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Case Report: Leadless and left bundle branch area pacemakers, complementary advantages require a personalized approach
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Traditional transvenous pacemakers consist of a pacemaker generator usually positioned surgically in the upper left chest on the pectoral muscle fascia and one or more leads positioned through the veins to the right atrium and across the tricuspid valve to the right ventricular apex. While these devices reduce symptoms and improve survival among patients with symptomatic bradycardia, they are associated with an increased risk of infection, venous occlusion, heart failure, and tricuspid valve regurgitation. Although new pacemaker designs minimize these risks, none of the current-generation pacemaker designs effectively eliminate all of them. A personalized approach to selecting the appropriate pacemaker for each patient is needed to optimize outcomes.
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Background

Symptomatic bradycardia can manifest with symptoms of fatigue, shortness of breath, angina, exercise intolerance, pre-syncope, or syncope. Bradycardia can result from disease in the sinus node, called sinus node dysfunction (SND), or from atrioventricular block (AVB). In a pooled analysis of 20,572 patients, whose cases were followed up for 17 years, 291 incident cases of SND occurred, yielding an incidence of 0.8 cases per 1,000 person-years (1). In a large cohort of healthy adults, the prevalence of AVB was 0.1% in people aged <55 years and 0.6% in people aged ≥65 years (2). The pharmacological treatment options for treating SND or AVB are extremely limited, and the most effective treatment strategy includes the implantation of a permanent pacemaker (3). The treatment of SND with permanent pacemaker implantation is associated with improvement in symptoms and a reduction in hospitalizations associated with symptoms of symptomatic bradycardia, such as fatigue, syncope, or exercise intolerance. The treatment of AVB with the implantation of a permanent pacemaker additionally reduces all-cause mortality (3).

The first battery-powered pacemaker surgery was performed in 1958 on a child with AVB after cardiac surgery (4). The device was external and connected to a lead surgically attached to the ventricular epicardium. Subsequently, advancements allowed for the attachment of the lead to the epicardium using a percutaneously inserted needle, avoiding the need for open-heart surgery. However, the pacemaker lead frequently became infected, highlighting the need for a fully implantable pacemaker. The first fully implantable pacemaker surgery was performed on 8 October 1958 at Karolinska Hospital in Stockholm, Sweden (5). Unfortunately, the lead fractured within the first few hours post-implantation, requiring a second surgery for replacement the following morning. Lead infection and failure continue to represent two of the most frequently encountered complications of permanent pacemakers today (6).


Problems with transvenous pacemakers

Today, several major problems continue to occur with a relatively high frequency in patients with transvenous permanent pacemakers:


	1.Pacemaker leads are subjected to repetitive stress as a result of cardiac, shoulder, and chest motions. After many years, this stress may result in lead failure. In one retrospective study, lead failure occurred in 540/9,782 leads (5.5%) after a mean follow-up of 3.6 ± 2.9 years (7). The risk of lead failure is associated with a variety of factors, including lead design, location of implantation, patient age, and activity level. Lead failure may result in the sudden loss of sensing or pacing and recurrent syncope or death in a pacemaker-dependent patient.

	2.Pacemaker leads are routinely placed through a transvenous approach into the heart circulation, making them a source of bloodstream infection, including infective endocarditis. Infection affects 1.2%–2.2% of patients with a traditional transvenous pacemaker (6). Bacteremia leads to the formation of biofilms on infected leads that are resistant to antibiotic treatment alone, necessitating the removal of the entire pacemaker system (8). Lead removal is primarily done through percutaneous extraction, which is a technically challenging procedure associated with significant life-threatening risks (8).

	3.Transvenous permanent pacemakers require the surgical formation of a subcutaneous pacemaker pocket, which can confer risks of pocket infection, or pocket hematoma at the site. During surgery, skin flora or bacteria can be introduced into the pocket, which can result in device infection (6, 9). This risk substantially increases with the subsequent generator changes of the pacemaker when the battery is depleted (10).

	4.Pacemaker leads are routinely placed in the right ventricle (RV) via the tricuspid valve. Crossing the tricuspid valve can result in valve damage or the development of moderate to severe tricuspid regurgitation. The frequency of significant tricuspid regurgitation after transvenous pacemaker implantation is 10%–20%, ultimately resulting in heart failure symptoms in 50% of those with severe tricuspid regurgitation (11). This can occur as a result of either pinning the valve leaflets against the septum (Figure 1) or accidental puncture of the valve leaflets (Figure 2).

	5.Pacing the RV may result in abnormal ventricular electrical activation that leads to left ventricular dyssynchrony, pacing-induced cardiomyopathy (PICM), and subsequent heart failure. Approximately 10% of patients undergoing pacemaker implantation develop PICM with symptomatic heart failure within 2 years of implantation (12). A low RV pacing burden at 20% has been shown to increase the risk of heart failure, mortality, and hospitalization compared to normal conduction. Guidelines recommend the use of pacing algorithms that minimize ventricular pacing and are primarily used in patients with SND, but their applicability is limited in patients with AVB (13).

	6.Transvenous pacing leads may cause occlusion of the axillary, innominate, or superior vena cava resulting in superior vena cava syndrome, swelling of the ipsilateral arm, and patient discomfort. Venous stenosis or occlusion is observed in 20%–60% of patients with transvenous devices and is associated with the number of leads, number of lead implant procedures performed, and total lead diameter (14).

	7.Device migration and chronic patient discomfort affect the device performance and quality of life after transvenous pacemaker placement. In some cases, device migration or chronic pain may necessitate repeated procedures to revise the pacing system. In one study of 16,517 patients undergoing cardiac electronic implantable device procedures at the Mayo Clinic, 20.8% of patients required opioid pain medications after the procedure, while 1.5% required new chronic opioid use due to chronic discomfort (15). Device or lead migration occurs most commonly in children, obese patients, patients who are very physically active, and those with “Twiddler’s syndrome.”
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FIGURE 1
Echocardiogram images demonstrating pinning of the septal leaflet of the tricuspid valve to the septum by a pacemaker lead resulting in severe tricuspid regurgitation. (A) Valve open in diastole. (B) Valve closed in systole.
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FIGURE 2
The septal leaflet was punctured by a transvenous pacing lead. This resulted in severe tricuspid regurgitation and heart failure. Surgical repair of the tricuspid valve and repositioning of the lead resulted in a reduction in tricuspid regurgitation and an improvement in heart failure symptoms. (Thanks to Abbas Emaminia, MD, and Eric Sarin, MD, for the photo).


Recent pacemaker research has focused on reducing the frequency of these problems through the development of leadless and conduction system pacing via His bundle or left bundle branch area pacemakers (LBBAP). This review focuses on the advantages and disadvantages of these solutions and the future of cardiac pacemakers.




Leadless pacemakers: eliminate the lead, eliminate the problems?

The basic design of transvenous cardiac pacing devices remained unchanged from the mid-1960s until the early 2010s (16). Clinicians and scientists focused on reducing pacemaker-related infectious complications through improvements in surgical techniques, perioperative antibiotic selection, and incorporation of antimicrobial-coated envelopes around the device (17), while improvement in lead design helped reduce lead failures. Despite improvements in design and implantation techniques, lead fracture and device-related infections remained as the frequent causes of pacemaker-related complications. To address this, leadless pacemakers were developed and first became commercially available in 2016. Leadless pacemakers are completely self-contained implantable devices capable of pacing, sensing, and communicating wirelessly. They are implanted via the femoral or internal jugular vein using a catheter delivery system and deployed in the RV septum or apex.

By eliminating the pacemaker lead and pocket, the leadless pacemaker implantation procedure is simplified and the frequency of long-term complications is reduced by almost 50% compared to transvenous pacemakers (18). Lead fracture and venous occlusion are completely eliminated, the risk of damage or impairment of the tricuspid valve is minimized, and no cases of leadless pacemaker-associated infection have been reported in clinical trials enrolling more than 3,000 patients (19). More than 150,000 leadless pacemakers have been implanted worldwide, with only four reported cases of device infection requiring removal (20). Initially, leadless pacemakers were single-chamber devices capable of pacing and sensing the RV. Subsequent improvements led to the ability to sense atrial activity and provide reasonable tracking with AV synchrony in patients with AVB. In July 2023, the FDA approved the first dual-chamber leadless devices, which consist of two devices, one implanted in the right atrium and one in the RV, making leadless pacing a treatment option for a wide range of indications, including those with SND (21).


Problems with leadless pacemakers


	1.Unfortunately, current-generation leadless pacemakers cannot pace the left ventricle or conduction system. As a result, patients remain at risk for PICM. Ventricular dyssynchrony has been shown to cause a 10% reduction in the LV ejection fraction (EF) in the first 7 days of pacing and results in heart failure in 10% of patients (12). It is unclear whether PICM and heart failure occur at the same frequency in patients with leadless vs. transvenous devices. One single-center study showed that the frequency may be lower in patients with leadless pacemakers, while others showed a similar incidence of PICM after leadless and traditional transvenous RV pacemakers (22, 23). Finally, the position of the leadless pacemaker within the RV may predict the incidence of PICM after implantation. In a retrospective study of 358 patients, PICM occurred in 4% of patients with a high or mid-RV septal position and in 16.5% of patients with an apical septal location (24).

	2.Leadless pacemaker generators may be more difficult to remove and replace than traditional pacemaker generators. The current battery longevity estimates for single-chamber leadless pacemakers that are commercially available in the USA and Europe range from 5 to 20 years depending on percentage pacing, capture thresholds, and single or dual design. Younger patients who require extended pacemaker performance may need multiple reimplants as devices reach the end of service. It remains unclear whether removing the original implant at the end of service improves or worsens patient outcomes.

	3.Ventricular leadless pacemakers that do not track the atrium (VVI or VDD with inadequate atrial sensing) may cause pacemaker syndrome. Pacemaker syndrome occurs in up to 20% of patients in sinus rhythm who are paced in VVI mode and is characterized by lightheadedness, shortness of breath, fatigue, and heart failure symptoms (25). Pacemaker syndrome is best treated with the restoration of atrioventricular synchrony through device reprogramming or implantation of a dual-chamber device.






Conduction system pacemakers: preventing and treating pacemaker-induced and left bundle branch block-mediated cardiomyopathies

While leadless pacing has addressed the long-standing problems of lead fracture, venous occlusion, and device infection, conduction system pacing addresses the problems of dyssynchrony and PICM. Conduction system pacing is performed by pacing either the His bundle or the left bundle branch. Due to superior short- and long-term performance, left bundle branch area pacing (LBBAP) now comprises >90% of implanted conduction system pacemakers. LBBAP can be performed by accessing the left ventricular conduction system by implanting the pacemaker lead from the RV through the interventricular septum. In contrast to RV pacing, PICM has not been reported after successful LBBAP implantation. The implantation time and complication frequency are similar to RV lead placement (26) after sufficient experience. The most frequent complications are lead dislodgement and perforation of the ventricular septum into the LV (26). In addition to its usefulness in the setting of AV block, LBBAP may also be a suitable alternative to biventricular pacing (BIVp) for patients with underlying dyssynchrony occurring in the setting of a wide intrinsic QRS, particularly from left bundle branch block (27). The implantation success defined using ECG criteria to verify left bundle branch capture is 92% for patients without heart failure and 82% for patients with heart failure (26). LBBAP for delivery of cardiac resynchronization therapy (CRT) may reduce lead burden and potentially reduce lead-related complications, including venous stenosis and infection, compared to BIVp as resynchronization can be performed via one rather than two ventricular leads.

A recent prospective study comparing LBBAP and BIVp as an initial strategy in those referred for CRT demonstrated lower rates of the composite endpoint of heart failure hospitalization and mortality for patients treated with LBBAP compared to those treated with BIVp (28). A large prospective randomized controlled trial comparing LBBAP and BiVp for treatment of HF in the setting of LBBB or high expected pacing burden is currently enrolling (NCT05650658).

Because LBBAP is relatively new, limited data are available regarding the long-term durability or ease of extraction of leads placed in the left bundle area. A series of case reports, consisting of <10 patients who underwent extraction of both lumenless and stylet-driven leads, show that the majority of leads can be successfully removed using manual traction and counterclockwise rotation of the lead. One report using mechanical extraction tools demonstrated that the distal lead helix was retained in the septum after extraction, but this did not result in an adverse patient outcome (29).



A difficult decision: transvenous RV pacing, transvenous left bundle branch area pacing, or RV leadless pacing?

In an ideal world, a pacing system could mitigate the challenges associated with transvenous leads and allow for conduction system pacing. A leadless LBBAP system could provide ventricular stimulation with a lower risk of lead fracture, infection, damage to the tricuspid valve, and PICM compared to current-generation devices. Such devices are currently in development, but the design of these systems has been proven as complex. For the time being, implanters must make a decision: choose a transvenous RV pacemaker that may cause PICM, tricuspid valve damage, vascular occlusion, and infection, choose an LBBAP pacemaker that may reduce the risk of PICM but retains the risks of lead- and pocket-related complications, or choose a leadless pacemaker without lead- and pocket-related complications that retains the risk of PICM and may increase the risk of pacemaker syndrome. The decision must be personalized to the individual needs of the patient being treated. Figure 3 presents the clinical characteristics that should be considered when choosing between leadless RV pacemakers and transvenous LBBAP pacemakers in patients with an EF of >35%.
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FIGURE 3
Key considerations for the pacemaker selection in patients with ejection fraction >35%. Patients with an ejection fraction of 36%–50% and a high expected pacing burden or left bundle branch block with heart failure symptoms may also qualify for biventricular pacing.


Patients who have an indication for an implantable cardioverter–defibrillator in addition to the need for pacing currently require a transvenous device with an RV lead location. Many of these patients have a depressed EF and require a left ventricular or LBBAP lead and a biventricular defibrillator generator to reduce the probability of PICM. Ongoing studies are investigating the safety of defibrillator leads capable of pacing the left bundle area and a system employing a leadless pacemaker and a subcutaneous defibrillator that are capable of communication (30). Future studies are needed to determine if these systems can reduce the probability of device-related adverse events in patients who have indications for both defibrillator and pacing therapy.

The 2023 HRS/APHRS/LAHRS Guideline on Cardiac Physiologic Pacing for the Avoidance and Mitigation of Heart Failure suggests a Class 2b indication for conduction system pacing for patients with a left ventricular EF of >50% who are expected to require >20%–40% ventricular pacing and a Class 2a indication for conduction system pacing or BIVp in patients with an EF of 35%–50% who are expected to have >20%–40% ventricular pacing (31). We currently have no prospective data comparing the outcomes for transvenous RV pacing and LBBAP in patients with an EF of >50% and an expected ventricular pacing burden of <20%, and there are no guideline recommendations for the use of LBBAP in this patient group. However, it may be difficult to accurately predict which patients will require >20% ventricular pacing at the time of device implantation when the decision between devices needs to be made. Patients with complete or high-grade AV block may be expected to have a ventricular pacing burden of >20%, but 10%–20% of patients with a SND indication for pacemaker implantation may end up requiring >20% ventricular pacing at 3- and 6-year follow-up. Moreover, the positive and negative predictive values of the operator opinion for accurately predicting ventricular pacing burden are lower in patients with SND (87% and 88%, respectively) compared to those with AV block (92% and 100%, respectively) (32).

Patients with preexisting LV dysfunction or with characteristics associated with a high probability of developing PICM, including those expected to have a high burden of ventricular pacing, prior MI, renal insufficiency not requiring dialysis, or male sex (12), may benefit from preferential implantation of a transvenous LBBAP over transvenous or leadless RV pacemakers. The 2021 EHRA/HRS/LAHRS/APHRS position paper on the use of leadless pacemakers highlights that patients with two or more risk factors for infection (e.g., prior device infection, chronic immunosuppressive therapy, ongoing bloodstream infection or fever, poorly controlled diabetes mellitus, chronic indwelling catheter or port, and ongoing or expected hemodialysis) may benefit from a leadless pacemaker (33). It is important to highlight that the 4%–16% incidence of PICM observed among patients with leadless pacemakers (22–24) exceeds the reported risk of device-related infection (1%–2%) and other lead-related complications (2.8%) in patients with LBBAP (26). Therefore, in our practice, patients without contraindications to a transvenous system, who are expected to require a high burden of ventricular pacing, preferentially receive LBBAP over leadless pacemakers to reduce overall pacemaker-related complication rates. Further prospective trials investigating the relative risks of transvenous LBBAP and leadless RV pacemakers in this population are needed.

Cases 1 and 2 below highlight the potential advantages of each of these pacing therapies in appropriately selected patients. Shared decision-making between physicians and patients should be used to help determine optimal device selection.


Case 1

A 72-year-old woman with a history of hypertension, diabetes, and coronary artery disease with prior percutaneous coronary intervention to the left anterior descending artery presented with fatigue and intermittent lightheadedness. She had no history of syncope. Her vital signs were unremarkable. Laboratory evaluation, including metabolic profile, thyroid testing, and blood counts, was also unremarkable. The echocardiogram showed an EF of 60%–65%, mild mitral regurgitation, and mild concentric left ventricular hypertrophy. The ECG results showed sinus rhythm with right bundle branch block (Figure 4A). She was monitored on telemetry and was noted to have paroxysmal 2:1 AV block with ventricular rates of 30–35 bpm (Figure 4B) associated with pre-syncope. She underwent a transvenous dual-chamber LBBAP implant for symptomatic bradycardia. The patient presented 2 weeks later for a routine office visit and was noted to have erythema around the incision site with a small superficial dehiscence noted on the medial edge of the incision. She had no fever. Her laboratory evaluation was notable for a normal white blood cell count, and the blood cultures remained negative. She was prescribed 7 days of cephalexin 500 mg QID. Unfortunately, she presented again 10 days later with wound dehiscence and purulent drainage. She was admitted for pacemaker explant. The leads were easily removed using manual traction without the need for extraction tools. The pocket cultures grew Staphylococcus epidermidis. The blood cultures and lead tip cultures remained negative. She was treated with daptomycin for 2 weeks. After careful consideration of the risks and benefits of reimplanting an LBBAP from the right chest or a leadless AV pacemaker, she underwent implantation of a leadless AV pacemaker, as shown in the chest x-ray taken the following morning (Figure 5).


[image: Figure 4]
FIGURE 4
(A) 12-lead ECG demonstrates sinus rhythm with RBBB without AV block. (B) 12-lead ECG demonstrates sinus rhythm with a 2:1 atrioventricular block with RBBB and prolonged AV conduction.
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FIGURE 5
Chest x-ray demonstrating a Medtronic Micra leadless pacemaker implant (red arrow).


A pacemaker-related infection is associated with high morbidity and mortality and contributes to high healthcare-associated costs and utilization. Infections may be limited to the pacemaker pocket site or may become systemic as a result of bacterial seeding of the hardware or intravascular spread from an infected pocket. In systemic infections, mortality may be as high as 25%, and incremental healthcare costs can exceed $16,000/case in the USA (34, 35).

In the pivotal trial and post-approval studies of over 3,000 Medtronic Micra leadless pacemaker implants, no device-related infections were reported (36, 37). In the investigational device exemption study, among 720 leadless implants, 16 patients developed bacteremia or endocarditis. The most common organism was Staphylococcus aureus. All patients responded to appropriate antibiotic therapy, and none required extraction (37).

The most significant advantage of the leadless pacemaker compared to transvenous LBBAP is the absence of a subcutaneous pocket and transvenous leads, which significantly reduces the hardware burden and eliminates any direct communication with the skin. The rate of infection in transvenous implants may be as high as 2.3% (38, 39), with 60% presenting with pocket infection and 40% with bacteremia (39). Endothelialization and encapsulation of the leadless pacemaker within the RV may contribute to a lower risk of infections.

In this case, we elected to reduce the risk of recurrent pacemaker-related infection as much as possible while accepting the risk of PICM by choosing to implant a leadless pacemaker. This difficult decision was made using a shared decision-making process that involved the patient and her family in a thorough discussion.



Case 2

A 68-year-old man with a history of hypertension presented with two recent episodes of syncope. He denied any recent travel or tick exposure. His vital signs were notable for a heart rate of 35 bpm and a blood pressure of 164/88. His laboratory evaluation, including metabolic profile, blood counts, troponin, and thyroid levels, was unremarkable. The 12-lead electrocardiogram revealed sinus rhythm with a third-degree AVB and escape rhythm with a ventricular rate of 30 bpm. The echocardiogram revealed an EF of 50% with trace tricuspid regurgitation. A temporary transvenous pacemaker was placed urgently via the right internal jugular vein, and an LBBAP was implanted the following day. The chest x-ray (Figures 6A,B) and echocardiogram (Figure 6C) results demonstrated a Medtronic 3830 lead with a fixed helix implanted through the RV endocardium to the LV endocardium in the mid-interventricular septum, capturing the left bundle branch of the conduction system. A post-implant ECG demonstrated atrial and ventricular paced rhythm. The ventricular paced morphology was consistent with the left bundle branch capture, as demonstrated by a prominent terminal r′ in lead V1 (Figure 7) and a V6 R wave peak time of 68 ms and as measured from the pacing stimulus to the peak of the R wave in lead V6. The paced QRS duration was 112 ms.


[image: Figure 6]
FIGURE 6
Medtronic 3830 lead with a fixed helix implanted through the RV endocardium to the LV endocardium in the mid-interventricular septum capturing the left bundle branch of the conduction system. (A) PA chest x-ray, (B) lateral chest x-ray, and (C) four-chamber transthoracic echocardiogram view of the left bundle branch pacing lead.
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FIGURE 7
12-lead ECGs demonstrating RV apical pacing vs. LBBAP.


Current guideline recommendations support CRT with BIVp in patients with symptomatic heart failure, a left ventricular EF of ≤35%, and an anticipated ventricular pacing burden of >20% or a preexisting conduction block with a QRS duration >120 ms. Conduction system pacing using His or LBBAP approaches received a Class 2a indication for patients with an EF of 36%–50% and an expectation of a high ventricular pacing burden (31) However, as many as 30% of patients do not respond to CRT delivered by BIVp. LBBAP has been shown to reduce mortality, heart failure hospitalization, and the need for an upgrade to BIVp as compared to RV pacing (40–42).

In this case, we elected to reduce the risk of PICM as much as possible, while accepting the potential for lead-related complications. This decision was made after considering the expected high burden of ventricular pacing and the baseline mildly depressed EF. The patient had none of the high-risk characteristics associated with infection.




Conclusion

Leadless and LBBAP implantations address the most common problems encountered after traditional transvenous RV pacemaker implantation. Accurately predicting the risks for PICM, infection, lead failure, and venous occlusion and personalizing the decision between leadless and LBBAP while using a shared decision-making process will provide optimal patient outcomes while reducing healthcare costs and procedure-related complications.



Ethics statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

OY: Writing – review & editing. JL: Writing – review & editing. BA: Writing – review & editing.



Funding

The authors declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

The authors would like to thank Dwight and Martha Schar for their generous support of Inova Schar Heart and Vascular and the Dudley Family for their continued contributions and support of the Inova Dudley Family Center for Cardiovascular Innovation.



Conflict of interest

OY discloses consulting for Medtronic and Zoll Medical. JL discloses consulting for Medtronic. BA discloses consulting for Abbott Laboratories and Medtronic; speaker for Medtronic; and research support from Medtronic, Pfizer, and Bristol Myers Squibb.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Jensen PN, Gronroos NN, Chen LY, Folsom AR, deFilippi C, Heckbert SR, et al. Incidence of and risk factors for sick sinus syndrome in the general population. J Am Coll Cardiol. (2014) 64(6):531–8. doi: 10.1016/j.jacc.2014.03.056

2. Khurshid S, Choi SH, Weng LC, Wang EY, Trinquart L, Benjamin EJ, et al. Frequency of cardiac rhythm abnormalities in a half million adults. Circ Arrhythm Electrophysiol. (2018) 11(7):e006273. doi: 10.1161/CIRCEP.118.006273

3. Kusumoto FM, Schoenfeld MH, Barrett C, Edgerton JR, Ellenbogen KA, Gold MR, et al. 2018 ACC/AHA/HRS Guideline on the Evaluation and Management of Patients with Bradycardia and Cardiac Conduction Delay: a report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines and the Heart Rhythm Society. Circulation. (2019) 140(8):e382–482. doi: 10.1161/CIR.0000000000000628

4. Lillehei CW, Gott VL, Hodges PC, Long DM, Bakken EE. Transistor pacemaker for treatment of complete atrioventricular dissociation. J Am Med Assoc. (1960) 172:2006–10. doi: 10.1001/jama.1960.03020180016003

5. Larsson B, Elmqvist H, Rydén L, Schüller H. Lessons from the first patient with an implanted pacemaker: 1958–2001. Pacing Clin Electrophysiol. (2003) 26(1 Pt 1):114–24. doi: 10.1046/j.1460-9592.2003.00162.x

6. Blomström-Lundqvist C, Traykov V, Erba PA, Burri H, Nielsen JC, Bongiorni MG, et al. European Heart Rhythm Association (EHRA) international consensus document on how to prevent, diagnose, and treat cardiac implantable electronic device infections—endorsed by the Heart Rhythm Society (HRS), the Asia Pacific Heart Rhythm Society (APHRS), the Latin American Heart Rhythm Society (LAHRS), International Society for Cardiovascular Infectious Diseases (ISCVID), and the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) in collaboration with the European Association for Cardio-Thoracic Surgery (EACTS). Eur Heart J. (2020) 41(21):2012–32. doi: 10.1093/eurheartj/ehaa010

7. El-Chami MF, Rao B, Shah AD, Wood C, Sayegh M, Zakka P, et al. Long-term performance of a pacing lead family: a single-center experience. Heart Rhythm. (2019) 16(4):572–8. doi: 10.1016/j.hrthm.2018.10.024

8. Sandoe JAT, Barlow G, Chambers JB, Gammage M, Guleri A, Howard P, et al. Guidelines for the diagnosis, prevention and management of implantable cardiac electronic device infection. Report of a joint Working Party project on behalf of the British Society for Antimicrobial Chemotherapy (BSAC, host organization), British Heart Rhythm Society (BHRS), British Cardiovascular Society (BCS), British Heart Valve Society (BHVS) and British Society for Echocardiography (BSE). J Antimicrob Chemother. (2015) 70(2):325–59. doi: 10.1093/jac/dku383

9. Sood N, Martin DT, Lampert R, Curtis JP, Parzynski C, Clancy J. Incidence and predictors of perioperative complications with transvenous lead extractions: real-world experience with National Cardiovascular Data Registry. Circ Arrhythm Electrophysiol. (2018) 11(2):e004768. doi: 10.1161/CIRCEP.116.004768

10. Poole JE, Gleva MJ, Mela T, Chung MK, Uslan DZ, Borge R, et al. Complication rates associated with pacemaker or implantable cardioverter–defibrillator generator replacements and upgrade procedures: results from the REPLACE registry. Circulation. (2010) 122(16):1553–61. doi: 10.1161/CIRCULATIONAHA.110.976076

11. Lin G, Nishimura RA, Connolly HM, Dearani JA, Sundt TM, Hayes DL. Severe symptomatic tricuspid valve regurgitation due to permanent pacemaker or implantable cardioverter–defibrillator leads. J Am Coll Cardiol. (2005) 45(10):1672–5. doi: 10.1016/j.jacc.2005.02.037

12. Tayal B, Fruelund P, Sogaard P, Riahi S, Polcwiartek C, Atwater BD, et al. Incidence of heart failure after pacemaker implantation: a nationwide Danish registry-based follow-up study. Eur Heart J. (2019) 40(44):3641–8. doi: 10.1093/eurheartj/ehz584

13. Brignole M, Auricchio A, Baron-Esquivias G, Bordachar P, Boriani G, Breithardt OA, et al. 2013 ESC guidelines on cardiac pacing and cardiac resynchronization therapy: the task force on cardiac pacing and resynchronization therapy of the European Society of Cardiology (ESC). Developed in collaboration with the European Heart Rhythm Association (EHRA). Eur Heart J. (2013) 34(29):2281–329. doi: 10.1093/eurheartj/eht150

14. Abu-El-Haija B, Bhave PD, Campbell DN, Mazur A, Hodgson-Zingman DM, Cotarlan V, et al. Venous stenosis after transvenous lead placement: a study of outcomes and risk factors in 212 consecutive patients. J Am Heart Assoc. (2015) 4(8):e001878. doi: 10.1161/JAHA.115.001878

15. Lee JZ, Pasha AK, Glasgow AE, Habermann EB, Kusumoto FM, McLeod CJ, et al. Postoperative opioid prescription patterns and new opioid refills following cardiac implantable electronic device procedures. Heart Rhythm. (2019) 16(12):1841–8. doi: 10.1016/j.hrthm.2019.08.011

16. Verma N, Knight BP. Update in cardiac pacing. Arrhythm Electrophysiol Rev. (2019) 8(3):228–33. doi: 10.15420/aer.2019.15.3

17. Tarakji KG, Mittal S, Kennergren C, Corey R, Poole JE, Schloss E, et al. Antibacterial envelope to prevent cardiac implantable device infection. N Engl J Med. (2019) 380(20):1895–905. doi: 10.1056/NEJMoa1901111

18. El-Chami MF, Al-Samadi F, Clementy N, Garweg C, Martinez-Sande JL, Piccini JP, et al. Updated performance of the Micra transcatheter pacemaker in the real-world setting: a comparison to the investigational study and a transvenous historical control. Heart Rhythm. (2018) 15(12):1800–7. doi: 10.1016/j.hrthm.2018.08.005

19. El-Chami MF, Bonner M, Holbrook R, Stromberg K, Mayotte J, Molan A, et al. Leadless pacemakers reduce risk of device-related infection: review of the potential mechanisms. Heart Rhythm. (2020) 17(8):1393–7. doi: 10.1016/j.hrthm.2020.03.019

20. Koay A, Khelae S, Wei KK, Muhammad Z, Mohd Ali R, Omar R. Treating an infected transcatheter pacemaker system via percutaneous extraction. Heart Rhythm Case Rep. (2016) 2(4):360–2. doi: 10.1016/j.hrcr.2016.04.006

21. Knops RE, Reddy VY, Ip JE, Doshi R, Exner DV, Defaye P, et al. A dual-chamber leadless pacemaker. N Engl J Med. (2023) 388(25):2360–70. doi: 10.1056/NEJMoa2300080

22. Sanchez R, Nadkarni A, Buck B, Daoud G, Koppert T, Okabe T, et al. Incidence of pacing-induced cardiomyopathy in pacemaker-dependent patients is lower with leadless pacemakers compared to transvenous pacemakers. J Cardiovasc Electrophysiol. (2021) 32(2):477–83. doi: 10.1111/jce.14814

23. Saeed Al-Asad K, Martinez A, Prasad RM, Ukponmwan EU, Baloch ZQ, Ali A, et al. Pacing-induced cardiomyopathy in leadless and traditional pacemakers: a single-center retrospective analysis. Cureus. (2023) 15(7):e41393. doi: 10.7759/cureus.41393

24. Shantha G, Brock J, Singleton M, Kozak P, Bodziock G, Bradford N, et al. Anatomical location of leadless pacemaker and the risk of pacing-induced cardiomyopathy. J Cardiovasc Electrophysiol. (2023) 34(6):1418–26. doi: 10.1111/jce.15925

25. Link MS, Hellkamp AS, Estes NAM, Orav EJ, Ellenbogen KA, Ibrahim B, et al. High incidence of pacemaker syndrome in patients with sinus node dysfunction treated with ventricular-based pacing in the Mode Selection Trial (MOST). J Am Coll Cardiol. (2004) 43(11):2066–71. doi: 10.1016/j.jacc.2003.10.072

26. Jastrzębski M, Kiełbasa G, Cano O, Curila K, Heckman L, De Pooter J, et al. Left bundle branch area pacing outcomes: the multicentre European MELOS study. Eur Heart J. (2022) 43(40):4161–73. doi: 10.1093/eurheartj/ehac445

27. Vijayaraman P, Sharma PS, Cano Ó, Ponnusamy SS, Herweg B, Zanon F, et al. Comparison of left bundle branch area pacing and biventricular pacing in candidates for resynchronization therapy. J Am Coll Cardiol. (2023) 82(3):228–41. doi: 10.1016/j.jacc.2023.05.006

28. Diaz JC, Sauer WH, Duque M, Koplan BA, Braunstein ED, Marín JE, et al. Left bundle branch area pacing versus biventricular pacing as initial strategy for cardiac resynchronization. JACC Clin Electrophysiol. (2023) 9(8 Pt 2):1568–81. doi: 10.1016/j.jacep.2023.04.015

29. Migliore F, Pittorru R, De Lazzari M, Tarzia V, Pastore G, Marcantoni L, et al. Transvenous lead extraction of lumenless 3830 pacing lead in conduction system pacing: a single-center experience. J Interv Card Electrophysiol. (2024) 67(1):175–82. doi: 10.1007/s10840-023-01590-0

30. Lloyd MS, Brisben AJ, Reddy VY, Blomström-Lundqvist C, Boersma LVA, Bongiorni MG, et al. Design and rationale of the MODULAR ATP global clinical trial: a novel intercommunicative leadless pacing system and the subcutaneous implantable cardioverter–defibrillator. Heart Rhythm O2. (2023) 4(7):448–56. doi: 10.1016/j.hroo.2023.05.004

31. Chung MK, Patton KK, Lau CP, Dal Forno ARJ, Al-Khatib SM, Arora V, et al. 2023 HRS/APHRS/LAHRS guideline on cardiac physiologic pacing for the avoidance and mitigation of heart failure. Heart Rhythm. (2023) 20(9):e17–91. doi: 10.1016/j.hrthm.2023.03.1538

32. Chattopadhyay R, Chousou P, Thomas R, Hayes J, O'brien J, Pierres F, et al. How good is operator opinion at predicting high ventricular pacing burden among patients receiving device therapy for bradycardia? EP Europace. (2021) 23(Suppl 3):euab116.394. doi: 10.1093/europace/euab116.394

33. Boersma LV, El-Chami M, Steinwender C, Lambiase P, Murgatroyd F, Mela T, et al. Practical considerations, indications, and future perspectives for leadless and extravascular cardiac implantable electronic devices: a position paper by EHRA/HRS/LAHRS/APHRS. Europace. (2022) 24(10):1691–708. doi: 10.1093/europace/euac066

34. Maytin M, Jones SO, Epstein LM. Long-term mortality after transvenous lead extraction. Circ Arrhythm Electrophysiol. (2012) 5(2):252–7. doi: 10.1161/CIRCEP.111.965277

35. Sohail MR, Henrikson CA, Braid-Forbes MJ, Forbes KF, Lerner DJ. Mortality and cost associated with cardiovascular implantable electronic device infections. Arch Intern Med. (2011) 171(20):1821–8. doi: 10.1001/archinternmed.2011.441

36. Reynolds D, Duray GZ, Omar R, Soejima K, Neuzil P, Zhang S, et al. A leadless intracardiac transcatheter pacing system. N Engl J Med. (2016) 374(6):533–41. doi: 10.1056/NEJMoa1511643

37. El-Chami MF, Soejima K, Piccini JP, Reynolds D, Ritter P, Okabe T, et al. Incidence and outcomes of systemic infections in patients with leadless pacemakers: data from the Micra IDE study. Pacing Clin Electrophysiol. (2019) 42(8):1105–10. doi: 10.1111/pace.13752

38. Greenspon AJ, Patel JD, Lau E, Ochoa JA, Frisch DR, Ho RT, et al. 16-year Trends in the infection burden for pacemakers and implantable cardioverter–defibrillators in the United States 1993 to 2008. J Am Coll Cardiol. (2011) 58(10):1001–6. doi: 10.1016/j.jacc.2011.04.033

39. Clémenty N, Carion PL, de Léotoing L, Lamarsalle L, Wilquin-Bequet F, Brown B, et al. Infections and associated costs following cardiovascular implantable electronic device implantations: a nationwide cohort study. Europace. (2018) 20(12):1974–80. doi: 10.1093/europace/eux387

40. Sharma PS, Patel NR, Ravi V, Zalavadia DV, Dommaraju S, Garg V, et al. Clinical outcomes of left bundle branch area pacing compared to right ventricular pacing: results from the Geisinger–Rush Conduction System Pacing Registry. Heart Rhythm. (2022) 19(1):3–11. doi: 10.1016/j.hrthm.2021.08.033

41. Vijayaraman P, Ponnusamy S, Cano Ó, Sharma PS, Naperkowski A, Subsposh FA, et al. Left bundle branch area pacing for cardiac resynchronization therapy: results from the International LBBAP Collaborative Study Group. JACC Clin Electrophysiol. (2021) 7(2):135–47. doi: 10.1016/j.jacep.2020.08.015

42. Huang W, Wu S, Vijayaraman P, Su L, Chen X, Cai B, et al. Cardiac resynchronization therapy in patients with nonischemic cardiomyopathy using left bundle branch pacing. JACC Clin Electrophysiol. (2020) 6(7):849–58. doi: 10.1016/j.jacep.2020.04.011



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Case Report: Leadless and left bundle branch area pacemakers, complementary advantages require a personalized approach

		Background



		Problems with transvenous pacemakers











		Leadless pacemakers: eliminate the lead, eliminate the problems?



		Problems with leadless pacemakers











		Conduction system pacemakers: preventing and treating pacemaker-induced and left bundle branch block-mediated cardiomyopathies



		A difficult decision: transvenous RV pacing, transvenous left bundle branch area pacing, or RV leadless pacing?



		Case 1



		Case 2











		Conclusion



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Case Report: Leadless and left bundle
branch area pacemakers, complementary
advantages require a personalized approach







OPS/images/fcvm-11-1373884-g006.jpg






OPS/images/fcvm-11-1373884-g007.jpg
~ aman R SR S S SR R S N
Gl e e e
L B o o

LA \ A A A e A A / [’ ) | h | i
't 73 (b5 (ATE 483Y [4as £uE3 ER YTV ‘—L_!_,_J A2 A2 B [l 12 SN2 | —
RV Apical Pacing Left Bundle Branch Area Pacin

r’in V1 (RBBB morphology)

Narrow QRS (<140ms) after pacer spike
No notching in I/L V5/V6

RWPT <85ms

1.NoRorr’in V1 (LBBB morphology)
2. Wide QRS (>140ms) after pacer spike
3. Notching in I/L or V5/V6

P o o






OPS/images/fcvm-11-1373884-g004.jpg





OPS/images/fcvm-11-1373884-g005.jpg





OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-11-1373884-g002.jpg





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-11-1373884-g003.jpg
e e e B et N J Low pacing burden expected

renal insufficiency

‘Non-dial

Y
chronic renal i

7 > Ongoing or prior infectio
requiring lead extractiol

Prior lead extraction for lead
fracture and high risk for lead
fracture or dislocation

Existing moderate or severe
tricuspid valve regurgitation
o prior repair

G Upper extremity
vascular abnormalities

12023 Devon Medical Art





OPS/images/fcvm-11-1373884-g001.jpg
TIS02 MI0S
3D Beats 6
M4
> L
PATT 3
TEET
134 bpm
J
L
TIS02 MI0S
M4

PATT 37.0C
TEE T:40.0C

/’ ﬁi‘f&‘, Oms 134 bpm|
N






