by Stim-LVAT. They concluded that LVSP preserved interventricular synchrony and had the same or better local depolarization durations than NSLBBP and SLBBP. Furthermore, they investigated two different types of NSLBBP capture, namely, NSLBBP with LBB and adjacent myocardium captured (Figure 1B), and NSLBBP with LBB and left septal myocardium captured (Figure 1E). NSLBBP with LBB and adjacent myocardium captured, that is, NSLBBP is converted to SLBBP with a shortest and constant Stim-LVAT while decreasing the pacing outputs. NSLBBP with LBB and left septal myocardium captured, that is, NSLBBP is converted to LVSP with prolonged Stim-LVAT while decreasing the pacing outputs. They evaluated the two types of NSLBBP capture and found no statistical difference in Stim-LVAT between the two types, but NSLBBP with LBB and left septal myocardium captured showed greater interventricular synchronization.

Then, which pacing strategy is more physiological, LBBP or LVSP? SLBBP and NSLBBP, unlike LVSP, capture the intrinsic conduction system and rapidly excite LV to maintain left ventricular synchrony at levels comparable to intrinsic left ventricular activation (16). At the same time, activation propagates slowly from left to right in the interventricular septum to excite RV, resulting in interventricular dyssynchrony. LVSP, on the other hand, captures left ventricular septal myocardium, resulting in direct left-to-right septal activation, preserving interventricular dyssynchrony. The terminal R′/r′ wave duration in lead V1, which indicates delayed right ventricular excitation, was significantly longer in LBBP than in LVSP (17), also indicating that LBBP caused more pronounced interventricular dyssynchrony than LVSP. However, this interventricular synchrony of LVSP may not be physiological. Instead of using the same stimulation marker, such as the pacing artifact, Curila et al. calculated interventricular dyssynchrony in SLBBP, NSLBBP, and LVSP as the difference between the first and last activation (15). There is no doubt that Stim-LVAT of LVSP is significantly longer than that of LBBP, implying that the LV excitation in LVSP occurs later than in LBBP. As a result, the improved interventricular synchronization of LVSP is attributable to greater overlap of LV and RV activation produced by delayed activation of both the LV and the RV (18).

Curila et al. only evaluated the LBBP with unipolar pacing configuration, not bipolar pacing configuration (15). Lin et al. developed a bilateral bundle branch area pacing strategy that involves stimulating the cathode and anode in various pacing configurations to capture both LBB and right bundle branch (RBB) area, which can diminish delayed right ventricular activation caused by LBBP and result in more physiological ventricular activation (19). It is essentially LBBP with bipolar pacing configuration (Figure 1C), with the cathode tip capturing LBB and the anode ring capturing RBB area. Shimeno et al. also revealed that the terminal R′/r′ wave duration of LBBP with bipolar pacing configuration is shorter than that of LVSP, presumably due to the contribution of the anodal capture during bipolar pacing (17). In addition, some previous studies and case reports have shown that LBBP can shorten the QRS duration of intrinsic RBBB or even completely correct RBBB (19–23), while LVSP cannot, but the underlying mechanism remains unclear and needs further study.



CONCLUSION

Compared with LVSP, LBBP is a more ideal pacing strategy for CRT, and many studies have confirmed its safety, stability and efficacy. Future study will focus on how to diminish RBBB associated with LBBP in order to obtain better physiological interventricular synchrony. For example, adjusting the atrioventricular delay to combined LV stimulation by LBBP with intrinsic RV excitation in patients with normal RBB conduction, or modifying the interelectrode distance of pacing lead to better complete bilateral bundle branch area pacing in patients with RBBB. Although LVSP in close proximity to LBB can be an alternative choice, clinically, this is essentially NSLBBP. The pacing output necessary to convert LVSP to NSLBBP, on the other hand, had not been investigated, and it was unknown if this output would have an adverse effect on pacemaker battery longevity. The long-term clinical effects of LVSP and LBBP remains unclear. Current studies solely examine the differences in electrophysiologic characteristics between LVSP and LBBP, such as Stim-LVAT, QRS duration, terminal R' wave duration, QRS area, etc. In the future, it will be necessary to evaluate the echocardiographic activation of LVSP and LBBP, encompassing not only intraventricular synchronization, but also interventricular synchronization.
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Background: Left bundle branch area pacing (LBBAP) induces delayed RV activation and is thought to be harmless, since the electrocardiographic signature is reminiscent to native RBBB. However, to what extent the delayed RV activation during LBBAP truly resembles that of native RBBB remains unexplored.

Methods: This study included patients with incomplete RBBB (iRBBB), complete RBBB (cRBBB) and patients who underwent LBBAP. Global and right ventricular activation times were estimated by QRS duration and R wave peak time in lead V1 (V1RWPT) respectively. Delayed RV activation was further characterized by duration, amplitude and area of the terminal R wave in V1.

Results: In patients with LBBAP (n = 86), QRS duration [120 ms (116, 132)] was longer compared to iRBBB patients (n = 422): 104 ms (98, 110), p < 0.001, but shorter compared to cRBBB (n = 223): 138 ms (130, 152), p < 0.001. V1RWPT during LBBAP [84 ms (72, 92)] was longer compared to iRBBB [74 ms (68, 80), p < 0.001], but shorter than cRBBB [96 ms (86, 108), p < 0.001]. LBBAP resulted in V1 R′ durations [42 ms (28, 55)] comparable to iRBBB [42 ms (35, 49), p = 0.49] but shorter than in cRBBB [81 ms (68, 91), p < 0.001]. During LBBAP, the amplitude and area of the V1 R′ wave were more comparable with iRBBB than cRBBB. V1RWPT during LBBAP was determined by baseline conduction disease, but not by LBBAP capture type.

Conclusion: LBBAP-induced delayed RV activation electrocardiographically most closely mirrors the delayed RV activation as seen with incomplete rather than complete RBBB.

Keywords: left bundle branch area pacing, conduction system pacing, cardiac pacing, right ventricular activation, ventricular activation time


INTRODUCTION

Right ventricular (RV) apex pacing has been considered the standard pacing approach since its first attempt in 1958 (1). Although this pacing strategy meets its primary objective (pacing the heart), it can induce a dyssynchronous ventricular activation which can lead to pacing-induced cardiomyopathy, adverse cardiac remodeling and increased mortality (2–8). Conduction system pacing (CSP) recently emerged as an alternative pacing approach to achieve physiological pacing and it may avoid the detrimental effects of RV pacing. Among the CSP modalities, His bundle pacing (HBP) is considered the most physiological since it optimally mimics the normal cardiac conduction, but it is limited by high capture thresholds, low sensing amplitudes and low implant success in patients with infranodal conduction disease (9, 10). On the other hand, left bundle branch area pacing (LBBAP) is a novel approach to achieve physiological pacing and has more favorable pacing characteristics (i.e., lower pacing thresholds and higher sensing amplitudes) compared to HBP (11–15). LBBAP aims to capture the left bundle branch (LBB) and results in a fast and homogenous activation of the left ventricle (LV) comparable to HBP (16). In contrast, activation of the RV is delayed, which is not the case in HBP. This delayed RV activation is electrocardiographically characterized by a right bundle branch block (RBBB) pattern on the electrocardiogram (ECG), and is considered one of the hallmarks of successful LBBAP (17). In patients without structural heart disease, delayed RV activation due to native RBBB is generally considered benign as it does not result in adverse outcome (18–23), and therefore it can be postulated that LBBAP-induced delayed RV activation is probably benign. However, to what extent LBBAP-induced delayed RV activation truly resembles native RBBB activation in healthy individuals is currently unknown. This study aims to compare the electrocardiographic characteristics of delayed RV activation in patients with native RBBB vs. patients with LBBAP-induced RBBB-like ECG pattern.



METHODS


Study Design

The study enrolled consecutive adult in- and outpatients diagnosed with either incomplete RBBB (iRBBB) or complete RBBB (cRBBB) on standard twelve-lead ECG between January 2015 and September 2018. LBBAP patients implanted between March 2020 and October 2021 were included in the LBBAP group.

All patients were recruited at the Ghent University Hospital. The study was approved by the Ethics Committee of the Ghent University Hospital.



Selection of iRBBB and cRBBB Patients

Contemporary definitions of iRBBB and cRBBB were used to select RBBB patients. QRS duration cut-offs used for iRBBB and cRBBB were 110–119 and ≥120 ms respectively (22). Patients with iRBBB and cRBBB were identified by the Marquette 12SL algorithm (GE Healthcare, Chicago, IL, United States) in the Muse ECG database (GE Healthcare).



LBBAP Implant and Definition of Capture Type

LBBAP implant was performed as previously described and both lumen-less and conventional stylet-driven pacing leads were used (17, 24). Successful LBBAP was defined as either conduction system capture (left bundle branch pacing, LBBP) or myocardial capture (left ventricular septal pacing, LVSP). Following criteria were used to define the type of capture (15, 17, 25, 26): (1) appearance of a Qr, qR, rSr pattern in lead V1, (2) observed transition in pacing responses (non-selective, selective LBBP or myocardial capture) with changes in unipolar pacing output, (3) stimulus to R wave peak time in lead V6 <75 ms in patients with baseline narrow QRS or RBBB or ≤80 ms in patients with left bundle branch block (LBBB) or intraventricular conduction delay (IVCD) (26). Patients that fulfilled the first criterium and at least one additional criterium were considered LBBP; if only the first criterium was met, the pacing response was defined as LVSP (17).



Electrocardiographic Analysis

ECG's were recorded at a paper speed of 25 mm/s and a calibration of 10 mm/mV with MAC 5500 ECG recording devices (GE Healthcare). To avoid any fusion with intrinsic rhythm during LBBAP, paced QRS morphologies were obtained during VVI pacing with a lower rate 20–30 beats higher then intrinsic heart rate. Global ventricular activation was measured as global QRS duration, in which the QRS was measured from its onset to the latest QRS offset in any lead (22, 27). The right ventricular activation time (RVAT) was estimated by the R wave peak time in lead V1 (V1RWPT), measured from QRS onset to the peak of the R wave in lead V1 (i.e., the R wave in case of qR pattern and the r′ wave in rSr′ pattern). Left ventricular activation time (LVAT) was calculated from QRS onset to the R wave peak in lead V6 (V6RWPT) (26, 28). The interval between the R wave peak time in V6 and V1 was defined as the V6–V1 interpeak interval (V6V1 IPI) and used as an estimation of interventricular electrical dyssynchrony (29).

All electrocardiographic measurements were performed with digital calipers and adapted sweep speeds of 50 mm/s on the digitally stored ECG's. The delayed RV activation was further characterized by measuring the duration, amplitude and area of the delayed R wave in V1 using automated measurements provided by the 12SL algorithm (GE Healthcare) (30).



Statistical Analysis

Categorical variables are expressed as absolute number (percentage). Continuous variables are expressed as mean ± standard deviation in case of Gaussian distribution or median [1st; 3rd quartile] if data follow a non-Gaussian distribution. Normality was tested using the Shapiro–Wilk test. To compare means and medians of continuous variables among groups the one-way ANOVA and Kruskall Wallis test was used. The Wilcoxon signed rank test was used for paired comparison of non-Gaussian distributed continuous variables. Multivariate analysis was performed to assess determinants of delayed RV activation using multiple regression analysis. Statistical significance was set at a two-tailed probability level of < 0.05. All statistical analyses were performed using SPSS software (version 28.0, IBM, Armonk, NY, United States).




RESULTS


Patient Characteristics

Overall, the study included 731 patients with delayed RV activation: 422 patients with iRBBB, 223 patients with cRBBB and 86 patients with LBBAP. Baseline patient characteristics are summarized in Table 1.


Table 1. Baseline patient characteristics.
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In patients who underwent LBBAP, pacing indication was atrioventricular block in 62%, brady-tachy syndrome in 17%, sinus node disease in 16% and heart failure in 5%. In patients undergoing LBBAP, baseline QRS measured 112 ms (94, 147), with 55% having narrow QRS, 14.5% left bundle branch block (LBBB), 14.5% RBBB and 17% non-specified intraventricular conduction delay (NIVCD). LBBAP pacing response was labeled as LBBP (non-selective and selective) in 62 (72%) patients, whereas LVSP was achieved in 24 (28%) patients.



Ventricular Activation Times During LBBAP in Comparison to iRBBB and cRBBB Patients

Representative examples of ventricular activation time measurements with iRBBB, cRBBB and LBBAP are shown in Figure 1. Paced QRS duration during LBBAP was 120 ms (116, 132), whereas QRS duration of iRBBB and cRBBB patients was 104 ms (98, 110) and 138 ms (130, 152) respectively (p < 0.001). V1RWPT during LBBAP was 84 ms (72, 92) and longer compared to iRBBB patients [74 ms (68, 80), p < 0.001], but shorter in comparison to cRBBB patients [96 ms (86, 108), p < 0.001] (Figure 2A). V6RWPT during LBBAP [44 ms (36, 56)] was only slightly longer than V6RWPT measured during iRBBB [40 ms (36, 44), p < 0.001] and cRBBB [38 ms (36, 44), p < 0.001]. The V6V1 IPI for LBBAP patients was comparable to iRBBB patients [36 ms (24, 45) and 34 ms (28, 40), respectively; p = 0.70]. Compared to cRBBB, the V6V1 IPI was shorter for LBBAP patients [58 ms (48, 68) vs. 36 ms (24, 45), p < 0.001].


[image: Figure 1]
FIGURE 1. Representative examples of ventricular activation times measured during incomplete right bundle branch block (iRBBB), complete right bundle branch block (cRBBB) and left bundle branch area pacing (LBBAP). QRSD: QRS duration. V1RWPT, V1 R-wave peak time; V6RWPT, V6 R-wave peak time; V6V1 IPI, V6-V1 interpeak interval.
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FIGURE 2. (A–D) Electrocardiographic characterization of delayed RV activation during incomplete right bundle branch block (iRBBB), complete right bundle branch block (cRBBB) and left bundle branch area pacing (LBBAP).


R′ duration in V1 with LBBAP-induced RBBB was 42 ms (28, 55) and was comparable to V1 R′ duration in iRBBB patients [42 ms (35, 49), p = 0.49], but shorter than in cRBBB patients [81 ms (68, 91), p < 0.001] (Figure 2B). Mean V1 R′ amplitude during LBBAP measured 297 uV (175, 645), which was also smaller compared to cRBBB patients, but larger than iRBBB patients [respectively 761 uV (551, 1,010) and 195 uV (126, 298), p < 0.001] (Figure 2C). R′ area in V1 during LBBAP [316 uVs (134, 831)] was smaller compared to cRBBB [1,782 uVs (1,182, 2,498), p < 0.001], but larger than in patients with iRBBB [236 uVs (140, 399), p = 0.008] (Figure 2D).



Ventricular Activation Times During LBBAP According to Baseline Conduction Disease

With LBBAP, QRS duration shortened from 153 ms (142, 160) to 116 ms (104, 136) (p < 0.001) in patients with LBBB, from 147 ms (137, 158) to 136 ms (122, 136) (p = 0.009) in RBBB patients and from 135 ms (128, 153) to 128 ms (118, 133) (p = 0.33) in patients with NIVCD. In patients with baseline narrow QRS (<120 ms), QRS duration increased from 94 ms (84, 106) to 120 ms (115, 128) (p < 0.001) with LBBAP. Ventricular activation times during LBBAP according to baseline conduction disease are summarized in Table 2. The longest V1RWPT were observed in LBBAP patients with pre-existing RBBB [84 ms (72, 92)] and NIVCD [90 ms (83, 100)], although the differences with narrow QRS [82 ms (72, 89)] and LBBB [72 ms (65, 79)] patients were small (p = 0.014). R′ duration in V1 was significantly shorter for patients with narrow QRS [39 ms (20, 52)] undergoing LBBAP, compared to LBBAP patients with underlying RBBB [46 ms (38, 74)], LBBB [48 ms (38, 55)] and NIVCD [49 ms (35, 66)], p = 0.04. Of interest, in LBBAP patients with presumed delay of the right bundle branch conduction (such as RBBB and NIVCD patients), the V1RWPT and V1 R′ duration were still shorter compared to cRBBB patients (p = 0.03 and p < 0.001, respectively).


Table 2. Ventricular activation times during native conduction and LBBAP according to baseline conduction disease.
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Ventricular Activation Times During LBBAP According to LBBAP Capture Type

V1RWPT values were comparable for patients with LBBP (n = 62) and LVSP (n = 24): 84 ms (72, 88) vs. 80 ms (72, 91), respectively (p = 0.43); and V1RWPT of both LBBP and LVSP patients resembled more V1RWPT of iRBBB patients compared to cRBBB patients.

V6RWPT values were shorter in LBBP patients [42 ms (33, 54)] compared to patients with LVSP capture type [52 ms (45, 62), p = 0.01]. Due to the comparable V1RWPT but different V6RWPT, patients with LBBP presented with longer V6V1 IPI compared to LVSP [40 ms (32, 48) vs. 26 ms (24, 37), respectively, p = 0.001].

In patients with LBBP, V1 R′ duration, amplitude and area [respectively 42 ms (27, 58), 337 uV (193, 686), 332 uVs (231, 418)] were comparable to LVSP [45 ms (31, 54), p = 0.45; 254 uV (168, 523), p = 0.76; 285 uVs (129, 494), p = 0.45).



Determinants of Delayed Right Ventricular Activation in iRBBB, cRBBB and LBBAP Patients

Due to differences in baseline characteristics between iRBBB, cRBBB and LBBAP patients (Table 1), determinants of delayed RV activation were analyzed. In univariate analysis ischemic heart disease, history of atrial fibrillation and presence of heart failure were associated with longer V1RWPT and V1 R′ duration among the entire population of iRBBB, cRBBB and LBBAP patients. However, in a multiple regression analysis only the presence of heart failure and patient group (iRBBB, cRBBB and LBBAP) remained significant and independently associated with V1RWPT and V1 R′ duration.




DISCUSSION


Main Findings

This study is the first to compare the electrocardiographic pattern of LBBAP-induced delayed RV activation to the delayed RV activation observed in patients with conduction delay of the right bundle branch. Our results show that the delayed RV activation during LBBAP electrocardiographically mirrors more closely to native iRBBB than cRBBB, with activation times in between those of iRBBB and cRBBB patients. With LBBAP, the delayed RV activation seems to be determined by the underlying conduction disease rather than the type of LBBAP capture (i.e., conduction system capture vs. myocardial capture).



Left Bundle Branch Area Pacing and Left and Right Ventricular Activation Times

LBBAP aims to capture the left bundle branch itself (LBBP) or the left-sided septal myocardium (LVSP) in the direct area of the left bundle branch. Several studies investigated the contraction and activation patterns of the left ventricle (LV) during LBBAP and revealed a fast and homogenous activation of the LV resulting in beneficial hemodynamic effects of LBBAP (12, 15). Although LV activation during LBBP seems to occur earlier compared to LVSP, differences are small and may not be clinically relevant. This could be explained by the deep left-sided septal position of the pacing lead that quickly activates the adjacent left-sided conduction fibers. Indeed, at the left side of the septum, the LBB is a widely arborized structure and a pacing lead with a deep septal position is more likely to be embedded in close proximity to the conduction system, resulting in a homogenous LV activation (12, 15). With LBBAP, the fast LV activation is estimated by the so-called LVAT or either R wave peak time in lead V6 of the ECG and is often used to define successful LBBAP (26, 28). Both measurements are used interchangeably and assess the interval between the pacing stimulus or QRS onset and the R wave peak time in lead V4, V5 or V6. The shorter these intervals, the faster and probably more homogenous the LV is thought to be activated (26). Our findings show small differences in LVAT between native RBBB and LBBAP (38 vs. 44 ms), which are potentially not even clinically significant considering normal LVAT ranges between 35 and 40 ms (31).

In contrast to the LV activation patterns with LBBAP, data on delayed RV activation during LBBAP are scarce. As LBBAP aims to capture the LBB, the activation waveform needs to propagate from the left to the right ventricle. The exact mechanism of RV activation during LBBAP has not been elucidated, although retrograde invasion of the conduction system is suggested (32). Irrespective of the exact mechanism, RV activation during LBBAP is delayed compared to LV activation (33, 34). This delayed RV activation is characterized by an RBBB pattern on the ECG, which is considered one of the hallmarks of successful LBBAP (17). The delayed RV activation during LBBAP has gained little attention and only a few reports measured RVAT (measured as the interval from pacing stimulus or QRS onset to R wave peak time in lead V1) (26, 28). No previous study assessed the electrocardiographic pattern of delayed RV activation as such. Our results show that with LBBAP, the delayed RV activation encompasses ventricular activation times in between native iRBBB and cRBBB. Despite differences in baseline characteristics in patients with iRBBB, cRBBB and LBBAP, only presence of heart failure was independently associated with longer V1RWPT and V1 R′ duration, but could only partially account for the differences in right ventricular activation times between iRBBB, cRBBB and LBBAP patients.

Of interest, we observed that the delayed RV activation during LBBAP is determined by baseline conduction delay and blocks, but not by the type of LBBAP capture. Indeed, both LBBP and LVSP resulted in similar electrocardiographic characteristics of delayed RV activation. This raises the hypothesis that RV activation with both LBBP and LVSP almost always occurs by activation of the right-sided conduction system capture, as pure myocardial conduction toward the RV would result in ECG characteristics of delayed RV activation resembling more to those seen with cRBBB. Moreover, even in patients with baseline cRBBB, LBBAP further shortens QRS duration, V1RWPT and V1 R′ duration, suggesting that RV activation occurs through the right-sided conduction system. Whether the pacing impulse during LBBAP systematically invades the right-sided conduction system and whether activation of the RV occurs through transseptal activation, or invading connection fibers between the left and right bundle branch or exclusively by retrograde invasion of the left bundle branch needs to be further elucidated (35).



Long-Term Impact of LBBAP-Induced RV Activation Delay

LBBAP is emerging as a popular pacing modality with growing worldwide adoption. This is mainly explained as LBBAP is characterized by excellent pacing characteristics (low pacing thresholds and high sensing amplitudes), overcoming the main limitations of HBP while still offering a near physiological pacing strategy. The first experience with LBBAP was published in 2017 and several questions remain unanswered regarding the long-term safety, lead performance, feasibility of lead extraction and most important, the long-term clinical outcome. Reports have shown preservation of left ventricular ejection fraction (LVEF) in patients with normal cardiac function undergoing LBBAP and significant improvements in LVEF when LBBAP is implanted in heart failure patients with reduced LVEF (14, 36). However, the follow-up time of these studies was limited, and the impact on right ventricular function have not been considered to date.

During ventricular pacing the normal sequence of electrical activation and electro-mechanical coupling is disrupted. It has been well established that with standard RV apical pacing the delayed activation of the LV can lead to deterioration of the LVEF, pacing-induced cardiomyopathy and adverse outcome including increased mortality (10, 12–14, 17). The pathophysiology of pacing-induced dyssynchrony has been studied during RV apical pacing and can be explained by two observations. First, regions with the earliest activation (i.e., the ventricle which is paced) will contract first, leading to a discoordinated mechanical contraction, reduced ventricular efficiency and increased cavity pressure (37). Secondly, the late-activated segments show increased myocardial work, reduced myocardial blood flow and differences in oxygen consumption and glucose uptake between the first and last activated regions (38). This is a well-known principle in pacing physiology: the ventricle that is first activated exhibits the least myocardial workload, whereas the late-activated ventricle shows increased myocardial workload. Therefore, the delayed RV activation during LBBAP could theoretically result in a higher workload for the RV and might adversely affect the RV over time, but this remains to be explored.

Although both LBBAP and RBBB result in delayed RV activation, global ventricular activation patterns are unlikely to be identical. Indeed, with non-selective LBBP (the most frequently observed LBBAP pacing response during follow-up), direct myocardial capture of the basal septum occurs, which is different from septal activation during RBBB.

To estimate the long-term effects of delayed RV activation by LBBAP, the prognostic outcome of patients with RBBB is sometimes extrapolated to patients with LBBAP. Our results show that the LBBAP-induced delayed RV activation is situated in between incomplete and complete RBBB, and mirrors more closely to iRBBB than to cRBBB. We believe that this observation may be relevant with regard to long-term outcome of LBBAP. First, it shows that with LBBAP the delayed RV activation still occurs by activation of the right-sided conduction system, resulting in only moderate conduction delay and probably a more physiological RV contraction than would be the case with purely myocardial conduction (as the LV experiences during RV apical pacing). Secondly, iRBBB has not been associated with adverse outcome in large population studies. As such, the delayed activation of the RV during LBBAP is unlikely to convey an adverse outcome.

Although it is traditionally accepted that in patients without evidence of cardiac disease, cRBBB is not associated with increased risk of cardiac morbidity or mortality, conflicting data have emerged over the last years about the long-term prognostic significance of incidental cRBBB, especially when cRBBB is associated with heart failure (39). However, very few patients with LBBAP experience cRBBB characteristics with such wide QRS duration, as shown by our results. One group of particular interest in whom LBBAP could result in detrimental effects on the RV are patients with a depressed RV function at the time of LBBAP implant. In these patients, slight delay in RV activation during LBBAP could theoretically result in a further decline of the dysfunctional right ventricle.

The effects of pacing-induced delayed RV activation by LBBAP require careful follow-up and should be addressed in long-term follow-up studies. No assessments of mechanical contraction patterns or function of the RV were performed in this study, although we recognize that long-term follow-up studies with thorough evaluation of the myocardial contraction properties of the RV during LBBAP are needed. Non-invasive ECG imaging or ultra-high frequency ECG might better assess local activation times and depolarization characteristics of specific ventricular segments and could contribute to further insights into the exact mechanism of RV activation during LBBAP.
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Cardiac resynchronization therapy (CRT) via biventricular pacing (BVP) improves morbidity, mortality, and quality of life, especially in subsets of patients with impaired cardiac function and wide QRS. However, the rate of unsuccessful or complicated left ventricular (LV) lead placement through coronary sinus is 5–7%, and the rate of “CRT non-response” is approximately 30%. These reasons have pushed physicians and engineers to collaborate to overcome the challenges of LV lead implantation. Thus, various alternatives to BVP have been proposed to improve CRT effectiveness. His bundle pacing (HBP) has been increasingly used by activating the His–Purkinje system but is constrained by challenging implantation, low success rates, high and often unstable thresholds, and low perception. Therefore, the concept of pacing a specialized conduction system distal to the His bundle to bypass the block region was proposed. Multiple clinical studies have demonstrated that left bundle branch area pacing (LBBAP) has comparable electrical resynchronization with HBP but is superior in terms of simpler operation, higher success rates, lower and stable capture thresholds, and higher perception. Despite their well-demonstrated effectiveness, the transvenous lead-related complications remain major limitations. Recently, leadless LV pacing has been developed and demonstrated effective for these challenging patient cohorts. This article focuses on the current state and latest progress in HBP, LBBAP, and leadless LV pacing as alternatives for failed or non-responsive conventional CRT as well as their limits and prospects.
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Introduction

Heart failure (HF) is a cardiovascular epidemic, with high morbidity and mortality and poor quality of life, especially in patients with HF and reduced ejection fraction (HFrEF) (1). According to the 2021 European HF guidelines, sodium–glucose cotransporter 2 inhibitors (SGLT2i) are used as a first-line therapy along with angiotensin-converting enzyme inhibitors (ACEi)/angiotensin receptor–neprilysin inhibitors (ARNI), β-blockers, and mineralocorticoid receptor antagonists (MRA) (2). However, the HF symptoms of some patients cannot be resolved, despite optimized medical treatments (OMT).

Cardiac resynchronization therapy (CRT) is a well-established modality that offers remarkable clinical benefits for patients with medically refractory HF (3). It has a class IA indication for symptomatic HF patients with sinus rhythm (SR), a QRS ≥ 150 ms, left bundle branch block (LBBB) QRS morphology, and a left ventricular ejection fraction (LVEF) ≤ 35%, despite OMT according to the 2021 European Society of Cardiology (ESC) guidelines on CRT (4). Conventional CRT via biventricular pacing (BVP) is non-physiological with the fusion of the epicardial LV wavefront and the endocardial wavefront from the right ventricular (RV) apex, leaving some degree of dyssynchrony. However, conventional CRT is precluded in a proportion of eligible candidates due to anatomic or technical constraints such as occluded venous access, an inappropriate coronary sinus (CS) anatomy, or a high threshold in regions of fibrosis (5, 6). In addition, approximately 30% of recipients are non-responsive to CRT due to the inability to effectively stimulate diseased tissue, or suboptimal LV lead placement (7, 8).

For these reasons, physicians and engineers have been working together to overcome the challenges of LV lead implantation but have also shown increased interest in developing physiological pacing techniques to improve CRT effectiveness. His bundle pacing (HBP) has increased in use by activating the His bundle but is restricted by implant challenges, low success rates, and a high and often unstable pacing threshold (9–12). Therefore, the concept of pacing the specialized conduction system distal to the His bundle to bypass the block region has been introduced (13). Multiple clinical studies reported that left bundle branch area pacing (LBBAP) has electrical resynchronization that is comparable with that of HBP but superior due to its simpler operation, higher success rate, and low and stable pacing threshold (13–17). Despite their well-demonstrated effectiveness, the resulting complications of transvenous leads and typical pocket infections remain a non-negligible limitation (18, 19). Thus, leadless cardiac pacing has been engineered and demonstrated as having potential efficacy for treating those challenging patient cohorts (20, 21).

From CS epicardial pacing to leadless endocardial stimulation, various LV pacing alternatives reportedly improve CRT effectiveness (Figure 1). This review focuses on the current state and latest progress of HBP, LBBAP, and leadless LV pacing as alternatives for impossible or failed conventional CRT as well as their limits and future areas of improvement.
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FIGURE 1
Schematic diagram of pacing electrode positions of different CRT modalities. BVP, biventricular pacing; CRT, cardiac resynchronization therapy; HBP, His bundle pacing; HOT-CRT, His-optimized CRT; LBBAP, left bundle branch area pacing; LOT-CRT, LBBAP-optimized CRT.




Benefits and limits of biventricular pacing-cardiac resynchronization therapy

The efficacy of CRT in patients with HF has been demonstrated in numerous trials. The Multisite Stimulation in Cardiomyopathies (MUSTIC) study was the first to assess the clinical outcomes of CRT in 67 patients with severe HF (22). Finally, 48 patients completed both phases of the study. The quality-of-life score improved by 32%, while hospitalizations decreased by 67.7%. Similarly, the Multicenter InSync Randomized Clinical Evaluation (MIRACLE) trial was the first double-blind trial to assess the CRT outcomes in 453 patients with moderate to severe HF with an LVEF ≤ 35% and QRS ≥ 130 ms (23). CRT improved the New York Heart Association (NYHA) class, quality of life, and LVEF and reduced hospitalization and intravenous interventions. The Cardiac Resynchronization–Heart Failure (CARE-HF) trial was mainly conducted to assess the morbidity and mortality of CRT in 813 patients with HF (NYHA class III/IV) (24). The results indicated that CRT reduced mortality of any cause, increased the LVEF, and improved symptoms and quality of life. Subsequently, the REVERSE, MADIT-CRT, and RAFT trials assessed the efficacy of CRT in mildly symptomatic HF (25–27). These results showed that CRT significantly delayed the time to the first HF hospital stay or death, reduced the risk of HF events, and improved LV reverse remodeling.

However, approximately 30% of candidates respond unfavorably to CRT or even worsen (23, 24, 28). In fact, the optimal LV pacing site is not always consistent with the right branch of the CS. In addition, phrenic stimulation, occlusion of the CS anatomy, or other anatomical constraints would hamper the procedure. Thus, several approaches based on BVP-CRT, such as the adaptive CRT algorithm (29), the SyncAV algorithm (30), and multipoint pacing (MPP) (31), have improved the effectiveness of BVP-CRT. Notably, the optimal electrode position was not equal to that of the optimal treatment. In addition, little experience has been gained regarding the optimal programming of pacemakers after MPP. Furthermore, the higher battery use of MPP also prevents its recommendation.



Alternative pacing strategies for conventional cardiac resynchronization therapy

Despite great advances in multipolar LV electrodes and MPP, non-response due to suboptimal lead position remains a critical problem. To overcome the challenges of the CS approach, physicians have strived for alternative solutions, such as surgical LV epicardial lead placement, LV endocardial pacing, or HBP to most recently leadless LV pacing. However, surgical LV epicardial lead placement does not always deliver additional improvement in the LVEF versus conventional CRT, and it is inherently more invasive and challenging in patients with a previous history of heart surgery (32). Moreover, the greatest concern for LV endocardial pacing is the risk of thromboembolic complications and the need for lifelong anticoagulation (33). By contrast, physiological pacing modalities have advantages over conventional LV epicardial and endocardial pacing. Next, this review focuses on the progress, limits, and prospects of HBP, LBBAP, and leadless LV pacing used for CRT.



His bundle pacing for cardiac resynchronization therapy

His bundle pacing activates the His–Purkinje system (HPS) and restores physiological activation of the ventricles. HBP is defined as the presence or absence of His–Purkinje conduction disease (HPCD) according to four basic criteria (34): (1) relationship between the His-QRS (H-QRS) and stimulus-QRS (S-QRS) intervals; (2) the presence or absence of direct capture of the local ventricular electrogram (EGM) on the pacing lead; (3) QRS duration (QRSd) and morphology; and (4) capture thresholds. Broadly, there are two forms of HBP: selective HBP (S-HBP), in which the His bundle is exclusively captured; and non-selective HBP (NS-HBP), in which both the His bundle and its surrounding ventricular tissues are captured. The form of S-HBP or NS-HBP is usually dependent on the location of the pacing electrode in relation to the His bundle and the surrounding tissue (35). S-HBP can be differentiated from NS-HBP by review of the His bundle EGM on the pacing lead (34, 36): the local ventricular EGM is discrete and separate from the pacing stimulus on S-HBP, whereas it is fused with the pacing stimulus on NS-HBP. The specific criteria for S-HBP or NS-HBP are as follows (9, 34):

S-HBP: (1) S-QRS = H-QRS with an isoelectric interval. In patients with HPCD, S-QRS ≤ H-QRS with BBB correction and S-QRS ≤ or > H-QRS without BBB correction; (2) discrete local ventricular EGM in HBP leads with the stimulus to the local ventricle (S-V) = His to the local ventricle (H-V); (3) paced QRS = native QRS. In patients with HPCD, paced QRS < native QRS with BBB correction; paced QRS = native QRS without BBB correction; and 4) a single capture threshold (His capture) was observed. In patients with HPCD, two distinct His capture thresholds (with and without BBB correction) may be observed.

NS-HBP: (1) S-QRS < H-QRS (usually 0, S-QRSend = H-QRSend) with or without an isoelectric interval. In patients with HPCD, S-QRSend < H-QRSend with BBB correction; (2) direct capture of local ventricular EGM in HBP lead by a stimulus artifact; (3) paced QRS > native QRS. In patients with HPCD, paced QRS ≤ native QRS with BBB correction and paced QRS > native QRS without BBB correction; (4) usually, two distinct capture thresholds (His bundle capture and RV capture) are observed. In patients with HPCD, three distinct capture thresholds (with or without correction for BBB and RV capture) may be observed.

Theoretically, S-HBP may be advantageous over NS-HBP in terms of clinical outcomes. Instead, few hemodynamic and clinical differences were observed between these two forms of capture, probably owing to the rapid conduction of the HPS relative to the ventricular myocardial conduction (37, 38).


Evidence for resynchronization using His bundle pacing

In 2000, HBP was first described in 12 HF patients with atrial fibrillation, cardiomyopathy, and improvements in LV function after HBP and atrioventricular node ablation (39). In 2012, a series of direct HBP (DHBP) was reported in 16 patients after CS approach failure (40). Of these, LBBB was corrected in 13 of 16 patients, and permanent HBP (pHBP) was performed successfully in nine of 13 patients. LBBB was corrected using pHBP, with a mean QRS reduction (166 ± 8 to 97 ± 9 ms; P < 0.01). Subsequently, a prospective study assessed the HBP outcomes of patients with HF and LBBB (18). A total of 74 patients were enrolled, and pHBP was successful in 56 of them (75.7%). Of them, 30 had completed a 3-year follow-up with an increased mean LVEF (32.4 ± 8.9% to 55.9 ± 10.7%, P < 0.001) and decreased LV end-systolic volume (LVESV; 137.9 ± 64.1 to 52.4 ± 32.6 mL, P < 0.001). Similarly, the outcomes of HBP were explored in 106 CRT-eligible or -failed patients (41). Among them, HBP was successful in 95 patients (89.6%). During an average follow-up of 14 months, it also delivered significant QRS narrowing, increased LVEF, and improved NYHA class. Lead-related complications were observed in seven patients. These studies demonstrated that HBP may be a promising treatment for failed BVP.



His bundle pacing versus biventricular pacing for cardiac resynchronization therapy

Multiple studies demonstrated that HBP may be an effective alternative to BVP; however, whether it is equal to or better than BVP requires further evaluation. The first crossover study to compare the outcomes of HBP and BVP enrolled 29 patients for HBP as an alternative to BVP (10). Finally, 21 of 29 patients achieved narrow-paced QRSd. The baseline LVEF was 26% with improvements at 6 months in the HBP (32%) and BVP (31%). A similar result of HBP delivering a greater reduction in QRSd, LV activation time (LVAT), and LV dyssynchrony index (LVDI) than BVP was reported (42). The His-SYNC trial was the first randomized comparison of HBP and BVP using treatment-received (TR) and per-protocol (PP) analyses (43). A total of 41 patients were enrolled and randomized into HBP (n = 21) and BVP (n = 20) groups. Compared with BVP, HBP achieved a narrower mean QRSd, regardless of TR or PP analyses (TR: 125 ± 22 vs. 164 ± 25 ms, P < 0.001; PP: 124 ± 19 vs. 162 ± 24 ms, P < 0.001). Furthermore, a non-significant trend toward a higher echocardiographic response was observed. There were also no significant intergroup differences in CV hospitalization and mortality. Another randomized trial of HBP versus BVP (His-Alternative) was performed in patients with symptomatic HF and LBBB (44). The pacing thresholds of HBP were higher than those of BVP, both at implantation and at the 6-month follow-up. Using PP analysis, the LVEF was significantly increased, and the 6-month LVESV was lower in patients with HBP than in those with BVP. These data revealed that HBP was equivalent to, or even better than, BVP in some cases; however, further investigations are required to confirm these findings.



His-optimized cardiac resynchronization therapy

The use of HBP alone may not always be optimal for obtaining QRS narrowing. Several studies have explored whether CRT could maximize electrical resynchronization by HBP fused with sequential LV pacing, termed His-optimized CRT (HOT-CRT) (45–48). HOT-CRT was attempted in 27 patients with LBBB/intraventricular conduction defect (IVCD) partially corrected by HBP alone (45). HOT-CRT produced a greater narrowing of the mean QRSd to 120 ± 16 ms (vs. baseline, BVP, or HBP; P < 0.0001). LVEF improved significantly (from 24 ± 7% to 38 ± 10%, P = 0.001) after a mean follow-up of 14 ± 10 months. Similar results with a narrower QRSd, increased LVEF, and improved NYHA were reported in other studies (46–48). In addition, HOT-CRT versus HBP resulted in significant QRS narrowing, thus achieving electrical resynchronization in four of five patients with IVCD (45). These data indicate that HOT-CRT produced more pronounced QRS narrowing and improved clinical outcomes than HBP alone. Particularly, HOT-CRT could further optimize electrical resynchronization in patients with advanced cardiomyopathy and conduction disease; however, this finding requires further verification.



Limits of His bundle pacing

These trials indicated that HBP generates a narrow paced QRS and improves clinical outcomes, which seem potential for CRT. However, HBP has some limitations. First, the major limit is the inability to map the precise location of the His bundle, which is approximately 1–2 mm in diameter (49). The mean success rate of HBP was approximately 79.8% (mostly were performed with the SelectSecure 3830 lead; Medtronic, Minneapolis, MN, United States), while the lead-related complication rate was 6% (50). Second, 30–40% of LBBB cannot be corrected by HBP because of the presence of lesions distal or more extensive to the conduction tract during implantation (51). Third, the HBP threshold increased over time. About 53.6% of patients had a significant increase in the His capture threshold after a mean follow-up of 3 years (18). A progressive increase in the pacing threshold implies a shortened battery longevity. HBP may also undersense the ventricle and oversense the atrium, thus resulting in crosstalk. Finally, most of the current research conclusions on the application of HBP in HF with LBBB were derived from the data of HBP with failed BVP, while large-scale randomized controlled clinical trials of HBP and BVP are lacking. Furthermore, the number of patients who responded to HBP and did not respond to BVP was small, and similarly, the number of patients who included HOT-CRT with IVCD HF and were refractory to BVP or HBP was small.




Left bundle branch area pacing for cardiac resynchronization therapy

In 2017, Huang et al. (13) first introduced left bundle branch pacing (LBBP) in a patient with HF and LBBB and confirmed its feasibility and safety. LBBP captures the proximal LBB or its branches with or without the LV septal myocardium. LV septal pacing (LVSP) exclusively captures the LV septal myocardium. However, during the early stage of LBBP, the criteria for LBB capture are not well defined and uniform. With the increased use and further research on LBBP, the definition of LBB capture is gradually becoming definitive (52). Broadly, there are two forms of LBBP: selective LBBP (S-LBBP) exclusively captures the LBB, whereas non-selective LBBP (NS-LBBP) captures the LBB along with the surrounding local myocardium. The detailed characteristics of LBBP are defined as follows: (1) RBBB pattern, (2) LBB potential, (3) S-LBBP with specific ECG changes and a discrete component on EGM, and (4) a constant and shortest stimulus to the LVAT, regardless of high or low pacing outputs. LBBP is differentiated from LVSP based on the mentioned characteristics of the indirect criteria for LBB capture. Thus, LVSP is mistakenly considered LBBP in some cases. Wu et al. (53) proposed retrograde His bundle potential or anterograde left conduction system potentials to directly confirm LBB capture, which can more accurately distinguish between LBBP and LVSP. However, this method is complicated and unsuitable for routine clinical use. In this context, the concept of LBB area pacing (LBBAP) has been proposed, that is, LBBP or LVSP, without clear evidence for LBB capture (4). During LBBAP, the QRS morphologies in lead V1 are typically demonstrated as Qr (60.7%), qR (19.6%), rSR’ (7.1%), or QS (12.5%) patterns, and the duration of the terminal R’ wave was significantly shorter than that of native RBBB (54).


Evidence for resynchronization using left bundle branch area pacing

Several single-center studies with short follow-up periods have confirmed the potential of LBBAP in patients with HF and wide QRS (13, 55). A prospective multicenter medium-term study assessed LBBP in patients with LBBB and non-ischemic cardiomyopathy (56). LBBP was successful in 61 of 63 patients (97%). It produced a shortened mean QRSd (169 ± 16 to 118 ± 12 ms, P < 0.001), increased LVEF (33 ± 8% to 55 ± 10%, P < 0.001), decreased LVESV (123 ± 61 to 67 ± 39 mL, P < 0.001), and improved NYHA class (2.8 ± 0.6 to 1.4 ± 0.6, P < 0.001). A subsequent long-term trial with a larger sample size (N = 632) assessed LBBP feasibility and safety (57). LBBP was successful in 618 (97.8%) patients, and the mean follow-up was 18.6 ± 6.7 months. A significant decrease in QRSd was observed in patients with LBBB. LVEF after LBBP improved in patients with QRS ≥ 120 ms (N = 88). No serious complications occurred during the procedure or follow-up. A similar result was reported by another large study (N = 325) (19) in which LBBAP was successfully achieved in 277 (85%) patients. During a mean follow-up period of 6 ± 5 months, LBBAP also resulted in significant QRS narrowing and improved LVEF. In a current meta-analysis, LBBP for CRT resulted in a narrower QRSd and an increased LVEF than baseline (58). Nonetheless, relatively few studies have examined LVSP for CRT. To date, LVSP has been demonstrated to generate short-term hemodynamic improvement and electrical resynchronization equal to that of BVP and possibly HBP (59). These data demonstrated that LBBAP may be a promising rescue strategy for failed BVP; however, further investigations are needed.



Left bundle branch area pacing versus biventricular pacing for cardiac resynchronization therapy

Several clinical trials have explored whether LBBAP is equal or superior to conventional CRT (15–17, 60, 61). In these studies, LBBAP/LBBP produced a narrower paced QRSd than did BVP as expected. Accordingly, LBBAP/LBBP resulted in an increased LVEF and improved NYHA class. LBBAP improved the LVEF more than BVP in this study (16). By contrast, LBBAP/LBBP was equivalent to BVP in other studies (15, 17, 61). LBBP, HBP, and BVP were compared in 137 non-randomized patients with an LVEF ≤ 40% and typical LBBB (60). Finally, HBP and LBBP delivered similar improvement in the LVEF and NYHA class after the 1-year follow-up, which was significantly higher than that in BVP. Furthermore, some meta-analyses of LBBAP for CRT have been reported (62, 63). A meta-analysis compared LBBAP and BVP for CRT (62). Compared with BVP, LBBAP produced significantly narrower QRSd with a mean difference (MD) 29.18 ms, LVEF improvement of 6.93%, LVEDD reduction of 2.96 mm, and NYHA class improvement of 0.54. Similarly, a network meta-analysis compared LBBAP, HBP, and BVP for patients requiring CRT (63). Compared with BVP, LBBAP produced greater LVEF improvement with an MD of 7.17%, followed by an HBP of 4.06%. In addition, HBP produced a narrower QRSd with an MD of 31.58 ms, followed by an LBBAP of 27.40 ms. There were no differences in LVEF improvement and QRS narrowing for LBBAP versus HBP. These data indicated that LBBAP, comparable with HBP, may be superior to BVP, but further evaluations are needed.



Left bundle branch area pacing-optimized cardiac resynchronization therapy

To our knowledge, proximal LBB pacing is inherently limited by its inability to restore physiological activation of the lateral wall of the LV in patients with a distal conduction delay (19). Thus, it may not always be optimal for QRS narrowing by LBBAP alone. Whether LBBAP-optimized CRT (LOT-CRT), LBBAP combined with CS LV pacing, would be advantageous over LBBAP or BVP is unknown. Thus, the LOT-CRT was assessed in an international multicenter study of non-consecutive patients who were indicated for CRT or non-responders (64). LOT-CRT was successful in 91 of 112 patients (81%). The average follow-up was 7.8 ± 2.3 months. LOT-CRT generated significantly greater narrowing of QRSd to 144 ± 22 ms (vs. baseline, BVP, and LBBAP, P < 0.0001), increased LVEF (28.5 ± 9.9% to 37.2 ± 12%, P < 0.0001), and decreased LVEDD (62.0 ± 8.9 to 59.1 ± 9.1 mm, P < 0.0442) and N-terminal pro-hormone B-type natriuretic peptide (5,668 ± 8,249 to 2,561 ± 3,555 pg/mL, P < 0.0001). These results indicated that LOT-CRT provided greater electrical resynchronization and clinical benefits than BVP or LBBAP alone, but further research is needed to confirm this finding.



Limits of left bundle branch area pacing

Multiple studies demonstrated the technical advantages and clinical potential of LBBAP. It has comparable LV synchrony with HBP but a high success rate of 81.1–97% (15, 16, 19, 56, 65) and a low lead-related complication rate of 1.5% (65) with the SelectSecure 3830 lead (Medtronic, Minneapolis, MN, United States). Currently, other stylet-driven conventional active fixation pacing leads can also effectively obtain LBBAP, such as the Solia S60 lead (Biotronik, SE & Co., KG, Germany) (66–68), the Ingevity pacing lead (Boston Scientific Inc., Marlborough, MA, United States) (68), and the Tendril 2088TC lead (Abbott, Inc., United States) (68, 69). In addition, LBBAP has a lower and stable threshold and high perception, and it is preferred for patients with a block far beyond the His bundle branch. Furthermore, the broad and expansive nature of LBB makes LBBAP implantation simpler and faster than that of HBP (70). However, some issues should still be noted, including its acute and long-term safety. Several complications may occur during the procedure, such as LV perforation as the lead advances into the deep interventricular septum (IVS) (71). Thus, a pre-procedural IVS thickness evaluation would be safer. Furthermore, the lead should be rapidly rotated until it penetrated deep into IVS, and fluoroscopic image and pacing parameters and morphologies should be monitored to avoid the perforation of IVS during the process (13, 19). In addition, the safety of postoperative lead extraction after a long duration has been the focus of much attention. Chen et al. (72) reported that three of 612 patients repositioned the lead during the follow-up (one postoperative septum perforation and one postoperative lead dislodgement at 1 month, and one postoperative lead dislodgement at 1 month after repositioned for 5 months). These leads were extracted and repositioned at different sites, and the parameters were stable at an additional 1-year follow-up. Similarly, Su et al. (57) reported a septal perforation during the follow-up in one patient, and the lead was removed and reimplanted without serious complications. Collectively, further research is needed to firmly establish the safety of LBBAP for CRT, particularly for lead extraction over a long duration after the procedure.




Leadless left ventricular pacing: New direction for patients after coronary sinus approach failure

Despite the well-demonstrated effects of HBP and LBBAP, transvenous leads and typical pocket infections remain a non-negligible limitation (18, 19). Leadless cardiac pacing has been proposed to address these complications. The WiSE-CRT system (EBR Systems Inc., Sunnyvale, CA, United States) is the only currently available leadless LV pacing system that comprises a subcutaneous pulse generator transmitter and LV endocardial receiver electrode (73). In this system, acoustic energy is converted from the pulse generator transmitter, located subcutaneously at the fourth, fifth, or sixth intercostal space, to electrical stimulation of a receiver electrode implanted into the LV cavity. The system works in conjunction with a co-implant of RV pacing, which could be a conventional device such as a pacemaker or implantable cardioverter defibrillator (ICD) or a leadless pacemaker such as Micra (Medtronic, Minneapolis, MN, United States). Biventricular pacing is accomplished by perceiving the RV pacing output of the co-implant, followed by the system immediately transducing acoustic energy to electrical stimulation of the LV electrode, thus achieving near-synchronous RV and LV pacing.


Evidence for leadless pacing

In 2014, the Wireless Stimulation Endocardially for CRT (WiSE-CRT) study (20) included 17 HF patients, two-thirds of whom showed ≥ 1 NYHA class improvement at the 6-month follow-up. The Safety and Performance of Electrodes implanted in the Left Ventricle (SELECT-LV), a prospective multicenter non-randomized trial, enrolled 35 CRT-indicated patients who “failed” conventional CRT and underwent implantation of leadless pacing (21). The procedure was successfully performed in 34 (97.1%) patients. Of them, 84.8% (N = 28) showed an improved clinical composite score and 66% (N = 21) gained a ≥ 5% absolute increase in the LVEF at 6 months. Of note, serious procedure/device-related complications were observed in 8.6% of patients (N = 3) within 24 h and 22.9% of patients (N = 8) between 24 h and 1 month. A real-world experience with the WiSE-CRT system was shared in an international trial (ClinicalTrials.gov identifier: NCT02610673) (74) in which procedural success and the delivery of biventricular endo-pacing occurred in 85 of 90 patients (94.4%). The acute (within 24 h), 1- to 30-day, and 1- to 6-month complication rates were 4.4% (N = 4), 18.8% (N = 17), and 6.7% (N = 6), respectively. A total of five deaths (5.6%) occurred within 6 months. HF symptoms improved in 70% of patients. Subsequently, the Stimulation of the Left Ventricular Endocardium for Cardiac Resynchronization Therapy (SOLVE-CRT) trial assessed the short-term outcomes of the WiSE-CRT system in cases without prior implant experience (75). WiSE-CRT was successful in all 31 patients. Of them, 30 completed the 6-month follow-up. In total, 14 (46.7%) patients achieved ≥ 1 NYHA class improvements and an improved LVEF, decreased LVESV, and increased LV end-diastolic volume (LVEDV); three (9.7%) device-related complications occurred: insufficient LV pacing (N = 1), embolization of an unanchored LV electrode (N = 1), and skin infection (N = 1). These results indicated that biventricular endo-pacing from the WiSE-CRT system was effective in cases of failed conventional CRT or non-response, but complications must be noted.



Totally leadless cardiac resynchronization therapy

The aforementioned trials of leadless LV endocardial pacing were combined with a traditional pacemaker or ICD instead of a totally leadless CRT. The successful coexistence of Micra and the WISE-CRT system was first reported in 2019 (76). Also, two other cases were published in the same year or later (77, 78). The patients in these case reports have a common characteristic, that is, they have a complex history including old age, infection, valvular replacement surgery, or venous occlusion. These patients achieved a narrower QRSd and satisfactory clinical outcomes without serious complications after leadless CRT. These cases raised the possibility of completely leadless CRT. Subsequently, multiple European centers shared their experiences with totally leadless CRT (79). A total of eight patients from six centers underwent combination treatment with Micra and WiSE-CRT systems. The QRSd reduction immediately after WiSE-CRT implantation was significant (204.38 ± 30.26, 137.5 ± 24.75 ms, P = 0.012), and it was maintained at the 6-month follow-up. Only a significant improvement in the LVEF was achieved after WiSE-CRT implantation (28.43 ± 8.01% vs. 39.71 ± 11.89%, P = 0.018) without evidence of LV reverse remodeling and improved NYHA class. A current meta-analysis of leadless LV pacing for CRT (80) included five studies (four with RV leads of conventional devices and one with Micra) involving 181 total patients in the final analysis. The success rate of the procedure was 90.6%. It generated a mean increase in the LVEF with an MD of 6.3% and NYHA class improvement of 0.43. Notably, the procedure-related complications and mortality rates were 23.8% and 2.8%, respectively. However, this new pacing modality was used in only a small number of patients, and further studies are needed to confirm its feasibility and safety.



Limits of leadless left ventricular pacing

Taken together, these data support the efficacy of leadless LV pacing as an alternative in patients in whom CRT is impossible or ineffective. It significantly reduces diaphragm stimulation, avoids mitral regurgitation, and can be performed at multiple physiological pacing positions. In addition, the receiver electrode was completely endothelialized for approximately 4 weeks; therefore, long-term anticoagulation was not required (74). However, leadless LV pacing has several limitations. First, it is challenging to choose a suitable acoustic window (distance < 10 cm and angulation < 30°) to effectively transmit ultrasound. Second, some regions of the left lateral free wall of the enlarged LV may be difficult to reach owing to the current delivery sheath. Third, the battery life projections averaged 18 months (range, 9–42 months) (20), which is often overestimated and should be improved. Moreover, the procedure is complex and has a relatively high complication rate. However, security issues are a common problem in the early stages of any novel technique. Improvements in the safety profile, such as different delivery sheaths, increased operator experience, and practice modifications, would reduce its complication rates and increase its widespread use. Additionally, pre-procedural cardiac computed tomography can be used to identify the optimal positioning of the receiver electrode based on indicators such as scar burden, simulated latest activation (81), and hemodynamic assessment (82).




Conclusion

In summary, HBP, LBBAP, and leadless LV pacing have been demonstrated as potential alternatives for optimal CRT when conventional CRT fails. Each technique has its advantages and disadvantages (Table 1). HBP and LBBAP have shown more effective electrical resynchronization than conventional BVP. Accordingly, they provided equivalent or even superior clinical outcomes in some challenging cohorts. However, transvenous leads remain a major limitation of these pacing modalities. Thus, leadless LV pacing has been developed and demonstrated to provide more physiological LV endocardial activation coupled with clinical benefits. Furthermore, the advantage of leadless LV pacing would become more pronounced in cases of venous occlusion or lead infection. With a better understanding of HBP, LBBAP, leadless LV pacing, and their appropriate candidates, it is more likely that the most suitable alternative will be chosen when conventional CRT is impossible or ineffective.


TABLE 1    Comparison of BVP, HBP, LBBAP, and leadless LV pacing.
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Background: Although right ventricular pacing (RVP) is recommended by most of the guidelines for atrioventricular block, it can cause electrical and mechanical desynchrony, impair left ventricular function, and increase the risk of atrial fibrillation. Recently, the His–Purkinje system pacing, including His bundle pacing (HBP) and left bundle branch pacing (LBBP), has emerged as a physiological pacing modality. However, few studies have compared their efficacy and safety in atrioventricular block (AVB).

Methods and results: The PubMed, Web of Science, Cochrane Library, and ScienceDirect databases were searched for observational studies and randomized trials of patients with atrioventricular block requiring permanent pacing, from database inception until 10 January 2022. The primary outcomes were complications and heart failure hospitalization. The secondary outcomes included changes in left ventricular ejection fraction (LVEF) and left ventricular end-diastolic diameter (LVEDD), pacing parameters, procedure duration, and success rate. After extracting the data at baseline and the longest follow-up duration available, a pairwise meta-analysis and a Bayesian random-effects network meta-analysis were performed. Odds ratios (ORs) with 95% confidence intervals (CIs) or 95% credible intervals (CrIs) were calculated for dichotomous outcomes, whereas mean differences (MDs) with 95% CIs or 95% CrIs were calculated for continuous outcomes. Seven studies and 1,069 patients were included. Overall, 43.4% underwent LBBP, 33.5% HBP, and 23.1% RVP. Compared with RVP, LBBP and HBP were associated with a shorter paced QRS duration and a more preserved LVEF. HBP significantly increased the pacing threshold and reduced the R-wave amplitude. There was no difference in the risk of complications or the implant success rate. The pacing threshold remained stable during follow-up for the three pacing modalities. The pacing impedance was significantly reduced in HBP, while a numerical but non-significant pacing impedance decrease was observed in both LBBP and RVP. LBBP was associated with an increased R-wave amplitude during follow-up.

Conclusion: In this systematic review and network meta-analysis, HBP and LBBP were superior to RVP in paced QRS duration and preservation of LVEF for patients with atrioventricular block. LBBP was associated with a lower pacing threshold and a greater R-wave amplitude than HBP. However, the stability of the pacing output of LBBP may be a concern. Further investigation of the long-term efficacy in left ventricular function and the risk of heart failure hospitalization is needed.

Systematic review registration: [https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=315046], identifier [CRD42022315046].
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Introduction

Right ventricular pacing (RVP) is the traditional pacing modality recommended for patients with atrioventricular block by most of the guidelines (1, 2), with a shorter procedure time and an easier learning curve. However, RVP with a high ventricular pacing rate can increase the risk of atrial fibrillation, pacing-induced cardiomyopathy, heart failure hospitalization, and death (3, 4).

Recent scientific evidence has shown the efficacy and safety of the His–Purkinje system pacing, with significant improvements in exercise capacity, ventricular synchrony, left ventricular ejection fraction (LVEF), and so on (5). Few studies have compared the effectiveness of left bundle branch pacing (LBBP), His bundle pacing (HBP), and RVP in patients with atrioventricular block, especially LBBP vs. HBP. Thus, we aimed to comprehensively compare the clinical outcomes and pacing parameters of these three pacing modalities for atrioventricular block.

The evidence was assessed in a network meta-analysis. Network meta-analyses synthesize direct and indirect evidence in a network of trials that compare multiple interventions (6). This method allows for a comparison of the three pacing modalities for atrioventricular block despite the paucity of head-to-head comparisons.



Methods

This is a systematic review and network meta-analysis of pacing modality intervention trials in atrioventricular block. The research question was developed with the PICOS framework as follows:

Participants: Patients with atrioventricular block.

Intervention and comparator: Left bundle branch pacing, His bundle pacing, and right ventricular pacing.

Outcomes: (1) Pacing parameters, including paced QRS duration (ms), pacing impedance (Ω), pacing threshold (V), and R-wave amplitudes (mV). (2) Clinical outcomes, including complications and heart failure hospitalization. (3) Left ventricular function, including LVEF (%) and left ventricular end-diastolic diameter (LVEDD) (mm). (4) Procedure duration (min) and success rate.

Studies: Observational studies and randomized trials.

Reporting was conducted according to the Preferred Reporting Items for Systematic Review and Network Meta-analysis (PRISMA-NMA) statement (7). This study was registered at the Prospective International Register of Systematic Reviews (PROSPERO). The registration number is CRD42022315046.


Data sources

The PubMed, Web of Science, Cochrane Library, and ScienceDirect databases were consulted to identify English-language studies on LBBP, HBP, and RVP for the treatment of atrioventricular block from database inception until 10 January 2022. Details of the electronic search strategies are summarized in the Supplementary materials.



Study selection criteria

Eligible studies included observational studies and randomized trials comparing the effects of LBBP or HBP vs. RVP for atrioventricular block in pacing parameters, clinical outcomes, left ventricular function, procedure duration, and success rate. Exclusion criteria were studies with population or outcome stratification not of interest, or with fewer than 10 patients per study group. No additional information was requested from the study authors.



Study identification

Two investigators (YZ and YJ) individually screened the articles by title, abstract, and full text. The inclusion of a study was decided by consensus between the two investigators. Disagreements were resolved by discussion, and if no agreement could be reached, a third senior investigator (JL) made the decision.



Outcomes and data extraction

The primary outcomes were complications and heart failure hospitalization. The secondary outcomes included changes in LVEF and LVEDD, pacing parameters, procedure duration, and success rate. The pacing threshold was the His lead for HBP and LBBP and RV lead for RVP at 0.4, 0.5, or 1.0 ms. The complications included those requiring treatment or reintervention during the perioperative period or at follow-up. Supplementary Table 1 shows the detailed definitions of the complications reported by the included studies.

For each outcome, data at baseline and the longest available follow-up time point were extracted. Other extracted data included characteristics of the study design, baseline demographic characteristics (age, sex, number of patients), duration of treatment, and follow-up duration.

For the randomized crossover trials, data were included from the first period, before crossing over, to avoid the risk of any carryover effect (8).



Risk of bias and publication bias assessment

The quality of the included studies was assessed using the Newcastle–Ottawa Scale (NOS) for observational studies and the risk of bias 2 tool (ROB 2.0) for randomized trials. Publication bias was assessed with funnel plots and Egger’s test for every outcome comparison.



Data analysis

The initial analysis consisted of a two-group outcome comparison between LBBP or HBP and RVP for all outcomes. Then, for each endpoint, a Bayesian random-effects NMA was conducted with the three pacing strategies. Odds ratios (ORs) with 95% confidence intervals (CIs) or 95% credible intervals (CrIs) were calculated for dichotomous outcomes, whereas mean differences (MDs) with 95% CIs or 95% CrIs were calculated for continuous outcomes. The I2 index was calculated to assess heterogeneity. An I2 of less than 25% was viewed as low heterogeneity, between 25% and 50% as moderate, and over 50% as high heterogeneity (9). Treatments for each outcome were ranked based on the surface under the cumulative ranking curve (SUCRA) method, which vary from 0 to 100% and represent the probability that the treatment evaluated is the best. All analyses were conducted using RevMan version 5.4.1, R version 4.1.2 with the “gemtc” and “netmeta” packages, and JAGS 4.3.0.




Results

In total, 1,428 studies were retrieved, of which 485 duplicates were excluded. A total of 813 irrelevant records were excluded by a screening of titles and abstracts. After a full-text assessment of the remaining 130 articles, 7 studies met the pre-defined inclusion criteria and were included in the meta-analysis (10–16). The flowchart of the literature selection process is shown in Figure 1.
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FIGURE 1
Flowchart of the literature selection process.


Among the seven included studies, three compared LBBP with RVP (n = 339 vs. n = 216 patients), three compared LBBP with HBP (n = 228 vs. n = 260 patients), and 1 compared HBP with RVP (n = 19 vs. n = 19 patients) with follow-up durations between 3 and 24 months. Initial enrollment ranged from 2007 to 2020. Five were observational studies, one was a randomized controlled trial, and one was a randomized crossover trial. In total, 1,069 patients from 11 centers across five countries were included. The pacing indication was atrioventricular block, and 736 (68.8%) patients in six studies had a preserved left ventricular ejection fraction > 40%. The mean age of the patient population was 67.7 years. Of these, 464 (43.4%) underwent LBBP, 247 (23.1%) HBP, and 358 (33.5%) RVP. The overall success rate of LBBP was 93.5% (360/385). The characteristics of the included trials are presented in Table 1.


TABLE 1    Demographic data of all studies.
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Risk of bias for individual studies

The NOS for observational studies ranged from 3 to 8, the ROB 2.0 for the randomized crossover trial was low risk, and for the randomized controlled trial, there were some concerns (see Supplementary Table 2 and Supplementary Figure 1).


Pairwise meta-analysis

Among the seven included studies, three compared LBBP with RVP, three compared LBBP with HBP, and one compared HBP with RVP. The pairwise meta-analysis could only be conducted for LBBP vs. RVP and LBBP vs. HBP. Supplementary Figure 2 shows the outcomes and studies included in the pairwise meta-analyses. The results of the pairwise meta-analysis are summarized in Table 2. Compared with HBP, LBBP was associated with a lower pacing threshold, greater R-wave amplitude, and higher pacing impedance at follow-up, while there was no significant difference in procedure duration, paced QRS duration, pacing impedance after implantation, or risks of complications. LBBP demonstrated significant improvements over RVP in terms of a shorter paced QRS duration, more preserved LVEF, smaller LVEDD, and reduced risk of heart failure hospitalization. LBBP was associated with lower pacing impedance after implantation than RVP, with no difference in pacing impedance at follow-up, implant success rate, pacing threshold, R-wave amplitudes, or complications. Supplementary Figures 4–26 show the forest plots for the corresponding outcomes.


TABLE 2    Results of pairwise meta-analyses.
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Pacing parameters


Paced QRS duration

Left bundle branch pacing was associated with a significantly shorter paced QRS duration than RVP (MD, –42.42; 95% CI, –44.68 to –40.17; p < 0.00001; I2 = 18%). LBBP did not shorten the paced QRS duration relative to HBP (MD, –3.32; 95% CI, –9.57 to 2.93; p = 0.30; I2 = 41%).



Pacing impedance

Compared with RVP, LBBP demonstrated a lower pacing impedance at the time of implantation (MD, –68.48; 95% CI, –136.40 to –0.55; p = 0.05; I2 = 52%), with no significant difference at follow-up (MD, –94.96; 95% CI, –211.65 to 21.73; p = 0.11; I2 = 87%). There was no significant difference in pacing impedance between LBBP and HBP after implantation (MD, 107.71; 95% CI, –101.90 to 317.32; p = 0.31; I2 = 96%), but LBBP resulted in a significantly higher pacing impedance compared with HBP at follow-up (MD, 36.69; 95% CI, 22.51 to 50.86; p < 0.00001; I2 = 0%).



Pacing threshold

The pacing threshold in the LBBP group was significantly lower than in the HBP group at the time of implantation (MD, –0.58; 95% CI, –0.69 to –0.47; p < 0.00001; I2 = 0%) and follow-up (MD, –0.59; 95% CI, –0.72 to –0.46; p < 0.00001; I2 = 0%). There was no significant difference between LBBP and RVP in the pacing threshold, whether at the time of implantation or follow-up.



R-wave amplitude

Left bundle branch pacing was associated with a higher R-wave amplitude than HBP at the time of implantation (MD, 7.95; 95% CI, 7.01 to 8.89; p < 0.00001; I2 = 0%) and follow-up (MD, 9.73; 95% CI, 4.64 to 14.82; p = 0.0002; I2 = 94%). There was no significant difference between LBBP and RVP at the time of implantation or follow-up.




Left ventricular function

There was only one included study (10) comparing LBBP and HBP reporting LVEF and LVEDD. Hu et al. (10) found that there was no statistical difference in LVEF (p = 0.764) or LVEDD (p = 0.957) at the 3-month follow-up between LBBP and HBP.


Left ventricular ejection fraction

No significant difference was found in baseline LVEF between LBBP and RVP. At follow-up, LBBP demonstrated a higher LVEF than RVP (MD, 4.32; 95% CI, 3.02 to 5.61; p < 0.00001; I2 = 0%).



Left ventricular end-diastolic diameter

No statistically significant difference was found in baseline LVEDD between LBBP and RVP. At follow-up, LBBP was associated with a smaller LVEDD than RVP (MD, –3.63; 95% CI, –6.46 to –0.80; p = 0.01; I2 = 88%).




Clinical outcomes


Complications

There was no significant difference in the risk of complications, whether between LBBP and RVP or between LBBP and HBP.



Heart failure hospitalization

Left bundle branch pacing reduced the risks of heart failure hospitalization in comparison with RVP (MD, 0.21; 95% CI, 0.08 to 0.53; p = 0.001; I2 = 0%). None of the included studies compared the risk of heart failure hospitalization between LBBP and HBP.





Chronic evolution of pacing parameters

To explore the stability of the pacing output for the three pacing modalities, a pairwise meta-analysis was conducted to compare the changes in pacing parameters during follow-up. Supplementary Figures 27–35 show the corresponding forest plots.

For LBBP, the R-wave amplitude increased during follow-up (MD, –2.12; 95% CI, –4.05 to –0.20; p = 0.03; I2 = 86%), while the pacing threshold remained stable. A numerical but non-significant decrease in the pacing impedance was observed in both LBBP and RVP. The pacing threshold and R-wave amplitude remained stable during follow-up in the RVP group. HBP demonstrated a decreased pacin gimpedance at follow-up (MD, 71.04; 95% CI, 24.24–117.83; p = 0.003; I2 = 79%), while pacing threshold and R-wave amplitude remained stable.



Network meta-analysis

Supplementary Figure 3 shows the studies and selected outcomes included in the network meta-analyses. Both LBBP and HBP shortened the paced QRS duration and improved LVEF compared with RVP. HBP increased the pacing threshold after implantation and at follow-up, and reduced the R-wave amplitude after implantation. Network meta-analysis showed that there was no difference in success rate, complications, or pacing impedance after implantation or at follow-up among the three pacing modalities. Indirect comparisons showed that there was no difference in procedure duration or LVEDD at follow-up. Table 3 shows the league tables for procedure duration, implant success, pacing parameters, left ventricular function, and clinical outcomes. The network plots for all the outcomes are shown in Supplementary Figures 36, 37.


TABLE 3    League tables of network meta-analysis.
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Procedure duration

No significant difference was observed in procedure duration for any comparisons. The comparison between HBP and RVP was indirect.



Implant success

None of the comparisons showed significant differences in implant success.



Paced QRS duration

There was no significant difference in baseline QRS duration among the three groups. However, at follow-up, the paced QRS duration of RVP was significantly higher than that of LBBP (MD, 42.75; 95% CrI, 38.60 to 47.75) and HBP (MD, 40.33; 95% CrI, 33.74 to 46.67), while there was no significant difference between LBBP and HBP.



Pacing impedance

No significant difference was observed for any comparisons in pacing impedance, whether after implantation or during follow-up.



Pacing threshold

In the NMA, HBP increased the pacing threshold compared with LBBP (MD, 0.67; 95% CrI, 0.35 to 1.10) and RVP (MD, 0.73; 95% CrI, 0.41 to 1.27) after implantation. At follow-up, HBP increased the pacing threshold compared with LBBP (MD, 0.73; 95% CrI, 0.12 to 1.40) and RVP (MD, 0.88; 95% CrI, 0.19 to 1.70). No significant difference was observed for LBBP vs. RVP.



R-wave amplitude

His bundle pacing exerted a lower R-wave amplitude compared with LBBP (MD, –7.29; 95% CrI, –10.21 to –4.25) and RVP (MD, –6.36; 95% CrI, –9.56 to –2.89) after implantation. HBP decreased the R-wave amplitude relative to LBBP at follow-up (MD, –8.43; 95% CrI, –15.27 to –1.32). No significant difference was observed for LBBP vs. RVP.



Left ventricular function assessment


Left ventricular ejection fraction

There was no significant difference in LVEF at admission among the three groups. At follow-up, RVP decreased LVEF relative to HBP (MD, –4.91; 95% CrI, –9.44 to –0.53) and LBBP (MD, –4.33; 95% CrI, –7.32 to –1.43). There was no significant difference between LBBP and HBP.



Left ventricular end-diastolic diameter

Additionally, there was no significant difference in LVEDD at baseline or follow-up. The comparison between HBP and RVP was indirect.




Complications

No major differences among the three pacing modalities were observed.



Subgroup analysis

Subgroup analyses were performed by excluding the randomized trials. Supplementary Table 3 shows that the subgroup analyses were consistent with the main analysis except for the results of implant success rate and LVEF at follow-up, which may be explained by the small number of studies and indirect comparisons between HBP and RVP after excluding the randomized trials.




Ranking results

The SUCRA ranking results (Table 4) showed that RVP had the highest probability of being the best intervention for a shorter procedure duration, higher implant success rate, greater pacing impedance, and lower pacing threshold based on the SUCRA value (91.3%, 97.1%, 84.1%/88.4%, and 88.4%/88.2%, respectively). HBP was ranked the top one for fewer complications (72.9%) and more preserved LVEF at follow-up (79.3%). LBBP was the top one in terms of a shorter paced QRS duration (91.9%), higher R-wave amplitude after implantation (91.4%) and at follow-up (88.8%), and smaller LVEDD at follow-up (74.0%). However, considering that the sample sizes of the different interventions varied greatly, the results might be highly biased and should be interpreted with caution.


TABLE 4    Relative rankings of HBP, LBBP, and RVP based on SUCRA values (*after implantation/at follow-up).

[image: Table 4]



Sensitivity analysis

Sensitivity analysis was performed by comparing the results of network meta-analysis between the Bayesian framework and the frequentist framework (Supplementary Table 5). Overall, the sensitivity analysis was consistent with the main analysis except for the procedure duration, implant success rate, R-wave amplitude, and LVEDD at follow-up, which may be restricted by the small sample size.



Publication of bias assessment

Supplementary Figures 38–40 show the funnel plots and results of Egger’s test for every outcome comparison.





Discussion

After combining the direct and indirect evidence, we obtained several important findings: (a) Compared with RVP, LBBP and HBP were associated with a shorter paced QRS duration and more preserved LVEF. (b) HBP significantly increased the pacing threshold and reduced the R-wave amplitude. (c) There was no difference in the risk of complications and implant success rate. However, some debatable results need further discussion, (a) LBBP demonstrated a higher pacing impedance at follow-up than HBP and a lower pacing impedance after implantation than RVP in pairwise meta-analysis. Further analysis showed that during follow-up, there was a significant impedance decrease in the HBP group, while a numerical impedance decrease was observed in LBBP and RVP. Pacing impedance may decrease when a lead insulation breach or intracavity lead dislodgement occurs (17). For LBBP, lead dislocation was the most common complication (10 in 427, 2.3%) as shown in Supplementary Table 1. However, the lead dislodgement rate of HBP is relatively low. In the included 228 HBP cases, only one patient developed lead dislodgement. Besides, some pathophysiological changes, such as pneumothorax and pericardial or pleural effusion, can cause indefinite impedance changes. Supplementary Table 1 shows that two patients developed pneumothorax, and two suffered from pericardial effusion in the HBP group. In addition, the possibility of local fibrosis cannot be excluded. However, whether these conditions are the determinants of the impedance change remains unknown. Besides, due to the small number of included studies, there was a high heterogeneity, so further investigation is needed. (b) Network meta-analysis showed that there was no difference in LVEDD among the three pacing modalities, while pairwise meta-analysis showed that LBBP could reduce LVEDD compared with RVP. SUCRA ranking results also showed that LBBP was the top one for a smaller LVEDD at follow-up. The possible reasons behind this inconsistency may be bias caused by the small number of included studies and indirect comparisons between HBP and RVP. (c) Only two included studies compared LBBP versus RVP reported the rates of heart failure hospitalization (HFH). Comparisons of LBBP vs. HBP and HBP vs. RVP were missing, so the risk of HFH remains unknown for these procedures.

Permanent pacemaker implantation is a common approach to the management of bradycardia and conduction system disease. RVP has been the standard therapy with easy implantation and stable long-term pacing parameters. The current 2018 multi-society guideline on the evaluation and management of patients with bradycardia and cardiac conduction delay lists RVP as the only recommended pacing strategy for patients with EF more than 50% (class IIa) (1). The 2021 ESC guideline on cardiac pacing and cardiac resynchronization therapy suggests that HBP may be considered as an alternative to RV pacing in patients with AVB and LVEF > 40%, who are anticipated to have > 20% ventricular pacing (class IIb) (2). Long-term RVP can promote fibrosis and disarrays of endocardial myocytes and myofibrils (18, 19), cause asynchronous ventricular contraction, and negatively affect the hemodynamic status, leading to pacemaker-induced cardiomyopathy (PCM) and a deterioration of heart function (20, 21). PCM is defined as a drop in the left ventricular ejection fraction (LVEF) of more than 10% from baseline after excluding other differential diagnoses (4, 20). It has been reported that the prolongation of paced QRS duration, as a surrogate marker of interventricular desynchrony, has a significant correlation with PCM (22). Our study supported that physiologic pacing, both HBP and LBBP, is associated with a narrower paced QRS duration compared to RVP, which may confer a lower risk of developing pacing-induced cardiomyopathy. Additional studies are required to determine whether LBBP or HBP could be the first-line approach for pacing.

For paced QRS duration and LVEF at follow-up, there was no significant difference between LBBP and HBP in the meta-analysis. Theoretically, HBP was more physiologic than LBBP, which may lead to a shorter paced QRS duration in the HBP group. However, SUCRA ranking results showed that LBBP was the top one for a shorter paced QRS duration. First, the non-selective HBP produces a longer paced QRS duration compared with selective HBP, which may affect the overall paced QRS duration in the HBP arm. Second, the rapid conduction velocity in the Purkinje fibers may result in fast retrograde activation of the right bundle, leading to a short paced QRS duration in LBBP. In our analysis, although LBBP (SUCRA 91.9%) is slightly more advantageous than HBP (SUCRA 58.1%) in a shorter paced QRS duration, SUCRA ranking results showed that HBP was ranked the top one for a more preserved LVEF at follow-up. There may be several possible reasons. While it has been shown that a narrower QRS in biventricular stimulation implies better clinical results, it has not been confirmed that this is also true regarding the conduction system pacing. Ultra-high-frequency electrocardiography (UHF-ECG) is another tool for ventricular dyssynchrony assessment. Studies by Curila et al. showed that there was no difference in the electrical ventricular synchrony measured by UHF-ECG between selective and non-selective HBP, although the paced QRS durations differ (23). In another study, Curila et al. reported that LBBP caused less physiological ventricular depolarization compared to HBP using UHF-ECG (24), which may affect further left ventricular function. Besides, there may be other factors related to left ventricular function. The paced QRS axis, which may be a predictor of pacing-induced left ventricular dysfunction (25), remained identical to the intrinsic one no matter in the selective or the non-selective HBP (26). However, Hu et al. (10) observed a 40.9% (9 in 22) left axis deviation of paced QRS in the LBBP group, higher than those in HBP. Moreover, HBP can also reduce T peak to T end (Tp-Te) duration, which is associated with arrhythmia and mortality (27). Whether LBBP may change the Tp-Te duration or not is unknown. We need more trials to evaluate the difference in these metrics between LBBP and HBP, and whether these will affect left ventricular function. A network meta-analysis in patients requiring cardiac resynchronization therapy (CRT) (28) reported that LBBP (SUCRA 97.2%) was the best treatment for improvements of LVEF, followed by HBP (SUCRA 52.5%). This may be explained by the difference in the pacing indications and baseline LVEF. Most of the CRT patients in the meta-analysis conducted by Juan Hua et al. (28) had a baseline LVEF < 35%, while in our meta-analysis, 68.8% of patients had a preserved LVEF > 40%. Thus, HBP may be advantageous over LBBP for AVB patients with preserved left ventricular function. However, due to the small number of included studies, further long-term, randomized trials are needed to explore the performance of HBP and LBBP in different pacing indications.

Compared with traditional leads with retractable screws, improvements in lead designs and delivery sheaths can increase the success rate. Barba-Pichardo et al. reported an HBP success rate of 35.4% using traditional leads (Tendril SDX electrodes, St Jude, MN, USA) in AVB patients in 2008 (29). The HBP success rate in AVB patients increased to 84% by using new tools (Select Secure, Model number 3830, Medtronic Inc., Minneapolis, MN, USA) as reported by Vijayaraman et al. (30). Moreover, with the same leads but increased experience, the success rate of HPCSP in the same center increased from 84% in 2015 (30) to 97% in 2020 (15). In our meta-analysis, six included studies used 3830 leads, and the success rate increased over time as shown in Supplementary Table 6. Due to the widespread network of left bundle branch Purkinje fibers, the capture of the left conduction system could be easily achieved and remained stable. Theoretically, LBBP may be superior to HBP in terms of a shorter procedure time and more stable pacing output (31). However, there was no difference in the procedure duration or success rate between HBP and LBBP in our study. The SUCRA results showed that HBP was similar to LBBP in procedure time (28.8% vs. 29.9%). This may be related to the learning curve of LBBP. In the future, designs of new tools and accumulating experience may increase the success rate and shorten the procedure time. Regarding the chronic evolution of the pacing output at follow-up, our analysis showed that the pacing threshold of the three pacing strategies remained stable during follow-up. The pacing impedance was significantly reduced in HBP, and a numerical pacing impedance decrease was observed in both LBBP and RVP. In the LBBP group, the R-wave amplitude increased during follow-up, whether oversensing in the long-term would occur or not remains unknown. Overall, the long-term stability of the pacing output of LBBP needs further investigation.

The risk of complications did not differ for the three pacing modalities in the meta-analysis, while SUCRA results showed that complications were least likely to occur in HBP. Supplementary Table 1 shows that for HBP, lead revision due to a progressive increase in the capture threshold accounted for 2.2% of cases (5 in 228). Other than lead revision, higher pacing thresholds with HBP may cause increased battery drainage (32), leading to a potential increase in healthcare costs, so cost-effectiveness may be another concern for HBP. New devices with longer battery life are necessary. Supplementary Table 1 shows that lead dislocation was the most common complication of LBBP (10 in 427, 2.3%), followed by septal perforation (8 in 427, 1.9%). Monitoring pacing parameters closely and assessing ventricular septal thickness by echocardiography before implantation is very important (31). With the development of new tools for precise localization and lead fixation, the risks of lead complications are expected to decline. However, further investigation of the safety of LBBP is still needed. Moreover, the mortality rate and heart failure hospitalization rate remain unknown for both procedures. Hence, large, long-term randomized controlled trials are needed to verify the efficacy, safety, and outcome of LBBP in comparison to other pacing methods.


Study limitations

First, the sample size of the included studies was limited, which may lead to an underestimation of the actual effects, and most of the studies were observational studies, which reduced their validity compared with randomized controlled trials. Second, the difference in study design, pacing indication, follow-up time, and publication bias could cause intrinsic bias. Third, only one included study compared HBP vs. RVP, and some outcomes were indirect comparisons between HBP and RVP, leading to imbalanced network comparisons. In addition, the data from crossover design trials may influence the results. Fourth, we only included studies with AVB participants. Studies with non-selected populations or other bradycardia indications, such as sinus node disease and AV node ablation, were excluded. We also excluded the studies without the outcomes we need (33), which may cause bias. Moreover, most of the studies of physiologic pacing were performed in experienced centers, so the success rates and clinical outcomes might not apply to all clinical settings. Further multi-institutional data are needed.




Conclusion

Our results demonstrated that HBP and LBBP were superior to RVP in paced QRS duration and preservation of LVEF for patients with atrioventricular block. LBBP was associated with a lower pacing threshold and greater R-wave amplitude than HBP. However, the stability of the pacing output of LBBP may be a concern. Further investigation of the long-term efficacy in left ventricular function and the risk of heart failure hospitalization is needed.
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Cardiac resynchronization therapy (CRT) is recognized as the first-line management for patients with heart failure (HF) and conduction disorders. As a conventional mode for delivering CRT, biventricular pacing (BVP) improves cardiac function and reduces HF hospitalizations and mortality, but there are still limitations given the high incidence of a lack of response rates. Alternative pacing methods are needed either for primary or rescue therapy. In recent years, conduction system pacing (CSP) has emerged as a more physiological pacing modality for simultaneous stimulation of the ventricles, including His bundle pacing (HBP) and left bundle branch pacing (LBBP). CSP activates the His-Purkinje system, allowing normal ventricular stimulation. However, HBP is technically challenging with a relatively low success rate, high pacing threshold, and failure to correct distal conduction abnormalities. Therefore, LBBP stands out as a novel ideal physiological pacing modality for CRT. Several non-randomized studies compared the feasibility and safety of LBBP with BVP and concluded that LBBP is superior to BVP for delivering CRT with a narrower QRS and greater improvements in left ventricular ejection fraction (LVEF) and New York Heart Association (NYHA) functional class. Concurrently, some studies showed lower and stable pacing thresholds and greater improvement of B-type natriuretic peptide (BNP) levels, as well as better mechanical synchronization and efficiency. LBBP ensures better ventricular electromechanical resynchronization than BVP. In this review, we discuss current knowledge of LBBP, compare LBBP with BVP, and explore the potential of LBBP to serve as an alternative primary therapy to realize cardiac resynchronization.
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GRAPHICAL ABSTRACT
(A) A photographic representation of LBBP and BVP; (B) location of LBBP lead in RAO and LAO 30° view; (C) paced ECG after LBBP: a paced RBBB QRS morphology (qR in lead V1) is presented, p-LVAT remains constant and short (80 ms) across different outputs (3, 2.5, and 1.2 V) at the impedance of 670 Ω, but retrograde HIS potential is not recorded; (D) advantages of LBBP over BVP. LBBP, left bundle branch pacing; BVP, biventricular pacing; RA, right atrium; LV, left ventricle; RV, right ventricle; CS, coronary sinus; CRT-P, cardiac synchronization therapy-pacemaker; RAO, right anterior oblique; LAO, left anterior oblique; pLVAT, stimulus-to-peak LV activation time; LVEF, left ventricular ejection fraction; HFmrEF, heart failure with mildly reduced ejection fraction.




Introduction

Heart failure (HF) is the terminal state of various cardiovascular diseases that are prone to conduction defects (1), especially the left bundle branch block (LBBB). LBBB can result in ventricular dyssynchrony, which subsequently causes left ventricular contraction dysfunction and HF (2). In addition, long-term right ventricular pacing (RVP), which mimics LBBB, can also lead to pacing-related cardiomyopathy and subsequent HF. According to epidemiological data, approximately one-third of HF patients have a QRS longer than 120 ms, among which 25% have LBBB (3). Therefore, it is of great importance to correct electrical disturbance and ventricular dyssynchrony, especially that caused by LBBB, in HF patients despite the optimized medication options. Since the early 21st century, cardiac resynchronization therapy (CRT) has been recognized as effective non-pharmacological management for moderate to severe HF. Currently, conventional biventricular pacing (BVP) is the first-line therapy for delivering CRT, which improves cardiac function and exercise tolerance and reduces HF-related symptoms, hospitalizations, and mortality by reversing ventricular remodeling (4, 5). However, BVP activates the ventricles non-physiologically, and up to 30–40% of patients do not respond to this pacing method (6). Alternative pacing methods requiring a more physiological mode are needed either for primary or rescue therapy for CRT.

Conduction system pacing (CSP) has gradually attracted public attention in recent years as it directly activates the His-Purkinje system, providing the maximum physiological stimulation to ensure ventricular synchrony, which includes His bundle pacing (HBP) and left bundle branch pacing (LBBP) (7). In 2000, Deshmukh et al. (8) first applied HBP to HF patients with dilated cardiomyopathy and chronic atrial fibrillation (AF). Since then, growing evidence has confirmed the feasibility and safety of HBP in clinical use. In current guidelines, HBP is recommended as a class IIb pacing indication for patients with a mildly reduced left ventricular ejection fraction (LVEF: 36–50%) who need >40% ventricular pacing (9). His capture distal to the intra-Hisian delay site can recruit fibers predestined to be the bundle branches, thereby correcting LBBB and improving HF; this process is also called the “longitudinal dissociation” phenomenon (10). However, the anatomic His bundle area is small and variable and is enfolded by a dense layer of fibrous tissue, making HBP technically challenging with high pacing thresholds and low R wave sensing, as well as disabilities, to correct distal conduction system diseases (11). Moreover, His bundle anatomy increases lead dislocation rates of HBP, and elevated thresholds consequently lead to short battery life, limiting its long-term use (12). In this regard, another novel form of CSP, namely, LBBP stands out. LBBP was initially reported by Huang et al. (13) in 2017 as a rescue pacing therapy for an HF patient with LBBB who failed to achieve both BVP and HBP. Subsequently, LBBP has been expanded and used as a rescue and even a primary strategy for ventricular synchronization in selected patients, including HF patients. Observational studies have shown excellent pacing parameters, narrow QRS duration (QRSd), and improvements in cardiac function by LBBP. However, whether LBBP is superior to BVP for delivering CRT in HF patients remains uncertain. In this review, we will summarize the current knowledge of LBBP, compare it with BVP, and explore the possibility of LBBP as a promising alternative therapy to achieve cardiac resynchronization.



Novel left bundle branch pacing strategy for cardiac pacing

As more physiological cardiac pacing modalities are in great need to realize cardiac resynchronization, pacing directly through the conduction system has become the focus of attention, especially the novel LBBP with excellent pacing parameters and clinical benefits, which had been gradually put into use in the past 5 years.


Procedure description

The left bundle branch (LBB) is located underneath the endocardium of the left interventricular septum (IVS) with two main branches, the anterior and the posterior branches, presenting a fan-shaped distribution (14). LBBP is defined as pacing the left bundle trunk or the proximal sites of its branches at the low output (<1.0 V/0.4 ms). Huang et al. (13, 15) first introduced the primary implant technique using Medtronic 3,830 lead [a lumen-less pacing lead (LLL)] and the C315 or C304-His sheath via the transseptal way. Routine echocardiography should be performed before implantation to evaluate the thickness of the base IVS as well as the degree of septal scar and fibrosis. in addition, cardiac magnetic resonance imaging (MRI) also presents an available option (16). Twelve-lead surface electrocardiograms (ECGs) and intracardiac electrograms (EGMs) were continuously recorded during the operation. Key steps are described and summarized below.


Determining the proper initial site

First of all, the determination of the screwing site on the right side of IVS is a pivotal and initial procedure to endure later success. The 3,830 lead is positioned on the distal His bundle under the right anterior oblique (RAO) view, and the fluoroscopic position is saved as a landmark for identifying the target area unless it is so difficult to locate that the tricuspid annulus is used as a reference. The ideal site to implant LBBP lead is 1.0 to 1.5 cm distal to the saved fluoroscopic lead position, marking the His bundle toward the right ventricular apex on the upper mid-septum under fluoroscopic RAO 30° view (15). Unipolar pacing is performed, and the initial site is identified until a typical “W” pattern with a notch at the nadir of the QRS in lead V1, a positive R waveform in lead II, and an “RS” or “rS” waveform in lead III appear (16). Likewise, discordant aVR/aVL (negative aVR and positive aVL) is used to determine the initial site (17, 18). Recently, another stand stylet-driven pacing lead (SDL) was introduced for LBBP. The process of sheath delivery and lead positioning with SDL is similar to LLL, yet there are still some differences. For example, the lead body of the SDL is wider than that of the LLL due to the presence of an inner lumen, and the SDL is stiffer with the stylet inserted in this lumen (19). Growing evidence supports that LBBP using SDL can achieve a success rate, pacing parameters, and procedural safety comparable to those of LLL (19). However, studies reporting the use of SDL remain limited, and an increasing number of large studies are required to confirm its feasibility. Delivery tools and pacing leads specifically designed for LBBP require further exploration.



Penetrating the septum and fixing the lead

Once the initial site is identified, the sheath is rotated counterclockwise to guarantee that the lead tip is perpendicular to the right surface of the septum. Then, the lead is advanced gently toward the left side of the septum with repeated rapid rotation for three to five turns in every attempt to screw it into place. The contrast is injected through the sheath to determine the depth of the lead under a left anterior oblique (LAO) 30° fluoroscopic view (15). Unipolar cathode pacing is intermittently applied during the lead advancement with R wave amplitude, pacing impedance, and paced QRS morphology monitored. Progressive lead advancement results in gradually increasing pacing impedance and an ascending of the notch at the nadir of QRS to form a terminal R wave in lead V1, ultimately presenting a right bundle branch block (RBBB) morphology (a “M” pattern or qR/rsR′) when LBBP is achieved. Unipolar anode pacing was performed to confirm the ring electrode position in the right ventricular septum and estimate the lead depth (18). Septal perforation is one of the most remarkable complications in this process, requiring lead repositioning. To avoid this complication, it is necessary in performing sheath angiography, monitoring QRS morphology, and pacing impedance or monitoring current of injury (COI) during lead advancement (5). A sudden decrease in impedance or sudden disappearance of COI may indicate IVS perforation. Recently, several researchers proposed a fixation beat-guided lead deployment technique, which is defined as premature ventricular contractions (PVCs) with narrow QRS complexes of qR/rsR′ morphology in lead V1. A fixation beat appears when the lead reaches the LBB area and may represent a promising marker for final lead positioning and LBB capture, thus better avoiding septal perforation (20).



Confirming the achievement of left bundle branch pacing and sheath removal

To confirm LBB capture, low and high output pacing is performed. Electrical criteria for LBBP are as follows: (1) narrowing of QRS complex (typically ≤130 ms) and a paced RBBB QRS morphology (qR or rSR′ in lead V1); (2) the stimulus-to-peak LV activation time (pLVAT, defined as the interval between pacing stimulus and the peak of R wave in lead V5, V6) remains short (typically <80 ms) and constant regardless of high (5 V) or low (1 V) pacing output; (3) recording LBB potential in patients without LBBB (of note, LBB potential can be recorded only after LBB conduction correction in patients with LBBB); (4) selective (S) or non-selective (NS) LBBP (S-LBBP captures only the LBB with latency from stimulus to QRS and an isoelectric interval, whereas NS-LBBP captures LBB and the adjacent myocardium with no stimulus-QRS latency and isoelectric interval); and (5) recording retrograde His potential or anterograde distal LBB potential (not necessary) (15). Generally, once criterion (1) and at least one of criteria (2) to (5) are achieved, LBB capture is thought to be confirmed, although there is still no consensus. After confirming the LBB capture, further lead advancement is stopped, and the sheath is removed to allow lead slack. Unipolar and bipolar pacing is performed to test the electrical parameters, such as pacing threshold, sensing, and impedance. Resolution of RBBB QRS morphology is seen during unipolar cathode pacing because of retrograde right bundle branch (RBB) activation in some patients. However, in other patients who do not have retrograde RBB stimulation, anodal stimulation (ANS) during bipolar pacing can partially compensate for RBB conduction delay via a fusion of LBBP and right ventricular septal capture (21).




Benefits of left bundle branch pacing in heart failure patients requiring cardiac resynchronization therapy

Heart failure is always accompanied by conduction abnormalities, especially LBBB (3). According to epidemiological data, approximately one-third of HF patients have a QRS longer than 120 ms, among which 25% have LBBB (3). Thus, heart failure with reduced ejection fraction (HFrEF) and LBBB account for the majority of patients requiring CRT (22). Since Huang et al. (13) first applied LBBP in an HF patient with dilated cardiomyopathy and LBBB who failed to achieve both BVP and HBP in 2017, an increasing number of subsequent observational studies have been conducted to explore the feasibility and safety of LBBP in selected patients in need of ventricular pacing. In a prospective study to evaluate the feasibility of permanent LBBP, Li et al. (23) achieved 68.7% (11/16) success in correcting LBBB or RBBB with the paced QRSd narrowed compared with baseline (122.2 ± 9.9 vs. 153.3 ± 27.8 ms). Vijayaraman et al. (24) also found a significantly narrower QRSd from 162 ± 21 to 137 ± 19 ms (P < 0.001) after LBBP in HF patients with LBBB who were indicated for CRT [success rate: 88% (21/24)] in their study, whereas QRSd widened from 97 ± 12 to 131 ± 15 ms (P < 0.001) in baseline narrow QRS patients, providing a clue for LBBP to realize ventricular electrical resynchronization only if the ventricles were originally asynchronous. Later, increasing evidence merged to support that LBBP benefits ventricular conduction abnormalities. Padala et al. (25) demonstrated narrower paced QRSd compared with baseline (115 ± 12 vs. 144.5 ± 19 ms, P < 0.001) by LBBP in patients with the infra-Hisian disease. Similarly, Ravi et al. (26) reported a significantly reduced QRSd via LBBP in patients with LBBB (ΔQRSd: 47 ms, P < 0.001), RBBB (ΔQRSd: 46 ms, P < 0.001), and intraventricular conduction defect (IVCD) (ΔQRSd: 18 ms, P = 0.006). Recently, Su et al. (27) conducted a large single-center study with long-term follow-up to evaluate the feasibility of LBBP. Their results similarly revealed a remarkable decrease in paced QRSd in baseline LBBB patients (124.02 ± 24.15 vs. 167.22 ± 18.99 ms, P < 0.001) and improvement in LVEF from 48.82 ± 17.78 to 58.12 ± 13.04% (P < 0.001) in patients with QRS ≥120 ms. However, most of these studies applying LBBP in bradyarrhythmia indications revealed preserved LVEF or NYHA class but not a significant improvement, which is in contrast with that noted for CRT-indicated patients described in the following part. These studies provide preliminary evidence that LBBP can correct conduction disorders and normalize ventricular electrical synchrony, making it possible to apply LBBP in HF patients requiring CRT.

Several studies were specifically conducted for CRT in HF patients via LBBP. Zhang et al. (28) enrolled 11 patients with reduced LVEF and LBBB. They revealed both electrical resynchronization and mechanical resynchronization by LBBP as evidenced by narrowed QRSd (129.09 ± 15.94 vs. 180.00 ± 15.86 ms, P < 0.01) and shortened interventricular mechanical delay (IVMD) (14.45 ± 6.38 vs. 61.18 ± 19.46 ms, P < 0.0001), respectively. In addition, they observed significant improvement in echocardiographic parameters [LVEF, left ventricular end-systolic diameter (LVESD), P < 0.05] and clinical New York Heart Association (NYHA) functional class (P < 0.05). Plasma B-type natriuretic peptide (BNP) levels were similarly reduced from 876.00 ± 792.62 to 242.18 ± 267.37 pg/ml (P = 0.0067). Huang et al. (29) demonstrated a 97% (61/63) success rate of performing LBBP in HF patients with non-ischemic cardiomyopathy and LBBB. Comparing electrical parameters, LBBP resulted in a pronounced decrease in QRSd (118 ± 12 vs. 169 ± 16 ms, P < 0.001) to provide maximum electrical synchrony. At the 1-year follow-up, a significant increase in LVEF (55 ± 10 vs. 33 ± 8%, P < 0.001) and a reduction in left ventricular end-systolic volume (LVESV) (67 ± 39 vs. 123 ± 61 ml, P < 0.001) were observed. In parallel, LBBP remarkably improved the NYHA class (1.4 ± 0.6 vs. 2.8 ± 0.6, P < 0.001) at 1 year. This multicenter study revealed both electric resynchronization and clinical benefits of LBBP for CRT. Similar benefits were demonstrated in the study conducted by Li et al. (30). LBBP shortened QRSd (123.0 ± 10.8 vs. 163.6 ± 29.4 ms, P < 0.001), increased LVEF (46.9 ± 10.2 vs. 35.2 ± 7.0%, P < 0.001), decreased LV end-diastolic diameter (LVEDD) (56.8 ± 9.7 vs. 64.1 ± 9.9 mm, P < 0.001), and improved NYHA class (1.4 ± 0.6 vs. 2.6 ± 0.6, P < 0.001) in CRT-indicated patients at a mean follow-up of 9.1 months. In another international, multicenter, collaborative study performed by Vijayaraman et al. (31), LBBP was applied for delivering CRT with an 85% success rate. Notably, a significant QRS narrowing (137 ± 22 vs. 152 ± 32 ms, P < 0.01), obvious improvement of LVEF (44 ± 11 vs. 33 ± 10%, P < 0.01), and high clinical (72%) and echocardiographic (73%) responses were observed after LBBP. In addition, LBBP showed low and stable pacing thresholds and high R-wave sensing, providing a promising alternative option for delivering CRT in HF patients. Data from Qian et al. (32) evaluating the effects of LBBP in HF caused by chronic RVP also supported these findings. They revealed that LBBP was effective in improving pacing-induced HF by improving cardiac function (LVEF increasing: 48.1 ± 9.5 vs. 40.3 ± 5.2%, P = 0.002), improving NYHA class (1.7 ± 0.8 vs. 2.5 ± 0.5, P < 0.0001), decreasing N-terminal pro-brain natriuretic peptide (NT-proBNP) levels (1,840 ± 2,261 vs. 3,178 ± 2,974 pg/ml, P = 0.005), and normalizing electrical synchrony (QRSd narrowing: 116.6 ± 11.7 vs. 174.1 ± 15.8 ms, P < 0.0001). No lead-related complications occurred in this study. In elderly patients who are typically precluded from BVP due to their frailty, LBBP seems to be a better option with a lower risk of CRT complications. Grieco et al. evaluated the feasibility and safety of LBBP-CRT in elderly patients. The study compared electrical parameters, echocardiographic parameters, lead parameters, and complications, revealing that LBBP achieved comparable efficacy between elderly patients and younger patients with narrow QRS, satisfactory pacing threshold, impedance and sensing, low rates of complication, and improved LVEF (33). In summary, LBBP is a promising option for delivering CRT in HF patients, providing excellent ventricular resynchronization, improved cardiac function, and great clinical benefits with a high success rate, low and stable pacing thresholds, and fewer complications.




Comparison of left bundle branch pacing with biventricular pacing as a treatment for heart failure


Current studies comparing left bundle branch pacing with biventricular pacing

Biventricular pacing has long been a standard method for delivering CRT in symptomatic HF patients for approximately 20 years, yet LBBP has recently emerged as a promising alternative modality. Several non-randomized observational studies have shown the advantages of LBBP over conventional BVP by comparing electrical parameters, echocardiographic parameters, and clinical outcomes. These results are summarized in Table 1. Li et al. (34) prospectively compared the efficacy of LBBP and BVP in HF patients during a 6-month follow-up period. The results showed that LBBP required less X-ray exposure time (16.9 ± 6.4 vs. 39.6 ± 9.2 min, P < 0.001) than BVP at the implant, indicating better safety for the operator and patients. Their results also revealed a much more significant decrease in paced QRSd (58.0 vs. 12.5 ms, P < 0.001) in the LBBP group than in the BVP group, as well as enhanced LVEF improvement (15.6 vs. 7.0%, P < 0.001) during the 6-month follow-up. Another non-randomized study performed by Wu et al. (35) recruited CRT-indicated patients for BVP, HBP, or LBBP. In this study, BVP or HBP was applied as the primary therapy, whereas LBBP was used as rescue therapy for HBP-failed patients. The paced QRSd was significantly decreased both in the LBBP group (ΔQRSd = 56 ms, P < 0.001) and the BVP group (ΔQRSd = 26 ms, P < 0.001). A comparison of LBBP with BVP was not shown, although there was a trend toward a greater reduction in QRSd in the LBBP group. Echocardiographic benefits were greater in the LBBP group than in the BVP group, as evidenced by greater LVEF improvement (ΔLVEF) in the LBBP group than in the BVP group (24.0 ± 10.9 vs. 16.7 ± 14.6%, P = 0.015) and a considerably improved echocardiographic response in the LBBP group than in the BVP group (ΔLVEF ≥10%, 93.3 vs. 61.2%, P = 0.004; ΔLVEF ≥15%, 76.7 vs. 53.1%, P = 0.036; final LVEF ≥50%, 70.0 vs. 44.9, P = 0.030) at the 1-year follow-up. LBBP also resulted in greater improvement in NYHA class (P = 0.002) and a trend toward greater improvement in BNP levels (P = 0.099) compared with the BVP group, indicating a better clinical response. Supportively, the BVP group exhibited a higher adverse event rate. Specifically, three patients experienced HF hospitalization and two patients were transferred to HBP. In contrast, none of these events occurred in the LBBP group. Similarly, Wang et al. (36) compared the efficacy of LBBP with BVP in HF patients with complete LBBB. LBBP shortened QRSd much more than BVP (60.80 ± 20.09 vs. 33.00 ± 21.48 ms, P = 0.0009). The echo-LVEF exhibited better improvements in the LBBP group than in the BVP group, although the difference was not statistically significant (P = 0.11). Changes in clinical NYHA class were significant, and more patients were classified as NYHA I/II in the LBBP group than in the BVP group (median 1.5 vs. 2.0, P = 0.029) at the 6-month follow-up. Consistently, Guo et al. (37) demonstrated a greater QRSd reduction (56.0 ± 14.7 vs. 32.3 ± 14.6 ms, P < 0.0001) in the LBBP group than in the BVP group, whereas no significant difference was observed in echocardiographic parameters or clinical NYHA class change (although there was a trend toward better improvement via LBBP), which may be due to a relatively small sample size. Advantages in LBBP were noted compared with BVP with lower and stable pacing thresholds (0.48 ± 0.22 V at 0.4 ms vs. 1.12 ± 0.46 V at 0.4 ms, P < 0.0001). Recently, Zu et al. (38) evaluated and compared the feasibility of LBBP with BVP for delivering CRT. Shorter operation time (90.08 ± 33.40 vs. 158.05 ± 19.05 min, P < 0.01) and X-ray exposure time (20.46 ± 7.36 vs. 43.53 ± 10.36 min, P < 0.01) were achieved in the LBBP group. Better electrical resynchronization was observed in the LBBP group as evidenced by greater QRS shortening (50.30 ± 23.79 vs. 33.15 ± 20.22 ms, P = 0.036) compared with the BVP group. At the 12-month follow-up, LVEF improved more in the LBBP group compared with the BVP group (48.92 ± 8.06 vs. 42.53 ± 4.89%, P < 0.05). The increased safety and feasibility of LBBP compared with BVP were further confirmed in a multicenter study conducted by Chen et al. (39) in HF patients with LBBB. Their results showed a high success rate in both groups (98.00% in the LBBP group and 91.07% in the BVP group). The LBBP group exhibited a shortened QRSd as compared to the BVP group (102.61 ± 9.66 vs. 126.54 ± 11.67 ms, P < 0.001) and better improvement in LVEF both during the 6-month (47.58 ± 12.02 vs. 41.24 ± 10.56%, P = 0.008) and 1-year follow-ups (49.10 ± 10.43 vs. 43.62 ± 11.33%, P = 0.021). A stable and lower pacing threshold was observed in the LBBP group both at implant (P < 0.001) and the 1-year follow-up (P < 0.001). Adverse clinical outcomes and complications were comparable in the LBBP and BVP groups. The studies above evaluated left ventricular electrical synchrony; however, mechanical resynchronization of LBBP was less explored and compared. In a multicenter, prospective cohort study, Liu et al. (40) specifically evaluated the mechanical synchrony of LBBP and compared it with that of BVP. HF patients with complete LBBB who underwent LBBP or BVP were enrolled in the study. Compared with BVP, LBBP resulted in better QRS shortening (64.1 ± 18.9 vs. 32.5 ± 22.3 ms, P < 0.001). The interventricular and intraventricular mechanical synchronization, reflected by IVMD and peak strain dispersion (PSD), respectively, were better improved in the LBBP group compared with the BVP group (ΔIVMD: 27.4 ± 28.7 vs. 18.6 ± 27.9 ms, P = 0.013; ΔPSD: 50.9 ± 56.8 vs. 26.9 ± 63.9 ms, P = 0.036). Moreover, global and segmental myocardial work were evaluated in both groups. Global work efficiency (GWE), global work index (GWI), and global constructive work (GCW) were better improved in the LBBP group compared with the BVP group (P < 0.05). For each LV segment myocardial work, LBBP showed more improvements in most segments than in the BVP group, especially the lateral (P = 0.006) and posterior (P = 0.068) segments. Taking all these studies together, we hypothesize better electrical resynchronization, mechanical synchrony, and clinical benefits of LBBP in HF patients requiring CRT than conventional BVP. Furthermore, we searched studies comparing LBBP with BVP in HF patients with AF and narrow QRS in need of atrioventricular node ablation. Ivanovski et al. (41) found shorter-paced QRSd in the LBBP group compared with the BVP group (127.0 ± 13.0 vs. 172.0 ± 13.0 ms, P < 0.001), whereas no significant difference in baseline QRSd was noted. Echocardiographic results showed improved LVEF (P = 0.041) and decreased indexed LV volumes (P = 0.004) in the LBBP group during follow-up, but no significant change was observed in the BVP group (P = 0.916 for LVEF; P = 0.551 for indexed LV volumes). Regarding clinical outcomes, the follow-up NYHA class did not differ from the baseline NYHA class in the BVP group (P = 0.096). However, in the LBBP group, NYHA class was significantly improved at the 6-month follow-up (P = 0.008). NT-proBNP levels were reduced at follow-up in the LBBP group (P = 0.047) but remained unchanged in the BVP group (P = 0.331). Therefore, LBBP is not only beneficial for HF patients requiring CRT with wide QRS but also provides superior electrical, symptomatic, and echocardiographic improvements than BVP in HF patients with AF and narrow QRS who require atrioventricular node ablation. Recently, the first prospective, randomized trial performed by Wang et al. compared LBBP with BVP for CRT (42). Consistent with the observational studies above, LBBP showed higher LVEF improvement than BVP (21.08 ± 1.91 vs. 15.62 ± 1.94%, P = 0.039) and a trend toward a greater decrease in LVESV (77.74 ± 7.80 vs. 55.58 ± 8.80 ml) and NT-proBNP (1,768.36 ± 217.91 vs. 1,181.05 ± 216.75 pg/ml). However, there were comparable changes in QRSd, NYHA class, and the 6-min walk distance between the two groups.


TABLE 1    Studies comparing LBBP with BVP.
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Clinical limitations of biventricular pacing for heart failure management

Despite the long history of the use of BVP as a standard CRT modality, some challenges continue to emerge regarding the growing need for a more ideal cardiac pacing strategy. First of all, BVP is a non-physiological pacing mode unable to realize effective ventricular synchronization due to epicardial LV pacing, which forces the ventricle to depolarize from the epicardium to the endocardium, in contrast to the physiologic way and predisposes to torsade de pointes tachycardias (43, 44). In addition, long-term RVP does not meaningfully improve RV systolic function and even worsens RV asynchrony, thus causing RV remodeling and aggravating HF or leading to ventricular arrhythmias, including AF (45). Approximately 30–40% of patients remain non-responsive to BVP due to ischemic heart disease, remarkable left atrial dilation, advanced mitral regurgitation, and NYHA class IV. (46). In addition, coronary sinus anatomy and venous malformation limit the intravenous implantation of epicardial LV leads (47) despite improvements in delivery leads and tools and refinements in implant technique. Transvenous LV lead implantation also leads to a chronic increase in the capture threshold, a high lead dislocation rate (up to 5–10%) (48), and phrenic nerve stimulation. Furthermore, BVP fails to stimulate myocardial scar or severely diseased myocardium (4). To address some of these issues, several new target approaches, such as multipoint LV pacing and endocardial LV pacing, have been proposed. Multipoint LV pacing is realized by a multipolar (typically quadripolar) LV lead which is positioned from the coronary sinus branch (49). Three ring electrodes are located at 20, 30, and 47 mm from the tip (50) to achieve multi-site pacing, which can better avoid tissue scar, thereby achieving better electrical synchrony than conventional BVP (51). The Multi-Point Pacing Study (52) and the LV Multi-spot Pacing for CRT (iSPOT) study (53) revealed the non-inferiority of multipoint pacing compared with conventional BVP. However, the feasibility of multipoint pacing remains uncertain, and battery longevity is reduced (6, 54). Moreover, still positioning from the coronary sinus branch as BVP (49), multipoint LV pacing is essentially a type of epicardial LV pacing and thus not an ideal physiological pacing modality. Endocardial LV pacing through a transseptal approach delivers a more rapid and physiological stimulation of LV eliminating phrenic nerve stimulation compared with conventional epicardial LV pacing (55), and it has been proven in the ALSYNC (Alternate Site Cardiac Resynchronization) study to be non-inferior and even superior to conventional BVP with improved hemodynamic response and clinical outcomes even noted in conventional BVP non-responders (56). However, the thromboembolic event rate in this study remained high despite the use of anticoagulants (57). Later, leadless LV pacing was developed to address some of the lead-related complications, which are still under research. Using this method, LV pacing is achieved wirelessly by converting acoustic energy to pacing energy with a receiving electrode in the LV wall (58). A meta-analysis conducted recently concluded that leadless LV pacing could serve as a second-line therapy for conventional CRT non-responders (59). In recent years, BVP has been expanded from severe HF (NYHA III/IV) to mild to moderate HF (NYHA I/II), yet HF patients with a narrow QRS (<130 ms) do not respond to it or benefit from it in most cases. BVP is recommended only as a class III, level A indication in the 2021 ESC guidelines (55). Moreover, CRT-indicated patients are typically those with LVEF ≤35%, but rare patients with LVEF >35% [heart failure with mildly reduced ejection fraction (HFmrEF)] are indicated for conventional CRT or benefit from it. In the 2018 ACC/AHA/HRS guidelines, HF patients with mild to moderate reduced LVEF (36–50%) are recommended as a class IIb, and level C CRT indication only if they have LBBB (QRS ≥150 ms) (9). These limitations above restrain the clinical use of BVP for HF or expanded patients.



Potential advantages of left bundle branch pacing over biventricular pacing

Left bundle branch area pacing (LBBAP) may partially solve some of the obstacles mentioned above, including left ventricular septal pacing (LVSP) and LBBP. LVSP is defined by pacing at the left side of the interventricular septum (IVS), which was first proposed by Mafi-Rad et al. (60). Later, LVSP showed acute hemodynamic and electrophysiological benefits equal to BVP in a study performed by Salden et al. (61), but the long-term clinical outcomes have not been investigated. The difference between LBBP and LVSP is whether they capture the LBB (only LBBP does) (62). However, there areno definite criteria for LVSP. Both pacing modes provide nearly physiological LV activation (63) by endocardial pacing and stimulating the left side of the IVS first. LBBP activates the ventricles more physiologically than LVSP by directly stimulating the conduction system, resulting in a shorter pLVAT (64). Emerging studies pay attention to the clinical use of LBBP, and the potential advantages of LBBP compared with conventional BVP are listed in Table 2. First, LBBP provides physiological LV activation starting at the IVS, from the endocardium to the epicardium, which provides maximum ventricular synchronization with a narrower QRS (65). Given that electrical synchronization is achieved more effectively, LBBP achieves considerably improved ventricular mechanical synchrony than BVP to ensure normal electromechanical coupling of the myocardium. The success rates of LBBP (85–100%) (4) and BVP (85–95%) (4) are comparable, yet approximately 30% of patients do not respond to BVP (6, 11). Advancing the lead via the transseptal approach, implantation of LBBP is rarely influenced by the anatomic variation of the vessels, making it easier to perform with high success rates. In addition, the procedure is safer for the operators and patients given the short procedure time and X-ray exposure time. Although septal perforation, thromboembolism, lead dislodgement, and other complications might probably occur (17), previous studies (23, 25, 27, 66) reported few complication events, and these events could be avoided or reduced by cautious operation with rare long-term damage. Relatively speaking, LBBP has a lower and more stable capture threshold during the procedure and in long-term follow-up, whereas fewer lead dislocation events are noted compared with BVP. Based on its application in patients with HFmrEF in several studies (29–32), LBBP is considered effective in an expanded group of patients for wider indications. In addition, LBBP has also been used in HF patients with narrow QRS and AF in need of atrioventricular node ablation, suggesting its benefits despite QRSd and providing a wider indication for the application of LBBP in HF patients. Moreover, in elderly patients who are typically precluded from BVP due to CRT complications, LBBP seems to represent a better option. Nevertheless, in scenarios in which patients do not respond to BVP, such as ischemic heart disease, marked left atrial dilation, advanced mitral regurgitation, and severely diseased myocardium, LBBP may not serve as an ideal pacing strategy to solve these obstacles either. Moreover, delivery tools and leads of LBBP are quite limited, and leads designed for HBP are currently being used.


TABLE 2    Comparison of advantages and disadvantages between LBBP and BVP.
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Left bundle branch area pacing-optimized cardiac resynchronization therapy for severe heart failure

In patients with more advanced HF, severe electrical asynchrony may exist such as distal conduction delay and IVCDs. In these scenarios, LBBAP alone may not achieve ideal ventricular electrical synchronization. Instead, BVP can partially offset those conduction abnormalities. Therefore, LBBAP combined with BVP (sequential LV pacing) might provide better synchronization and clinical outcomes in these patients. Jastrzebski et al. (67) conducted a prospective observational multicenter study for left bundle branch area pacing-optimized cardiac resynchronization therapy (LOT-CRT) in CRT-indicated patients or non-responders to BVP alone. Patients recruited had severe ventricular dyssynchrony with a wide baseline QRSd of 181 ± 26 ms. Greater QRS narrowing via LOT-CRT was noted compared with either BVP or LBBAP alone (144 ± 22 vs. 170 ± 30 vs. 162 ± 23 ms, P < 0.0001), suggesting better electrical synchrony when these two approaches are combined for selected patients. For echocardiographic benefits, LOT-CRT improved LVEF (37.2 ± 12 vs. 28.5 ± 9.9%, P < 0.0001) and decreased left ventricular end-diastolic volume (LVEDV, 171.4 ± 83 vs. 209.8 ± 99, P < 0.0001) and LVESV (110.6 ± 69 vs. 149.5 ± 84, P < 0.0001) compared to baseline. Furthermore, the NYHA class was improved from 2.9 ± 0.6 to 1.9 ± 0.6 (P < 0.0001), and serum NT-proBNP levels decreased from 5,668 ± 8,249 pg/ml to 2,561 ± 3,555 pg/ml (P < 0.0001) during the 3-month follow-up. In subgroup analysis, using LBBP for LBBAP provided a greater reduction of QRSd (141 ± 20 vs. 152 ± 25 ms, P = 0.028) and greater improvement of LVEF (ΔLVEF: 11.1 ± 11.3 vs. 4.7 ± 7.5, P = 0.0196) than LVSP, indicating the advantages of the LBBP-BVP combined LOT-CRT strategy compared with LVSP-BVP strategies.




Limitations and future directions

To date, BVP remains the standard CRT option supported by evidence-based medicine and recommended in guidelines. However, LBBP has quickly developed and spread, especially in China, during the last 5 years. LBBP still serves as a rescue therapy for BVP-failed patients and is not routinely used in clinical practice. Long-term safety and complications, including arrhythmias, require further exploration in large-scale random controlled trials. More prospective, large-scale studies comparing LBBP with conventional BVP with a longer follow-up period and definite clinical endpoints are required to decide which pacing modality is superior for HF patients. Obstacles in determining precise indications for LBBP or BVP must be solved perhaps by recruiting more HF patients who have ischemic cardiomyopathy or non-specific IVCDs, not only typical LBBB. Moreover, LBBP alone is less likely to achieve ideal electrical synchrony in patients with severe electrical dyssynchrony such as IVCD, whereas BVP can partially solve these problems. Thus, LOT-CRT combining LBBP and BVP is required in the treatment of more advanced HF in future, and more studies involving LOT-CRT should be conducted to further verify its clinical efficacy and long-term safety. Finally, improvements or special designs in delivery leads, sheaths, and devices for better adaptation to LBBP are also a matter of concern given that a set of delivery tools suitable for HBP is continuously used in LBBP currently.



Conclusion

Left bundle branch pacing represents a novel CSP modality that demonstrates promise for replacing the standard application of conventional BVP for CRT in HF patients in future, offering physiological activation of the ventricles. Advantages of LBBP have emerged in recent years over BVP, including better ventricular electrical and mechanical resynchronization and improvements in cardiac function, NYHA function class, and clinical outcomes. Further prospective randomized trials involving larger populations are required to provide further evidence for the safety and feasibility of LBBP and expand its primary clinical use.
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<0.001

AF, atral firilation; ACE, angiotensin convertienzyme; ARB, angiotensin receptor blocker;
LAD, left atral cimension; LVEDD, left ventricular enddiastolic dimension; LVESD, left
ventricular end-systolic dimension; LVEF, left ventricular ejection fraction.
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LVEF <35% LVEF >35% P-value

(=11) (n=17)
Pacing threshold (V/0.5ms) 09+04 06+02 008
R-wave amplitude (mV) 73 12+£7 0.008
Pacing impedance (2) 661+ 112 709 & 127 032
Paced QRS duration (ms) 107 11 108 + 18 073
SPLVAT (ms) 88+ 13 88+ 15 1.00

SPLVAT, stimulus peak to left ventricular activation time.
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LVEF <35%  LVEF >35%  P-value

(n=11) n=17)
Death (%) 2(18.2) 0() 007
Heart failure hospitalization (%) 3(27.8) 3(17.6) 032

The primary composite endpoint (%) 5 (45.5) 3(17.6) 0.10
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LVEF <35% LVEF >35%  P-value

(h=9) (h=17)
LVEF decrease 1(11.1) 3(17.6) 1.00
LVEF improve <5% 3(33.9) 3(17.6) 063
LVEF improve 5% 2(222) 2(11.8) 059
LVEF 250% (hyperresponders) 3(33.9) 9(52.9) 043
Change in LAD 18456 -25+38 075
Change in LVEDD 93486 -58+62 024
Change in LVESD —17£110  -76+85 030
Change in LVEF 12.6 £ 14.9 102 £ 134 0.68

LAD, left atril cimension; LVEDD, left ventricular end-dlastolic dimension; LVESD, left
ventriculer end-systolc dimension; LVEF; let venticular ejection fraction. Two patients in
LVEF < 35% group died in the follow-up with no echocardiography recorded.
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LBBP

BVP

Anatomy

Safety

Costs

Technical difficulty

Delivery tools and leads

Success rate
Respond rate
Pacing parameters

Cardiac synchrony

ndication range

Complications

Wide target zone underneath the endocardium of left side of IVS

Safer for operators and patients with shorter operation and fluoroscopy
time

Fewer costs because of a dual chamber system in CRT-P, yet comparable
costs with BVP in scenario that needs a CRT-D

Relatively easier

Limited and still using leads designed for HBP

85-100% (4)
ot clear

Lower and stable threshold, high R wave sensing

Better electromechanical synchronization with a narrower QRS

Wider, including HFmrEF and HF with narrow QRS such as AF patients
with atrioventricular node ablation

Comparable, septal perforation

Coronary sinus anatomy variation and venous malformation limits
LV lead implantation

Prolonged operation and X-ray exposure time

Greater costs for a triple chamber system

A little more difficult due to various coronary sinus anatomy
Numerous as endocardial LV pacing, multi-point LV pacing
developing

85-95% (4)

Around 70% (6, 11)

Higher threshold via CS lead

A degree of LV dyssynchrony because of non-physiological pacing
with a wider QRS

Narrower, with wide QRS (>130 ms) and usually those whose LVEF

<35% in most cases

Comparable, phrenic nerve stimulation

LBBP, left bundle branch pacing; BVP, biventricular pacing; CRT-P, cardiac resynchronization therapy-pacemaker; CRT-D, cardiac resynchronization therapy-defibrillator; HBP, his

bundle pacing; LV, left ventricle; RV, right ventric!

ejection fraction.

e; CS, coronary sinus; IVS, interventricular septum; LVEF, left ventricular ejection fraction; HFmrEF, heart failure with mildly reduced
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N Success  Rescue

rateof LBBP (n)
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49vs.51  98.0% 5
(49/50)
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over
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Inclusion: HF
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LVEF =35%
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QRSd > 140 ms
in men and
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or IVCD; (3)
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Patients
with
AVB
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mentioned
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Not
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Not
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30.8 vs.
10.5%

Not
mentioned

Not
mentioned

Not
mentioned

Not
mentioned

Follow- Pacing

up parameter
(m)
6 Threshold: 0.81 vs.
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Impedance: 644.9 vs.

817.5Q

12 Threshold: 0.49
(LBBP) vs. 0.61 (RV
lead)/0.93 V (CS
lead)

Sensing: 112 vs.
141 mV

6 Threshold: 0.54 vs.
1.00V/
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(LBBP) vs. 0.57 (RV
lead)/1.12V (CS
lead)

12 Comparison not
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12 Threshold: 0.92 vs.
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3-6 Not mentioned

6 Threshold: 0.80 vs.
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Impedance: 749.0 vs.

760.0 Q

6 Threshold: 0.82 vs.
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Impedance: 476.0 vs.
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Electrical or
mechanical
changes
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180.9 £ 29.7 ms

Paced QRSd:
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Paced QRSd:
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33.15ms

Baseline QRS
morphology: LBBB
Baseline QRSd:
180.12 % 15.79 vs.
175.70 £ 11.29 ms
Paced QRSd:
102.61 % 9.66 vs.
126.54 % 11.67 ms
AQRSd: 59.16 vs.
31.00 ms

Baseline QRS
morphology: LBBB

Baseline QRSd:

177.1 £ 167 vs.

168.8 & 16.8 ms

Paced QRSd:

113.0 + 184 vs.

136.3 £ 20.1 ms
AQRSd: 64.1 vs. 32.5 ms
Baseline QRS
morphology: LBBB
Better mechanical
synchrony reflected by
IVMD, PSD, GWE, GWI,
GCW, MWE

Baseline QRSd: 105 & 15
vs. 98 £7 ms

Paced QRSd: 127 13
vs. 172 £ 13 ms
AQRSd: —29.0vs.
—74.0 ms

Baseline QRS
morphology: LBBB
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174.6 &+ 14.3 vs.
1747 + 14.1 ms
Paced QRSd:
131.5+ 12.5vs.
136.6 &+ 12.9 ms
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morphology: LBBB

Echocardiographic
changes
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288+£45vs.
272+49%

Follow-up LVEF:

43 £87vs.

35.0 £ 10.5%

ALVEE: 15.6 v5.7.0%
ALVEDD: 8.0 vs. 0.5 mm
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response: 88.9.vs. 66.7%
Super response: 44.4 vs.
16.7%
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304+7.1vs.

207 +51%

Follow-up LVEF:
544+98vs.
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ALVEF: 24.0 vs. 16.7%
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Baseline LVEF:

26.80 £ 3.85 vs.

2638 +527%
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Baseline LVEF:

300 £5.0vs.
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39.22%
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205 +49%
Follow-up LVEF:
471+83vs.
431£110%
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1374 11.5%
Echocardiographic
response: 88.9.vs. 68.6%

Bascline LVEF: 28.0 vs.
38.0%

Follow-up LVEF: 40.0vs.
37.0%

ALVEE: 12.0% vs. —1.0%
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311+5.6%
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ALVEF: 21,08 + 1.91 vs.
15.62 % 1.94%

Super response: 65.0 vs.
21%

Clinical
changes
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30+07
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2.8+0.6
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1.50 £0.55 vs.
1.97 £0.61
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30+07
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1507
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3.0£05vs.
2.8+0.6
Follow-up NYHA:
1.6£0.6vs.
22408
ANYHA: 16 £0.6
vs. 0.9 £0.8
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NYHA: 3.0 vs. 3.0
Follow-up median
NYHA: 2.0 vs. 3.0
ANT-proBNP:
1,057.0 vs.
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Baseline NYHA:
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2454051
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100.69 £ 14.14 vs.
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LBBB, left bundle branch block; LBBP, left bundle branch pacing; BVP, biventricular pacing; CSP, conduction system pacing; AVB, atrioventricular block; IVCD, intraventricular conduction defect; AR, atrial fibrillation; LV, left ventricle; RV; right ventricle;
S, coronary sinus; A, change of parameters; QRSd, QRS duration; LVEE, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; LVESV, left ventricular end-systolic volume;
IVMD, interventricular mechanical delay; PSD, peak strain dispersion; GWE, global work efficiency; GWI, global work index; GCW, global constructive work; MWE, myocardial work efficiency; NYHA, New York Heart Association. NT-proBNP,
N-terminal pro-brain natriuretic peptide. Al the numerical values ahead of “vs.” represents the LBBP group while numerical values that comes after “vs.” represents the BVP group. The symbol “~" in the “Electrical or mechanical” column represents an

increase in QRSd.
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Demographics
Age (years)
Male
Comorbidities
Hypertension
Diabetes melitus
Coronary disease
Indications
SND
AVB
Baseline ECG
QRS duration (ms)
1888
RBBB
Echocardiography
LVEF (%)
LVEDD (mm)

Standard group
(n=10)

5764162
6(60.0%)

5(50.0%)
2(20.0%)
3(30.0%)

3(30.0%)
7 (70.0%)

115.7 £202
2(20.0%)
0(0.0%)

605 £6.1
51.4+£6.4

group (n =10)

55.4% 153
7 (70.0%)

4(40.0%)
2(20.0%)
2(20.0%)

4(40.0%)
6(60.0%)

112+ 185
1(10.0%)
1(10.0%)

504 £55
499+38

P-value

0.76
1.00

1.00
1.00
1.00
1.00

0.38
1.00
1.00

0.68
053

AVB, atrioventricular block; ECG, electrocardiogram; LBBB, left bundle branch block;
LVEDD, left ventriculer end-diastolic diameter; LVEF, left ventricular ejection fraction;
RBBB, right bundle branch block; SND, sinus node dysfunction.
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Case No. Pacemaker
indication

AVB
SND
AVB
AVB
AVB
SND
SND
SND
AVB
AVB

© B N® O s BN

s

Baseline QRSd
(ms)/Morphology

110
104
96
106
148/LBBB
102
104
88
138/RBBB
116

Capture type

S-HBP
S-HBP
S-HBP
NS-HBP
Failed, LBBP
NS-HBP
S-HBP
NS-HBP
NS-HBP
NS-HBP

Paced QRSd (ms) PT (min) Total FT (min)

110
104
96
132
120
142
104
130
134
136

113
92
78
89
94
63
7
104
83
Tz

18
1.1
1.2
15
29
15
1.2
14
09
1.0

HL-FT (min) Total FD (mGy)

12
0.6
05
0.9
23
0.6
0.7
0.7
0.4
0.5

37
23
24
32
6.3
32
27
32
20
23

HL-FD (mGy)

25
13
1.0
20
49
13
16
1.7
1.0
53

AV, atrioventricular block; EAM, electroanatomical mapping; FD, fluoroscopic dose; FT, fluoroscopic time; HL-FD, His lead fluoroscopic dose; HL-FT, His lead fluoroscopic time; LBBB,
loft bundle branch block; LBBR, left bundle branch pacing; NS-HBP, nonselective His bundle pacing; PT, procedural time; QRSG, QRS duration; RBBB, right bundle branch block;
S-HBR, selective His bundle pacing; SND, sinus node dysfunction.
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Baseline patient
characteristics

Age, years
Female gender, n (%)

Weight, kg

Length, om

Medical history

Ischemic heart disease, 1 (%)

Acute coronary syndrome, n
(%)

Heart failure, n (%)
Atrial fibrillation, n (%)

Echocardiographic
characteristics

Left atrial diameter, mm

Left ventricular end diastolic
diameter, mm

Electrocardiographic
characteristics

QRS duration, ms

iRBBB (n = 422)

51+ 18
282 (67)
75+15
174£10

72(17%)
12 (3%)

24 (6%)

42%)

367
466

104 (98, 110)

GRBBB (n = 223)

57 £21
164 (74)
76£19
170 10

46 (21%)
46 (21%)

46 (21%)
4(1%)

40+9
487

138 (130, 152)

LBBAP (1 = 86)

69+ 16
61(71)
80+ 19
1694 13

24 (28%)
10 (12%)

78%)
32 (37%)

409
499

112ms (4, 147)

Continuous variables are expressed as mean  standard deviation. Categorical variables are expressed as number of patients (percentage).

iRBBB, incomplete right bundle branch block; cRBBB, complete right bundle branch block. LBBAR, left bundle branch area pacing.

p-value

p <0.001
p=020
p=005
p <0001

p <0001
p <0001

p <0001
p <0001

p <0001
p=0007

p <0001
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Events

Procedure related complications
Lead fracture, n (%)

Lead dislodgement, n (%)

Atrial perforation, n (%)

Ventrioular perforation, n (%)

Pocket hematoma, n (%)

Pocket infection, n (%)

Incision algesia, n (%)

Pericardial effusion, n (%)

MACE

Acute myocardial infarction, n (%)
Acute heart failure, n (%)

Ventricular fibrillation, n (%)

Cerebral infarction, n (%)

Subdural hemorthage, n (%)
Pacemaker reimplantation, n (%)
Cardiac tamponade, n (%)

Death due to VD, n (%)
Rehospitalization due to CVD, n (%)
All-cause mortality, n (%)

CVD, denotes cardiovascular diseas

Overall
N=341

14(4.1)
0
1003)
1003)
0
309
412)
1003)
5(15)
32(9.4)
412)
15 (4.4)
103)
5(15)
1003
103)
103)
4(1.2)

44(12.9)

9(28)

IACE, major adverse cardiocerebrovascular events.

Young (<80)
N=182

8(4.4)
0
0
0
0
2(1.1)
42
1(05)
1(05)
13(7.1)
0
9(4.9
1(05)
0
105)
1(05)
0
108)
22(12.1)
3(1.6)

Elderly (>80) P-value
N=159
6(3.8) 0.140
0 1.000
108) 0946
1086 0.946
0 1.000
1(086) 0565
0 0.169
0 0946
425) 0291
19(11.9) 0.157
425) 0,099
6(38) 0.794
0 0946
5@.1) 0.050
0 0946
0 0946
106) 0946
3(1.9 0522
22(13.8) 0321
638 0377





OPS/images/fcvm-09-885201/fcvm-09-885201-t002.jpg
V6RWPT (ms) VARWPT (ms) V1 R’ duration (ms) V1 R’ amplitude (uV) V1R’ area (uVs) V6V IPI

IRBBB (1 = 422) 40 (36, 44) 74 (68, 80) 42(35, 49) 195 (126, 208) 236 (140, 399) 34(28, 40)
CRBBB (n = 223) 3836, 44) 96 (86, 108) 81(68,91) 761 (551, 1010) 1782 (1182, 2498) 58 (48, 68)
LBBAP mean (0 = 44 (36, 56) 84(72,92) 42 (28, 55) 297 (175, 645) 316(134, 831) 36 (24, 45)
86)

LBBAP: narrow QRS 44 (36, 56) 82(72,89) 39 (20, 52) 246 (144, 504) 263 (213, 418) 32 (24, 45)
(=47

LBBAP: LBBB (n = 40 (32, 44) 7265, 79) 48 (38, 55) 449 217, 782) 509 (04, 428) 32 (24, 44)
12)

LBBAP: RBBB (1 = 46 (29, 62) 84(72,92) 46(28,74) 251 (185, 652) 325 (205, 451) 40 (24, 56)
12)

LBBAP: NIVCD (0 = 46 (40, 62) 90883, 100) 49 (35, 66) 530 (240, 871) 798 (241, 448) 38(32,58)
1)

iRBBB, incomplete right bundle branch block; cRBBB, complete right bundile branch block; LBBAP: left bundle branch area pacing; RBBB, right bundle branch block; LBBB, left bundie
branch block; NIVCD, non-specified intraventricular conduction delay; V6V IPI, V6-V1 interpeak interval.
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References Study design  Region Number of participants ~ Follow-Up Age (vear) Male (%) Disease Date of included patients Implant success

() duration (%)
Houetal.(15)  Prospective study China HBP: 29; LBBP:56 1/6M HBP:69.1 + 10.4; HBP:65.5,LBBP: SND/AVB/AF  2018.1-2018.9 Not mentioned
LBBP: 68.3+11.8 64.3
Huaetal (17)  Retrospective  China HBP:125; LBBP:126 3Mm HBP:62.2 + 15.2; HBP:56.8; Bradycardia 2018.1-2019.4 HBP:87.2%;
study LBBP:653+  LBBP:6 LBBP:91.3%
111
Molina-Lerma  Retrospective  Spain HBP:45; LBBP:42 3M HBP:75.5; HBP:62.2; Not mentioned  HBP:2018.1-2018.12; Not mentioned
etal. (18) study LBBP:76 LBBP:59.5 LBBP:2019.1-2019.12
Qian et al. (19) Retrospective China HBP:64; LBBP:185 36MIY HBP:66.7 + 10.8; HBP:59.4; Bradycardia/HF 2014.9-2019.8 HBP:87.6%;
study LBBP:68.9 + 125 LBBP:55.1 LBBP:95.9%
Shengeetal.(20) Retrospective  China 2 3M 729490 65.4 Bradycardia/AF  2019.1-2019.6 Not mentioned
study
Vijayaraman (21)  Retrospective  Multiple HBP:46; LBBP:28 120£187M  79+8 57 Not mentioned  Not mentioned HBP:63%;
study centers LBBP:93%
W (22) Prospective, China HBP:49; LBBP:32 1Y HBP:68.3+ 10,  HBP:63.3; LBBB/HF/CRT  2012.12-2018.12 HBP:99.2%;
non-randomized LBBP:67.2£13  LBBP:438 recipients LBBP:98.9%
study

HBP, his-bundle pacing; LBBP, left bundle branch pacing; AF, atrial fibrillation; AVB, atrioventricular block; SND, sinus node dysfunction; HF, heart failure; LBBB, left bundle branch blocked.
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Variables

Age, yrs
Gender (male), n (%)
IVS thickness, mm
LVEF, %
NT-proBNP, pg/ml

©GFR, m/min/1.73m?
NYHA, n (%)

v

]

[

1
Indications, n (%)

ss8

AF with long R-R interval

AVB*

Lead revision

Battery depletion
Medical history, n (%)
Heart failure
AF/AFL
DCM
HOM
Coronary artery disease
Hypertension
Diabetes melitus
Medications, n (%)
Antiplatelet agents
Oral anticoagulants

Overall
N=341

80.0[71.0,84.0)
173 (50.7)

10.0 (100, 11.0)

60.0[55.0, 62.0]

530.4 (1813,
1576.0]
792:+£31.4
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49 (14.4)
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12 (35)
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12 (35)
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253 (74.2)
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87 (25.5)
31.1)

Young (<80)
N=182

72.0[65.0,77.0)
9(51.7)

100 (10.0,11.0]

60.0(57.0,62.0)

2737 1006,
752.7)
89.1£30.8

9(5.0)
20(11.0)
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111(61.0)
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75(412)
108)
79

21(11.5)
51(28.0)
3(1.7)
5028
44(24.2)
130 (71.4)
47(25.8)

41 (22.5)
16(8.8)

Elderly
(280) N = 159

84.0(82.0,87.0)
79 (49.7)

100(10.0, 1.0}

60.0[55.0, 62.0)

1076.0 [324.0,
2513.0)
65.2:+ 266

14(88)
29(18.2)
53(33.3)
63(39.6)

55(34.6)

26 (16.4)

72(45.9)
1(0.6)
5@.1)

40(25.2)
49 (31.0)
2(13)
7(4.4)
49(30.8)
123 (77.4)
38(239)

46 (29.0)
15(9.4)

P-value

<0.001
0717
0.010
0275
<0.001

<0.001
0.003

0.887

0.001
0.788
1.000
0.408
0.170
0212
0.682

0.389
0837

Continuous variables are described as mean + SD or median with IQR, while categorical variables are presented as percentages (%). AF, denotes atrial fibrilation; AFL, atrial
flutter; AVB, atrial ventricular block; BMI, body mass index; DCM, dilated cardiomyopathy; eGFR, estimated glomerular filtration fraction; HCM, hypertrophic cardiomyopathy; VS,
interventricular septum; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro brain natriuretic peptide; NYHA, New York Heart Association grading of cardiac function;

S8, sick sinus syndrome.
*eGFR was calculated by MDRD formue.

+AVB includes high grade AVB, I> AVB Mobitz type 2 and P AVB. The bold value indicates significant P-value (P < 0.05).





OPS/images/fcvm-09-844152/crossmark.jpg
©

2

i

|





OPS/images/fcvm-08-661885/fcvm-08-661885-t002.jpg
Parameters Overall

N=341

Fluoroscopic time, min 10.31(7.4,16.2)

Fluoroscopic dosage, MGy 1359(85.9,
246.8)

Preprocedural measurements

QRS duration, ms 104.0(94.0,
136.5)

LBB block, n (%) 25(7.4)

RBB block, n (%) 38(11.2)

Temporary pacemaker, n (%) 45 (132)

Intraprocedural measurements

Paced QRS duration, ms 110.0 (1020,
118.0]

LBB potential recorded, n (%) 164 (54.9)

p-LVAT, ms 72.0(66.0, 80.0]

LBB, denotes left bundle branch; p-LVAT, pacing to left ventricle activation time; RBB, right bundle branch. The bold value indicates significant P-value (P < 0.05).

Young (<80)
N=182

11.2(7.7,16.6]

1385 (962,
255.8)

102.0 (93.0,
137.0)

11(6.1)
21(11.6)
16(8.8)

110.0 [102.0,
1180]
86(58.9)
72.0(66.0, 80.0)

Elderly (=80)
N=159

9.65(7.4,153)
1300 [76.5,
226.0)

106.0(94.0,
136.0)

14(88)
17 (10.7)
29(18.2)

110.0 [100.0,
1200
78 (50.0)
700(64.0, 78.0]

P-value

0311
0.227

0.600

0.329
0.804
0.010

0874

0.121
0.299
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Lead name

Manufacturer
Lead design
Lead length (cm)
Lead body diameter (mmvFr)
Helix design
Cathode design (Lead tip electrode)
Tip electrode length (mm)
Tip electrode surface area (mm?)
Tip to ring electrode spacing (mm)
Anode fing electrode surface area (mm?)
Anode fing electrode width (mm)
Outer isolation
Inner isolation
Rotations to extend helix

With straight stylet

With J- stylet
Maximal number of rotations

Steroid eluting
Steroid eluting

SelectSecure 3830

Meditronic
Lumen-less
59/60/74

1.4(4.1)

Fixed, non-retractable
Electrical active helix
18

36

9

16.9

Not specified
Polyurethane
Silicone/ETE

NA
NA
NA

Yes
Beclomethasone Diproprionate

Solia s

Biotronik
Stylet-driven
45/53/60

1.8(5.6)

Retractable
Electrical active helix
18

45

10

17.4

1969
Polyurethane/Silicone
Silicone

5-10
5-10

17 (@5 cm length)
21 (53cm length)
23 (60cm length)
Yes
Dexamethasone
Acetate

Ingevity

Boston Scientiic
Stylet-driven
45/52/59

19(6.7)

Retractable
Electrical active helix
18

45

10.7

20

20(6.0)
Polyurethane (55D)
Silicone

30

Yes

Tendril 2088TC

Abbott
Stylet-criven
46/52/58/65/85/100
19(5.8)

Retractable
Electrical active helix
20

69

10

16

Not specified
Optim™

Siicone

611

9-14
No maximumm specified

Yes

Dexacomethasone Acetate  Dexamethascne Sodium Phosphate
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References Type of study

Lietal. (29) Observational

Wang et al. (30) Observational case-control

Guoetal. (31) Prospective observational
Wuetal. (32) Non-randomized
observational

Lustgarten etal. (1) Randomized controlled trial

Upadhyay etal. (33)  Randomized controlled trial
Amold et al. (34) Observational

Vijayaraman et al. (35)  Observational

Upadhyay etal. (35)  Randomized controlled trial

Vinther et al. (37) Randomized controlled trial

Hua et al. (38) Observational study

Hou etal. (39) Single-centre prospective

Huetal. (40) Prospective, observational,
nonrandomized

Sheng et al. (41) Single-center prospective

patient control

Vijayaraman et al. (42)  Prospective, single-center
observational study

Vijayaraman et al. (43)  Observational retrospective

Qian et al. (44) Single-centre observational

Ye etal. (45) Non-controlled
non-randomized
prospective

Age (year)

56.8 £ 10.1

63.4+£96

656 £86

679+ 111

71.33

64613

67 = 10

72+ 15

6413
66.8+93

638+ 13.4

686+ 113

61.4+18.1

729+9.0

75.7 22

79%8

683 +12.1

78+5

QRSd

1779+ 188

1769 £ 196

165.7 + 14.3

163+ 115

169+ 16

168.6 + 18

168 £ 21

183+ 27

168 £ 18
166 + 15

108.6 +23.8

105.8 + 26.4

19+ 162

96.5 + 16.2

121+30

138.7 £28.8

142.3 +£30.7

91+ 10

LVEF

293459

265+£49

209+45

30.7+6.6

26 +56.6

28

267

247

28
307

58+7.7

63.6+4.2

575+95

62+ 12

535+227

58+ 12

63 +538

351+ 117

Male (%) Region

59.5

08

0.428

05

0.66

0.62

0.53

0.85

0.62
0.64

051

0.647

0.64

0.654

0.63

057

0.562

0.75

China

China

China

China

Burlington

Chicago

British

Florida

Chicago
Denmark

China

China

China

China

Florida

Florida

China

China

Period Number of

2020

2020

2020

2020

2015

2019

2018

2019

2019
2021

2020

2019

2020

2021

2021

2020

2020

2020

patients
(physiologic/
BiVP)

27/54

10/30

21/21

32/54

29 (12/12)

21/20

23/23

10116

21/20
25/26

100/115

29/56

25/26

10110

143/182

29/26

64/185

14/13

Indication of
pacing

LBBB (LVEF) <
35%

HF LVEF < 35%
NYHA2-4

HF LBBB

LVEF < 40%
LBBB

QRSd > 130ms

HF

QRSd > 130ms
LVEF < 35%
NYHA2-4

LVEF < 40%
LBBB

HF
LVEF <35, HF,
LBBB
Symptomatic
bradycardia

SND AVB
(atrioventricular
block)

AVB

AF with slow
ventricular rate
AVB

AVCD after TAVR

HF

AF

Pacing
sites

LBBP BVP

LBBP BiVP

LBBP BiVP

LBBP BVP

HBP B\VP

HBP BiVP

HBP B\VP

HBP BVP

HBP BiVP
HBP B\VP

HBP LBBP

HBP LBBP

HBP LBBP

HBP LBBP

HBP LBBP

HBP LBBP

HBP LBBP

HBP LBBP

Follow-up
months.

6 month

6 month

143£72
month

12 month
6 month

12 month
12 month

14+ 10
month

12 month
6 month

3 month

45+24
month

3 month

3 month

24 month

12£13.7

12 month

6 month

Evaluated
parameters

QRSd LVEF NYHA
LVEDD

QRSd LVEF NYHA
LVEDD LVESV
LVESD

QRSd LVEF NYHA
LVEDD

QRSd LVEF NYHA
LVESV LVESD

QRSd LVEF NYHA
LVESV LVESD
6-min walk

QRSd LVEF
QRSd

QRSd LVEF NYHA
LVEDD

QRSd LVEF

LVEF PT LVESV
NYHA
QRSd PT R-wave

QRSd LVEF
R-wave PT

QRSd LVEF
LVEDD R-wave PT

QRSd PT R-wave

QRSd PT R-wave

QRSd PT R-wave
LVEF
QRSd PT R-wave
LVEF
QRSd PT R-wave
LVEF

AF, atrial fibrilation; AVB, atrioventricular block; AVCD, AV conduction disease; HF; heart failure; QRSd, QRS duration; #LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic dimension; PT, pacing thresholds; R-wave,
R-wave amplitudes; NYHA, New York Heart Association; HBP, His-bundle pacing; LBBP, left bundle branch pacing, BIVR, biventricular pacing.
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NYHA class NT-proBNP (ng/L) LVEDD (mm) LVEF (%)

High pacing proportion Baseline 3108 2916+ 2,849 56.1 483 460+ 147
Half year follow-up 16£07 1,187 1,609 524%7.1 534+ 10.5
P-value <0.001 0014 0.009 0.001

Low pacing proportion Baseline 34£05 3,720+ 2,913 630+ 13.7 44.1 160
Half year follow-up 25+ 1.1 2,428 +2,035 621+ 12.9 449+ 187
P-value 0021 0206 0.429 0700

NYHA class, New York Heart Association class; NT-proBNP, N-terminal pro-brain natriuretic peptide; LVEDD, left ventricular end diastolic dimension; LVEF, left ventricular ejection fraction.
Data are presented as mean + standard deviation and groups were compared using the paired T tests.
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Study RBBB QRS Paced QRS duration (ms) Stim-LVAT (ms) Number of RBBB Success
duration (ms) patients narrowing rate

Li etal. (15) 120 106 None 8 62.5%

Zhu et al. (22) 169 114 (low output UTP)/ 104 80 1 None
(high output UTP)

Lietal. (23) 143.1 + 16.6 122.9+10.3 77.4 £ 8.0 (low output UTP)/ 27 88.8%

75.8 + 7.5 (high output UTP)

Jiang et al. (24) 150 £ 13 121 £ 15 86 + 15 33 75.7%

Chu et al. (25) 141 109 (low output UTP)/ 106 None 1 None
(high output UTP)

Lin et al. (26) 137.7 £19.2 118.7 £ 6.7 (UTP)/105.0 £ 5.0 82.0+£ 5.2 (UTP)/ 78.3 £ 3.9 6 75% (BTP)
(BTP) (BTP)

Zhu et al. (27) 144.31 £ 4.83 114.26 + 5.09 (UTP)/ None 32 None

116.7 + 46.29 (BTP)

LBBR, left bundle branch pacing; RBBB, right bundle branch block; Stim-LVAT, stimulus to left ventricular peak activation time; UTR, unipolar tip pacing configuration; BTR,

bipolar tip pacing configuration.
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Variables High pacing Lowpacing  P-value

proportion proportion
N 23 7
Gender male 15 (65.2%) 5(71.4%) 0.760
Age (years) 740+ 108 69.0 6.6 0.157
Systolic blood pressure 1417 £ 265 1813269 0373
(mmHg)
Heart rate (bpm) 845252 80.4 +363 0685
Hypertension 14(60.9%) 5(71.4%) 0612
Diabstes melltus 9(30.1%) 3(42.9%) 0.860
Coronary heart disease 11(47.8%) 3(42.9%) 0818
PCl history 2(8.7%) 1(14.3%) 0666
Smoking 9(39.1%) 4(57.1%) 0.400
Hemoglobin (/L) 13434226 1467 £248 0222
Albumin (g/L) 36.9+4.4 357+£36 0.531
Creatinine (umol/L) 91.4£221 92,6 +£20.1 0.897
NT-proBNP (ng/L) 1740 (1108-4123) 3013 (1406-4908)  0.207
Native QRSd (ms) 120.0 802 1257£20.1 0664
LVEF (%) 464146 423+163 0525
HBP 13 (66.5%) 4(67.4%) 0977
Pacing proportion (%) 9786 541+168 <0001
B-blockers (mg daiy) 59.9.+52.1 1206+£685 0018
Angiotensin Il receptor 15 (65.29) 7 (100.0%) 0,068
blockers
Diuretics 7 (80.4%) 4(67.4%) 0.199

PCI, percutaneous coronary intervention; NT-proBNR, N-terminal pro-brain natruretic
peptide; QRSd, QRS duration; LVEF, left ventriculer ejection fraction; HBP. His
bundle pacing.

Data are presented as numbers (%), mean = standard deviation, or median and
interquartile range as appropriate and groups were compared using the Student's T test,
Mann-Whitney U test or chi-square test as appropriate.
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Al Patients with proved nsLLBp Patients without pvalue

n=9 n=57 proved nsLBBp n = 39
Age (years), mean + SD 7748 7748 7748 066
Male gender, n (%) 59 (61) 31 (54) 28 (72) 0.09
Comorbidities
* Heart failure, n (%) 17(18) 6(11) 11(28) 0.02
« Coronary heart disease, n (%) 37(39) 16 (28) 21 (54) 0.01
« Diabetes melltus, n (%) 4143) 18(32) 23 (59) 0.007
« Hypertension, n (%) 79(82) 46 81) 33(85) 062
LV ejection fraction (%), mean = SD 5646 5746 5646 098
Septal thickness, mean & SD A2 109 +1 42 0.03
Pacing indications
AV block, n (%) 57(59) 28 (49) 29 (74) 0.01
o Sy, (%) 28(29) 23(40) 5013 0.004
* Bi-, trfascioular block, n (%) 88 4@ 5(13) 033
« Atrial fibrillation with planned AV junctional ablation, n (%) 33 24) 0(0) ns
QRS morphology
« LBBB, n (%) 13(14) 6(11) 7(18) 029
« RBBB, n (%) 23(24) 11(19) 12 31) 020
« IVCD, n (%) 11(11) 7(12) 4(10) 023
« Narrow QRS, n (%) 49 (51) 33(58) 16 (41) 0.10

SSSy, sick sinus syndrome; AV, atrioventricular; LBBB, left bundle branch block; RBBB, right bundle branch block; IVCD, non-specific intraventricular conduction delay; narrow QRS,
QRSd < 120 ms. Bold values are used to highlite a significant difference. ns, nonsignificant.
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LBTPgroup  LBFP group

(n=48) (h=43)
Lead tip distribution
Within area 1 36 (75.0%) 7(16.3%)
Within area 2 10 (20.8%) 35 (81.4%)
ECG parameters
Paced QRS duration (ms) 1081499 1129112
LVAT (ms) 689+ 6.4 67.7+56
QRS transition zone 18(10,15)  15(15,20)
VCG parameters
QRS area (Vs) 351158  434+158
Pacing parameters
Capture threshold (V/0.4ms) 08+02 08+03
R-wave ampitude (mV) 1A£44 100£39
Impedance (2) 674.1+1309  677.5+ 1336
Parameters at follow-up
Capture threshold (V/0.4ms) 07£02 07£02
R-wave ampiitude (V) 1.8+ 42 11.0£39
Impedance (£2) 4789+800  4893+78.4
Echocardiography at follow-up
LVEF (%) 61251 60.8+5.08
LVEDD (mm) 496£56 487 +6.0

P-value

<001
<001

0.03
0.35
0.01

0.01

0.97
0.21
0.83

0.83
0.49
0.39

0.65
0.38

ECG, electrocardiogram; LBFP, left bundle fascicular pacing; LBTR left bundle trunk
pacing; LVAT, left ventricular activation time; LVEDD, left ventricular end-diastolic diameter;

LVEF, left ventricular ejection frection; VCG, vectorcardiogram.
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LBTP LAFP LPFP Total

Area 1 36 3 4 43
Area 2 10 10 25 45
Other area 2 1 0 3
Total 48 14 29 91

LAFR, left anterior fascicular pacing; LBTP left bundle trunk pacing; LPFR left posterior
fascicular pacing.
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LBTP group (n = 48) LBFP group (n = 43) P-values

Total (n = 43) LAFP (n = 14) LPFP (n = 29) LAFP vs. LPFP LBTP vs. LBFP
Demographics
Age (years) 582+ 19.6 58.1:+166 501+ 12,0 576+186 078 075
Male 24 (50.0%) 22(51.2%) 7 (50.0%) 15 (51.7%) 092 091
Comorbidities
Hypertension 27 (56.3%) 22(51.2%) 6(42.9%) 16 (55.2%) 0.45 0.63
Diabetes melltus 6(12.5%) 6(14.0%) 3(21.4%) 3(10.3%) 037 0.84
Coronary artery disease 10 (20.8%) 8(18.6%) 2(14.3%) 6(20.7%) 093 0.79
Indications 0.45 0.67
SND 18 (37.5%) 18 (41.9%) 7 (50.0%) 11(37.9%)
AVB 30 (62.5.0%) 25 (58.1%) 7 (50.0%) 18 (62.1%)
Baseline ECG
QRS duration (ms) 94.8+96 943+93 92990 95095 0.49 0.83
QRS transition zone 40(35,45) 4.0(35,4.5) 40(35,5.0) 40(35,4.0) 0.07 090
Baseline VCG
QRS area (uVs) 34.7+166 357 180 35.4+£206 358+ 17.0 0.67 095
Echocardiography
LVEF (%) 61.1%62 60.4 6.2 503+ 6.7 61060 0.46 0.69
LVEDD (mm) 498 +6.3 487 £48 489+ 4.2 486 £5.1 0.85 0.56

AV, atrioventricular block; ECG, electrocardiogram; LAFR, left anterior fascicular pacing; LBFF, left bundie fascicular pacing; LBTR left bundle trunk pacing; LPFP, left posterior fascicular
pacing; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; SND, sinus node dysfunction; VCG, vectorcardiogram.
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Outcomes Procedure Implant Paced QRS Pacing Pacing R-wave LVEF LVEDD Complications
duration success  duration impedance* threshold* amplitude* (follow-up) (follow-up)

(min) (follow-up) () (V) (mV) (%) (mm)
(ms)
Pacing
modality SUCRA SUCRA SUCRA SUCRA SUCRA SUCRA (%) SUCRA (%) SUCRA (%) SUCRA (%)
(%) (%) (%) (%) (%)

LBBP 29.9 345 91.9 57.9/31.5 61.2/60.5 91.4/88.8 69.5 74.0 433

HBP 28.8 18.4 58.1 8.1/30.1 0.4/1.3 0.2/3.1 79.3 64.7 72.9

RVP 91.3 97.1 0.0 84.1/88.4 88.4/88.2 58.4/58.1 113 114 339

HBP, His bundle pacing; LBBP, left bundle branch pacing; LVEE left ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter; RVP, right ventricular pacing; SUCRA,
surface under the cumulative ranking curve. Bold values are the top one value of SUCRA ranking.
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*Procedure duration (min)

LBBP

~0.63 (-24.64, 23.54) HBP

24.26 (~10.48, 59.21) 24.86 (~17.93, 66.58) RVP
Baseline QRS duration (ms)

LBBP

10.12 (-4.30, 21.92) HBP

3.86 (-6.61, 14.38) -6.19 (~19.15,9.23) RVP

Baseline pacing impedance (£2)

LBBP
95.56 (-68.86, 253.21) HBP
-139.22 (-323.81, 48.50) -44.05 (-204.39, 118.86) RVP

Baseline pacing threshold (V)

LBBP
~0.67 (-1.10, -0.35) HBP
0.06 (~0.18, 0.42) 0.73 (0.41, 1.27) RVP

Baseline R wave amplitude (mV)

LBBP

7.29 (4.25,10.21) HBP

0.92 (-1.55, 3.48) -6.36 (-9.56, —2.89) RVP
*Baseline LVEF (%)

LBBP

-1.03 (-6.26, 4.75) HBP

~031 (-2.22, 1.46) 0.66 (5.32, 6.34) RVP
*Baseline LVEDD (mm)

LBBP

~0.55 (~5.58, 4.37) HBP

0.57 (~1.30,2.59) 1.13 (-4.17, 6.57) RVP
Complications

LBBP

0.36 (~0.77, 1.64) HBP

~0.18 (-1.56, 1.30) ~0.55 (~2.35, 1.29) RVP

Success rate

LBBP
0.56 (-2.54, 3.36) HBP
-2.06 (-5.04, -0.04) -2.65 (-5.90, 0.20)

Paced QRS duration (ms)

LBBP
~2.45 (~8.84,3.16) HBP
-42.75 (-47.75, -38.60) -40.33 (-46.67, -33.74)

Pacing impedance at follow-up (£2)

LBBP
2.89 (-112.49, 121.58) HBP
-67.35 (-183.21, 49.64) -70.57 (-203.51, 62.04)

Pacing threshold at follow-up (V)

LBBP
-0.73 (-1.40, -0.12) HBP
0.14 (-0.45, 0.82) 0.88 (0.19, 1.70)

R wave amplitude at follow-up (mV)

LBBP
8.43 (1.32,15.27) HBP
2.13 (-4.84,9.15) -6.28 (~14.21, 1.76)

LVEF at follow-up (%)

LBBP
~0.57 (~5.16, 3.96) HBP
4.33 (1.43,7.32) 4.91 (0.53, 9.44)

*LVEDD at follow-up (mm)

LBBP
-0.19 (-7.03, 6.87) HBP
-3.61(-8.21,0.88) -3.45(-11.72, 4.65)

RVP

RVP

RVP

RVP

RVP

RVP

RVP

Bold values indicate statistical differences. *Comparisons between HBP and RVP were indirect. HBP, His bundle pacing; LBBP, left bundle branch pacing; LVEF, left ventricular ejection
fraction; LVEDD, left ventricular end-diastolic diameter; LV function, left ventricular function; RVP, right ventricular pacing.
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Pairwise meta-analysis

Procedure duration (min) Implant success rate
N, n OR; 95%CI; p N, n OR; 95%CI; p
LBBP vs. HBP 2 (207 vs. 168) ~0.57; (-21.24,20.11); 0.96 NA
LBBP vs. RVP NA 3 (339 vs. 217) 0.27; (0.04,1.80); 0.18
HBP vs. RVP NA NA

Pacing parameters

QRS duration (ms) Pacing threshold (V)
N, n MD; 95%CI; p N, n MD; 95%CI; p
LBBP vs. HBP Baseline 2 (207 vs. 168) 11.74; (-5.76, 29.24); 0.19 2 (207 vs. 168) -0.58; (-0.69, —0.47); <0.00001
Follow-up 2 (207 vs. 168) -3.32; (-9.57, 2.93); 0.3 2 (207 vs. 168) -0.59; (-0.72, —0.46); <0.00001
LBBP vs. RVP Baseline 3 (339 vs. 217) 2.20; (-3.11, 7.51); 0.42 3 (339 vs. 217) 0.02; (-0.05, 0.08); 0.61
Follow-up 3 (339 vs. 217) -42.43; (-44.68, -40.18); <0.00001 2 (279 vs. 157) 0.01; (=013, 0.14); 0.94
HBP vs. RVP Baseline NA NA
Follow-up
Pacing parameters
R wave amplitude (mV) Pacing impedance (R2)
N, n MD; 95%CI; p N, n MD; 95%CI; p
LBBP vs. HBP Baseline 2 (207 vs. 168) 7.95; (7.01, 8.89); <0.00001 2 (207 vs. 168) 107.71; (-101.90, 317.32); 0.31
Follow-up 2 (207 vs. 168) 9.73; (4.64, 14.82); 0.0002 2 (207 vs. 168) 36.69; (22.51, 50.86); <0.00001
LBBP vs. RVP Baseline 3 (339 vs. 217) 0.73; (-1.23, 2.70); 0.46 2(279 vs. 157) -68.48; (-136.40, -0.55); 0.05
Follow-up 2 (279 vs. 157) 0.85; (-1.03, 2.72); 0.38 2(279 vs. 157) -94.96; (-211.65, 21.73); 0.11
HBP vs. RVP Baseline NA NA
Follow-up
Left ventricular function
LVEF (%) LVEDD (mm)
N, n MD:; 95%CI; p N, n MD; 95%CI; p
LBBP vs. HBP Baseline NA NA
Follow-up
LBBP vs. RVP Baseline 2 (279 vs. 157) -0.22; (-1.49, 1.04); 0.73 2279 vs. 157) 0.67; (~1.27, 2.60); 0.50
Follow-up 2 (279 vs. 157) 4.32; (3.02, 5.61); <0.00001 2 (279 vs. 157) -3.63; (-6.46, —0.80); 0.01
HBP vs. RVP Baseline NA NA
Follow-up
Clinical outcomes
Complications Heart failure hospitalization
N, n OR; 95%CIL; p N, n OR; 95%CIL; p
LBBP vs. HBP 2 (207 vs. 168) 1.30; (0.57, 2.97); 0.53 NA
LBBP vs. RVP 3 (339 vs. 217) 0.77; (0.24, 2.46); 0.66 2 (279 vs. 157) 0.21; (0.08, 0.53); 0.001
HBP vs. RVP NA NA
Chronic evolution of pacing parameters
Pacing threshold (V) Pacing impedance (2)
N, n MD; 95%CI; p N, n MD:; 95%CI; p
LBBP 4(486) -0.04; (-0.13, 0.05); 0.37 4 (486) 103.38; (-21.01, 227.77); 0.1
HBP 3 (206) -0.08; (~0.23, 0.08); 0.34 3 (206) 71.04; (24.24, 117.83); 0.003
RVP 3 (195) -0.01; (-0.04, 0.02); 0.48 3 (195) 76.74; (-6.18, 159.67); 0.07

R wave amplitude (mV)

N, n MD; 95%CI; p
LBBP 4 (486) -2.12; (-4.05, -0.20); 0.03
HBP 3 (206) -0.10; (-0.66, 0.45); 0.71
RVP 3(195) -0.89; (-3.36, 1.58); 0.48

Bold values indicate statistical differences. CI, confidence interval; HBP, His bundle pacing; LBBP, left bundle branch pacing; LVEE, left ventricular ejection fraction; MD, mean difference;
N, number of studies; n, number of participants; NA, not applicable; RVP, right ventricular pacing.
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Author, year  Study
design
Hu et al. (10) Observational
Hasumi et al. Observational
13)
Vijayaraman Observational
etal. (15)
Lietal (11) Observational
Zhangetal. (14)  Observational
Riano Ondiviela ~ Randomized
etal. (12) controlled trial
Kronborg et al. Randomized
(16) crossover trial

AVB, atrioventricular block; HBP, His bundle pacing; LBBP, left bundle branch pacing; LVEEF, left ventricular ejection fraction; NR, not reported; RVP, right ventricular pacing.

Country

China

Japan

USA

China

China

Spain

Denmark

Indication

AVB

AVB with preserved
LVEF

Advanced AVB

AVB and LVEF > 50%
at baseline

AVB

Third-degree AVB
with preserved LVEF

AVB with a preserved
LVEF > 40%

Follow

up

(months)

12~24

12

12~24

12

Male,

n

32

NR

211

242

30

37

30

Pacing Numberof Success Baseline
mode  patients,n rate (%) LVEF
(%)

HBP 25 76 593+ 113
LBBP 25 88 57.7+738
HBP 21 64 NR
LBBP 71 81 NR
HBP 182 NR NR
LBBP 151 NR NR
RVP 246 100 61.5+6.4
LBBP 120 95.5 61.7+£74
RVP 33 100 5629540
LBBP 37 87.9  55.08%+4.32
RVP 60 95 NR
LBBP 60 95 NR
RVP 19 97 NR
HBP 19 84 NR

3830
used
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Since (year)
Lead

LV or His or LBB lead
position

LV or His or LBB lead
threshold

Stim-LVAT
Implant success rate

ALVEF
AQRSd
Procedure-related
complication rate
Battery life

Advantages

Disadvantages

BVP, biventricular pacing; CS, coronary sinus; HBP, His bundle pacing; LBBAP, left bundle branch area pacing; LBBP, left bundle branch pacing; LV, left ventricular; LVEE, left

BVP

1990

LV lead,
RV lead,
(RA lead)

cs
Generally high (15-17, 60)
Mildly shortened
92.4%~97% (23-25)

+3.7%~5.9% (23-25)
—20~—12ms (23)
6.1~12.6% (23-25)

5-6.5 years

Conventional approach with
high level of evidence,
well managed technique

Electrical constraint,
high threshold,
limited location possibility,
phrenic stimulation

HBP

2000

His lead,
(RA lead)

Proximal to His-bundle or in
the His-bundle

Generally high and unstable
(43, 44, 60)

Significantly shortened
79.8% (50)

+10.87~14.32% (50)
—50.67~—36.34 ms (50)
6% (50)

Comparable to BVP

Physiological stimulation,
narrower paced QRS

Transvenous lead,
high threshold,
technical and challenging
procedure

LBBAP

2017

LBB lead,
(RA lead)

Distal to His-bundle

Generally lower and stable
(13-17, 60)

LBBP: shortest and constant
LVSP: longer than LBBP
81.1%~97% (15, 16, 19, 56,
65)

+ 1431~ 22.69% (38)
—61.64~—53.72 ms (58)
1.5% (65)

Relative longer than HBP

Physiological stimulation,
narrower paced QRSd,
low and stable threshold

Risk of IVS perforation,
long-term safety and lead
extraction need further
evaluated

Leadless LV pacing

2014
RV lead/none

Into the LV cavity
Generally high (20, 78)
Theoretically near normal
90.6% (80)

+4.35~8.19% (80)
—67~—27.3 ms (21, 79)
23.8% (80)

Mean of 18 months
(9-42 months)

No transvenous lead,
endocardial pacing,

10 need for long-term
anticoagulation
Recent technique with little
evidence,
need for an acoustic window,
complex procedure

ntricular

ejection fraction; LVSP, left ventricular septal pacing; QRSd, QRS duration; RA, right atrium; RV, right ventricle; stim-LVAT, stimulus to left ventricular activation time. A represents an

absolute increase from baseline after pacing.
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Baseline RVA RvVOT HIS LBB

HR (beats/min) 53.8 + 16.2 78.8 + 13.4° 79.0 £ 13.2* 786+ 9.7° 778 £9.1*
QRS duration (ms) 118.8 £ 24.6 160.7 £ 24.7* 1409 £ 139 114.8 £ 18244 1162 £ 11.6%4
IVMD (ms) 31+£231 32.0 + 30! 226+214 1.0 £21.1%2 —14.9 + 283%4
PSD (ms) 526+ 174 703 £17.7" 622 + 189 620 +19.7 586 + 16.8
Yu index (ms) 57.6 + 287 66.9 £ 33.2 63 + 339 516 £250 445 +21.9°
Lat_ap (ms) 387.3 + 46.9 3572 + 589 3588 + 50.9 403.9 + 588 353.3 + 63.3
Lat_mid (ms) 411.5 £ 53.1 382.9 + 59.4 396.7 £ 62.8 404.0 £ 90.0 377.2 £ 68.4
Lat_bas (ms) 4312 £ 713 411.3 £ 53.1 419.7 £ 68.9 408.8 + 95.5 396.6 £ 74.1
RV_bas (ms) 369.8 + 49.6 307.4 £97.3 307.0+ 779 3739 £ 976 330.7 + 76.8
RV_mid (ms) 366.4 + 49.8 302.0 £ 92.4 314.1 £ 83.0 379.8 £ 66.3 334.1 £55.1
RV_ap (ms) 380.5 + 45.1 356.1 + 56.7 3494 £ 775 409.6 + 87.4 374.1 £ 845
LV-RV_bas (ms) 61.4 + 830 93.3 +£130.8 1120 £ 738 348 £ 117.7 675+ 943
LV-RV_mid (ms) 451 £ 75.7 713+ 1183 63.6 + 69.0 242 +858 33.6 + 67.0
LV-RV_ap (ms) 6.8 £ 55.0 —6.6 4+ 90.3 16.6 + 654 -59486.2 —23.4 + 896

Values are mean  (SD). RVA, right ventricular apex; RVOT, right ventricular outflow tract; HIS, His bundle; LBB, left bundle branch; IVMD, interventricular mechanical delay; PSD, the
standard deviation of time to longitudinal peak strain of 17 segments; Yu index, the standard deviation of time from QRS to peak systoic velocity i ejection phase for 12 LV segments;
Lat_ap, Lat_mid, Lat_bas, the time to peak longitudinal strain of apical (ap), middle (mid) and basal (bas) segment of lateral (Lat) wall of left ventiicle in four chamber view; RV_bas,
RV_mid, RV._ap, the time to peak longitudinal strain of apical (ap), middie (mic) and basal (bas) segment of lateral wall of ight ventricle (RV) i four chamber view; LV-RV_bas, LV-RV_mid,
LV-RV._ap, The difference of the time to peak longitudinel strain between basal (or middle or apical) segment of lft ventricular and right ventriculer leteral well; HR, heart rate. "P < 0.05
vs. baseline, P < 0.05 vs. RVA, AP < 0.05 vs. RVOT.
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Patients (n = 21)

Age (years) 66.1 % 18.0
Gender (male, ) 15 (71%)
Heart rate (beats/min) 538+ 16.2
QRS duration (ims) 1188+ 24.6
First-degree AVB with AF (n, %) 1 (5%)
Second-degree AVB (1, %) 10 (47%)
Third-degree AVB (1, %) 8(38%)
SSS (0, %) 2(10%)

Data are presented as mean  standerd (SD) for continuous variables, and number
of subjects (n) and percentage (%) for categorical variables. AF, Atrial flutter; AVB,
Atrioventricular block: SSS, Sick sinus syndrome.
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Baseline RVA RvOT HIsS LBB

LVEDV (mL) 79.0 £20.7 68.6 +£22.9 69.1 + 245 66.0 + 20.9 64.6 + 19.6*
LVESV (mL) 270+97 28.8 £ 14.0 294 + 158 25.7 £ 129 246+ 108
LVEF (%) 666 +7.0 59.5 + 88" 58.8 + 9.4* 62.7 £ 6.9 628+ 5.3
TAPSE (mm) 212+34 174 +£28" 17.6 £3.0 19.4 £ 26 191 £ 2.7%
GLPS (%) -201 £47 —131 £ 41" —14.1 £ 4.0 -142 £39" -149 £ 32"
LVendo (%) -216+£33 —16.7 £ 4.9 —16.6 £ 5.1* -16.3 £4.3" -19.4 £ 4.1
LVmid (%) —187 £28 —143 £43" -142 £ 43" -143 £38" -16.5+ 3.6
LVepi (%) -163+256 -12.4 £ 38" -12.0 +£ 36" -12.4 +£3.4* -143+ 3.1
RVendo (%) -212£50 —16.0 £ 56" —16.7 £ 4.4* -163 £5.7* -17.0 £ 38"
RVmid (%) —-188+ 46 -141 £ 66" —14.4 £ 41" -140+56.4" —14.5 £ 356"
RVepi (%) -168 £ 4.4 -127 £ 59" -12.7 £38" -123£53" -127 £ 32"

Velues are men i (SD). RVA, right ventricular apex; RVOT, right ventricular outflow tract; HIS, His bundle; LBB, left bunle branch; LVEDV, left ventriculer end-clstolic volume; LVESY,
left ventriculer end-systolic volume; LVEF, left ventricular ejection fraction; TAPSE, tricuspid annular plane systolic excursion; GLPS, global longitudinal peak strain; The longitudinal
strain of left ventricular endocardium (LVend), mic-myocardium (LVmic) and epicardium (LVepi) were measuredin apical four chamber view; The longitudinl strain of right ventricular
endocardium (RVendo), mid-myocardium (RVimid) and epicardium (RVepi) were measured in apical four chamber view. *P < 0.05 vs. baseline, *P < 0.05 vs. RVA.
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Standard group  EAM guided  P-value
(n=10) group (n = 10)

Successful HBP 9(90.0%) 9(90.0%) 1.00
Dual chamber pacemaker 10(100.00%)  10(100.00%) N/A
Procedural details*

PT (min) 85.40+2234 86501505 090

Total FT (min) 1236546  145£058 <001

HL-FT (min) 927 £5.44 084£056 <001

Total FD (mGy) 2538+1115  3.13%124 <001

HL-FD (mGy) 1906+ 1103 185£1147  <0.01
Paced QRS (ms) 123332010 12089%17.18  0.79
Pacing parameters

Capture threshold (/1 ms) 1.19+£035 110£042 063

R-wave amplitude (mV) 527 £230 523199 097

Impedance (©) 576.67 £ 9808 556.11+9867 0.66
Parameters at follow-up

Capture threshold (V/1ms) 1.29+032 1.10£020 021

R-wave amplitude (mV) 551284 553+208 098

Impedance (©) 480.44 £ 67.77 479227291 076
Echocardiography at follow-up

LVEF (%) 6200+485 6022441 030
LVEDD (mm) 5111635 49674312 055

EAM, electroanatomical mapping; FD, fluoroscopic dose; FT, fluoroscapic time; HBR, His
bundle pacing; HL-FD, His lead fluoroscopic dose; HL-FT, His lead fluoroscopic time;
PT, procedural time; QRSd, QRS duration; LVEDD, left ventricular end-diastolic diameter;
LVEF, left ventricular ejection fraction.

*Including patients who failed to achieve HBP.
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c

LBBPlead  RVlead

Wide target zone

Shorter fluoroscopy time

Fewer costs while CRT-P
(dual chamber system)

Lower and stable threshold
Better LV synchronization
with a narrower QRS

Wider indication range including
HFmrEF and narrow QRS

Coronary sinus anatomy variation
and venous malformation

Prolonged fluoroscopy time

Greater costs
(triple chamber system)

Low threshold via RV lead
higher threshold via CS lead

Adegree of LV dssynchrony

Include LVEF<35% in most cases
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HBP group (n = 10) LBBP group (n = 20) RVP group (n = 30) P-value

Baseline electrocardiogram

QRS duration (ms) 182.2:£305 1338329 134.9£306 098
LBBB 2(200%) 4(20.0%) 7 (28.3%) 095
RBBB 4(40.0%) 7(35.0%) 12 (40.0%) 093
NYHA functional class

] 1(10.0%) 3(15.0%) 4 (13.3%) 0.93
[ 4.(40.0%) 8(40.0%) 10 (33.3%) 087
Y 5(50.0%) 9(45.0%) 16 (53.3%) 085
Baseline echocardiography

LVEF (%) 521563 51985 52393 098
LVEDD (mm) 53359 52.7 +8.1 51884 077
Medications

ACE/ARB 2(200%) 4(20.0%) 5(16.7%) 095
Beta-blocker 2(200%) 5(25.0%) 5(16.7%) 077
Diuretics 7 (70.0%) 12 (60.0%) 19 (63.3%) 086
Aldosterone antagonist 1(10.0%) 2(10.0%) 4(18.3%) 092

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; HBR, His bundle pacing; LBBB, left bundie branch block; LBBR left bundie branch pacing; LVEDD,
left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; RBBB, right bundlle branch block; RVE right ventricular pacing.
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Implant success rate (%)
Paced QRS duration (ms)

Pacing burden (%)

Pacing parameters at implantation
Capture threshold (V/0.4ms)

R-wave ampitude (mV)

Impedance (2)

Parameters at follow-up

Capture threshold (V/0.4ms)

R-wave ampitude (mV)

Impedance (2)

Echocardiography at follow-up
LVEF (%)

LVEDD (mm)

NYHA functional class at follow-up

HBP group (n = 10)

10/16 (62.5%)
121886
906 +8.1

15404
57+286
664.1 £76.6

17408
56+20
4728 +49.8

568 +3.9
492 £33

3(30.0%)
6(60.0%)
1(10.0%)
0(0.0%)

LBBP group (n = 20)

20/21 (95.2%)
1202+ 106
9674

08+0.2
112430
696.2 + 124.7

08+0.1
11.0+£22
50764723

549+6.7
49.7 £56

5(25.0%)

12 (60.0%)

2(10.0%)
1(6.0%)

RVP group (n = 30)

30/30 (100.0%)
1535+ 6.8
913+ 10.0

06+0.2
115+34
686.3 + 110.8

06+02
11.8+3.9
521.0478.2

489 +9.1
55077

5(16.7%)
16 (63.3%)
6(20.0%)
3(10.0%)

P-value

<001*
<001"
072

<0.01#
<001
0.76

<0.01#
<0.01*
0.20

0.02%
0.03%

061
0.87
0.56
0.85

HBP, His bundle pacing; LBBR, left bundlle branch pacing; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; RVF.

right ventriculer pacing.

*P < 0.05 between HBP group vs. LBBP group and RVP group.
*P < 0.05 between RVP group vs. HBP group and LBBP group.

#P < 0.05 between each group.

&P < 0.05 between RVP group vs. LBBP group. Corrected P-value for RVP group vs. HBP group in follow-up LVEF was 0.16; Corrected P-value for RVP group vs. HBP group in

follow-up LVEDD was 0.17.
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Value

Number of patients 60 (100%)
Demographics

Age (years) 782:£54
Male 39 (65.0%)
Comorbidities

Hypertension 31(51.7%)
Diabstes melitus 19 (31.7%)
Coronary artery disease 13 (21.7%)
Baseline electrocardiogram

QRS duration (ms) 1841 £30.8
LBBB 13 (21.7%)
RBBB 23 (38.3%)
Baseline echocardiography

LVEF (%) 52.1+84
LVEDD (mm) 524+£78
Valve type

Venus A-Valve 60 (100%)
Indications for pacing

High-degree AVB 20 (33.3%)
Complete AVB 40 (66.7%)
Dual chamber pacemaker 56 (93.3%)
Condution system pacing 30 (50%)
Follow-up duration (month) 150+ 9.1

AVB, atrioventricular block; LBBB, left bundle branch block; LVEDD, left ventricular end-
diastolic diameter; LVEF, left ventricular ejection fraction; RBBB, right bundle branch block.
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