Efficacy of Intentional Permanent Atrial Pacing in the Long-Term Management of Congenital Long QT Syndrome
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ABSTRACT:
Background: Some long QT syndrome (LQTS) patients experience breakthrough cardiac events (BCEs) despite maximal therapy. Small studies have shown that intentional permanent atrial pacing (IPAP) is beneficial in refractory LQTS. As such, we sought to determine the genotype-specific utilization and efficacy of IPAP in a single-center LQTS registry. 
Methods and Results: In this retrospective study, electronic medical records from 1,065 LQTS patients were used to identify individuals that received IPAP. Pre- and post-IPAP heart rate, heart rate-corrected QT (QTc) values, annual BCE rate, and IPAP-related complications were compared between genotypes. BCEs were defined as LQTS-associated syncope/seizures, ventricular arrhythmia (VA)-terminating ICD therapies, and sudden cardiac arrest/death. Overall, 52/1065 LQTS patients received adjunctive IPAP therapy [77% female; median age 18.5 (IQR 1-35.5) years; 73% with prior VA]. Over an average IPAP follow-up of 121  82 months, the average heart rate increased from 65.8  20.4 bpm to 78.9  17.1 bpm; (p<0.01) and the average QTc decreased from 533.4  66.6 ms to 488.3  52.4 ms; (p<0.01). The mean BCE rate dropped from 0.88 to 0.19 per patient-year (p=0.01), driven by a marked decrease in LQT2 patients (1.01 BCE/year to 0.02 BCE/year; p=0.003). No serious IPAP-related complications were observed.  
Conclusion: In high-risk LQTS patients, namely those with recalcitrant LQT2, IPAP appears to be a safe and efficacious adjunct therapy. The beneficial effects of IPAP may stem from attenuating the QTc and circumventing a pause-dependent trigger. Whether IPAP might obviate the need for an ICD in some instances warrants further study.  


Abbreviations and Acronyms:
BCE: Breakthrough cardiac events
ICD: Implantable cardioverter-defibrillator
IPAP: Intentional permanent atrial pacing
IQR: Interquartile range 
LCSD: Left cardiac sympathetic denervation
LQTS: Long QT syndrome
SCD: Sudden cardiac death
TdP: Torsades de pointes
VA: Ventricular arrhythmias
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INTRODUCTION:
Congenital long QT syndrome (LQTS) is a genetically heterogeneous disorder of cardiac repolarization that predisposes patients to ventricular arrhythmias (VA) and sudden cardiac arrest (SCA)/sudden cardiac death (SCD) due to polymorphic ventricular tachycardia referred to as torsades de pointes (TdP).1–3 However, LQTS encompasses a broad clinical spectrum ranging from a lifelong asymptomatic state to SCD in infancy.4
Currently, β-blockers are considered first-line treatment for LQTS.5 Recent studies have indicated that propranolol and nadolol may be preferred over cardioselective β-blockers in preventing breakthrough cardiac events (BCEs) in patients with LQTS.6 If patients experience a BCE while on optimal medical therapy with β-blockers or cannot tolerate β-blockers due to unacceptable side effects, left cardiac sympathetic denervation (LCSD) is often considered.7 Treatment with an implantable cardioverter defibrillator (ICD) is reserved currently for those patients who present with SCA/SCD, certain high-risk genotypes (Jervell and Lange-Nielsen syndrome (JLNS), Timothy syndrome, etc.) and those that experience BCEs despite β-blockers compliance and/or prior LCSD.8
The utility of intentional permanent atrial pacing (IPAP) in LQTS is not a novel concept being described over thirty years ago.9,10 One of the most accepted mechanisms of TdP is early after-depolarizations that are frequently bradycardia or pause-dependent.11 Other proposed pathophysiological elements include QT dispersion and automaticity, leading to premature beats occurring during a critical repolarization window.5,12,13 IPAP, by counteracting some of the aforementioned triggers, was presented as a potential device-based solution. Additionally, IPAP may also allow for the synergistic uptitration of β-blockers.10,14,15 Therefore, we aimed to conduct a modern, genotype-specific analysis to determine the efficacy and safety of IPAP across all forms of LQTS.
METHODS:
Study design
In this Mayo Clinic Institutional Review Board-approved retrospective study, we reviewed the available electronic medical records of all patients diagnosed with LQTS between January 2000 and November 2019 (n=1,065) to determine the incidence and clinical indication for permanent pacemaker implantation. Those patients that had pacemaker implantation for reasons other than IPAP and those with incomplete electronic medical records were excluded. There was no predefined pacing protocol for IPAP. The pacemaker modes were programmed AAI unless the patients had a need for ventricular pacing, in which case they were programmed DDD. Rate responsiveness was turned on for all patients.
Clinical data
Information collected included demographics, LQTS subtype [LQT1, LQT2, LQT3, or other minor/multisystem/genotype negative classification], genetic testing results, age at the time of pacemaker implantation, duration of follow-up, medical therapy, and concomitant treatment with LCSD and/or ICD implantation, and IPAP-related complications. LQTS genotype was elucidated from available commercial or laboratory-based genetic testing. Parameters scrutinized before and after pacemaker implantation included heart rate, measured QTc values, and BCE defined as sustained ventricular tachycardia, ventricular fibrillation, arrhythmogenic syncope, seizures, or appropriate ICD therapies. The QTc was measured by the computer using the Bazett formula and manually confirmed/corrected. Clinical data and 12-lead ECG parameters were recorded and stored in REDCap, a Web-based application used to support data maintenance for research studies (supported by Vanderbilt University, 2019 – Grant support: UL1TR002377).
Statistical analysis
Continuous data were depicted as median [interquartile range (IQR)] or mean ± standard deviation (SD) when appropriate. Categorical variables were expressed as proportions (%) and analyzed using the Fisher exact test. Paired samples t-test was used to compare parametric continuous variables, and the Wilcoxon rank-sum test was used for non-parametric continuous variables. Type I error was minimized using Bonferroni correction for comparison between multiple groups. A p-value of < 0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS Statistics, Version 25.0. (Armonk, NY: IBM Corp). All authors had complete access to the dataset, and take full responsibility for the integrity of the same. All authors have read the article and agree with the content as presented.
RESULTS:
Baseline characteristics and follow-up
Overall, 52/1,065 LQTS patients (4.9%) received adjunct IPAP (Table 1). Of these, 77% (40/52) were female and the median age at the time of device implantation was 18.5 years (IQR 1-35). The LQTS genotype distribution included LQT1 in 13.5%, LQT2 in 55.8%, LQT3 in 23.1%.  Among the rest (9.6%), one patient (1.9%) was diagnosed with JLNS, two (3.9%) had a minor LQTS genotype (1 LQT5/KCNE1-LQTS, 1 CALM2-mediated calmodulinopathy), and two (3.9%) were genotype-negative LQTS. Of note, the median age at LQTS diagnosis was similar between IPAP and non-IPAP groups, except for LQT3, where patients receiving IPAP were younger [0 (0-9.8) vs. 13 (6-32.8), p=0.009; Table 1]. The mean IPAP follow-up duration was 121 ± 82 months.
Collectively, 42/52 (80%) of patients that received adjunct IPAP were treated with β-blockers at the time of IPAP initiation. The remainder were not on β-blockers due to non-compliance in 3/52 (5.8%), drug intolerance in 4/52 (7.7%), bronchospasm in 1/52 (1.9%), and β-blocker-associated night terrors in 1/52 (1.9%). In addition, 18/52 (34.6%) of patients receiving IPAP had a prior LCSD [with 6 of those 18 ultimately receiving a bilateral sympathectomy], and 48/52 (92.3%) received an ICD  (Table 1). Of note, 4/48 (8.3%) LQTS that received an ICD eventually had the devices explanted due to complications. The complications included device infection (1.9%), ICD lead-related pericarditis (1.9%), pulse generator site discomfort (1.9%), and T-wave oversensing in a patient with subcutaneous ICD (1.9%).  Of note, 3/52 (5.8%) of the patients underwent an electrophysiology ablation procedure for VA, and 2/52 (3.8%) had cardiac transplantation (Table 1). 
IPAP variables
A majority (92.3%) of patients had dual-chamber ICDs implanted either for primary or secondary prevention. The remaining 7.7% (two patients with LQT2, one each with LQT1 and LQT3) had pacemakers implanted for symptomatic bradycardia. The mean atrial rate increased from 65.8  20.4 bpm at baseline to 78.9  17.1 bpm with IPAP (p<0.01). The mean QTc decreased from 533.4  66.6 ms at baseline to 488.3  52.4 ms with IPAP (p<0.01, Figure 1). No major IPAP-related complications were identified except for uneventful atrial lead revision in four patients (three patients due to elevated thresholds and one with atrial lead fracture).
Breakthrough cardiac events (BCEs)
After IPAP initiation, the mean BCE/patient-year dropped from 0.88 to 0.19 (p<0.01). When broken down quantitatively, the number of patients without any BCEs increased from 9 to 33 (p<0.01) after IPAP. Patients with 1-5 BCEs decreased from 21 to 12 (p<0.01); 6-10 BCEs decreased from 12 to 4 (p<0.01). The same fate was seen for patients with > 10 BCEs who dropped from 10 to 3 post-IPAP (p<0.01, Figure 2).
Genotype-specific variation 
The decline in BCE/patient-year with IPAP was driven primarily by a marked reduction in events in the LQT2 cohort (1.01 to 0.02, p < 0.001, Table 2, and Figure 3). The decline in BCE/patient-year was non-significant in LQT1 (0.43 to 0.18, p=0.23); LQT3 (0.6 to 0.59, p=0.94); and the rest (1.42 to 0.2, p=0.09). The increase in mean atrial rate was significant in LQT1 (56.7 ± 10.3 to 70±8.2, p=0.03), LQT2 (61.8 ± 11.6 to 73.2 ± 8.9, p<0.01); and LQT3 (82.4 ± 30.8 to 97.1 ± 21.8, p=0.01). The decrease in mean QTc value was significant across all groups: LQT1 (547.3 ± 85.1 to 513.1 ± 103.8, p=0.02); LQT2 (520.7 ± 39.4 to 487.4 ± 32.6, p<0.01); LQT3 (546.8 ± 95.6 to 466.3 ± 34.0, p=0.01); and the rest of the cohort (553.0 ± 87.3 to 511.8 ± 72.1, p=0.02). Figure 4 depicts the trends in QTc among the subgroups, with the patients who had BCE after IPAP therapy highlighted in red. A reduction in BCE was seen in 4/7 (57.1%) in LQT1, 23/28 (82.1%) in LQT2, 4/12 (33.3%) in LQT3, and 2/5 (40.0%) for the rest of the cohort.
DISCUSSION:
Our study presents the outcomes of adjunctive IPAP in patients with LQTS from a high-volume tertiary academic center, with over a thousand LQTS patients evaluated, risk-stratified, and treated by a single LQTS specialist. As such, this represents the largest study to date assessing the utility of IPAP as an adjunct to existing LQTS treatment strategies. Almost three-quarters of our study sample had documented VAs. Some of the patients referred to us had failed multiple lines of therapy, and thus likely constitute a higher-risk subgroup within LQTS. 


Potential mechanism(s) of IPAP therapeutic efficacy
The association of LQTS with TdP is well-established, and several mechanisms have been depicted to explain this occurrence. Han et al. described more than fifty years ago that there exists a temporal dispersion of the repolarization wavefront that is particularly enhanced after a critically-timed premature beat.12 Permanent pacing, in conjunction with reducing the temporal dispersion of repolarization, may also help with suppressing the automaticity-induced premature beats by overdrive pacing.9,13,16 Early after-depolarization has been invoked to explain the occurrence of arrhythmias triggered by premature beats in the early refractory period, and enhanced by slow rates, or events that prolong repolarization.11,17 As a direct corollary, it was hypothesized that pacing at faster rates could reduce early after-depolarizations. The present study shows that while mean atrial rates went up in LQT1-3, QTc values were reduced, as expected, in all groups. However, interestingly, the reduction in BCE’s was only significant among patients with LQT2. 
β-blocker therapy forms the backbone of any LQTS-directed treatment program.3,18 Unfortunately, one of the primary effects of β-blocker therapy is a reduction in heart rate, which ironically has the theoretical potential to be pro-arrhythmic in LQTS. IPAP offers a direct advantage by allowing uptitration of β-blockers with less concern of the torsadogenic effect due to bradycardia.10,14,15 While the initial study on combined β-blocker and pacing showed promise, subsequent long-term observational data by Dorostkar et al. showed that the outcomes were not as impressive when followed over a mean duration of six years.14,15 Our study, in comparison, analyzed a larger patient sample followed for a longer duration and looked at atrial pacing alone as opposed to a combination of atrial and ventricular pacing. 


IPAP risks
Pacing-related complications, such as lead dislodgements and fractures, have been described in prior studies.15,19 Implanting leads in the pediatric population is challenging due to growth after implantation, high rates of lead fracture, and an anticipated patient lifespan that far exceeds that of current devices and leads.20 While most of the device-related complications we observed pertained to the ventricular lead, we noted that a small minority of our patients required atrial lead revision for rising pacing thresholds and one with an atrial lead fracture. These are well within the expected lead complications in the pediatric age group. However, if device implantation is planned purely for IPAP, shared-decision making is necessary to ensure that patients and their families understand the risks associated. 
Genotype-dependent efficacy of IPAP therapy
Over the past three decades, the underlying genetic basis for most LQTS cases has been elucidated.21–23 The vast majority of the LQTS cases stem from pathogenic variants involving one of the 3 major LQTS-causative genes: KCNQ1 for LQT1, KCNH2 for LQT2, and SCN5A for LQT3.24–26  KCNQ1 encodes for a protein subunit that is responsible for the delayed rectifier potassium current (IKS). The physiologic shortening of QTc with increased heart rate is reliant on IKs.27 Thus, sympathetic stimulation is a crucial feature of LQT1. LQT2, on the other hand, affects IKr more due to a loss-of-function mutation in the KCNH2-encoded Kv11.1.28 An essential trigger for arrhythmias in LQT2 is the startle response, classically seen with alarm clocks, ringing phones, and other sudden audiotory arousals.29  LQT2 intersects with drug-induced TdP since almost all QT-prolonging drugs block IKr.30 Despite their differences, both LQT1 and LQT2 appear to result in VA due to a catecholaminergic stimulus that causes an abrupt increase in heart rate. Based on seminal observations by researchers, the critical pathogenetic element appears to be heart rate flux rather than an absolute rate.31 IPAP, by allowing a sustained increase in heart rate, might lead to a state where there is less HR flux. The faster HR with pacing potentially increases the contribution of IKs to phase 3 of the cardiac action potential, thus attenuating the QTc. Whether this is the primary protective mechanism or not, is unclear. The greater benefit in LQT2 patients could be related to blunting of the startle response, but this is conjectural and would need more studies to corroborate. 
LQT3 is related to a gain-in-function mutation in the SCN5A-encoded Nav1.5 sodium channel. While these patients have a normal slope of QT shortening at faster rates, their QT intervals are significantly prolonged at slower heart rates.23 TdP may be more often pause-dependent in LQT2 than in LQT3, and rarely pause-dependent in LQT1, and this could potentially explain the greater benefit in LQT2.32 Our study did not show any significant benefit in LQT3; however, based on the age analysis, our cohort of LQT3 patients requiring IPAP were significantly younger at diagnosis, probably signifying a more malignant course. Our group has described recently that a distinct Purkinje system hyperexcitability phenotype can be found in a third of LQT3 patients, and this could predispose them to lethal VA.33 This could potentially negate the benefits that IPAP may have offered in this group. 


Future directions
The general practice of high-volume LQTS centers is to avoid the often observed over-implantation of an ICD in the LQTS population. Besides, the use of LCSD may be considered more often, particularly in high-risk LQTS cases with no history of cardiac arrest. As a result, one may foresee the challenge of implanting an atrial lead purely for the sake of atrial pacing. However, as leadless ventricular pacing is advancing, we can anticipate a similar technology emerge with leadless atrial pacing, which may provide another useful therapeutic optionfor LQTS.34
Study limitations
Our study was a retrospective database review that has the inherent pitfalls of a retrospective study with possible confounding factors in the analysis. Consistent with our clinical practice for LQTS, all the patients in our study population were subjected to a comprehensive medical treatment plan. Nevertheless, the treatment plans were individualized, and the benefits of IPAP cannot be extrapolated to patients who are undertreated medically and are solely managed by device-based therapy. The number of patients receiving IPAP was modest, making it challenging to truly negate an effect in the LQT1 and LQT3 cohorts. Owing to a multinational group of patients referred to Mayo Clinic, the specific treatment programs for patients may vary from center to center, thus affecting standardization. There may also exist a referral bias, and documentation for some of the referrals may be incomplete.
CONCLUSION
In a cohort of patients with higher risk LQTS, IPAP appears to be a safe and effective adjunct therapy, particularly in those with LQT2. The favorable effects of IPAP may stem from attenuating the QTc and circumventing a pause-dependent trigger; however, these may not be the sole mechanisms that explain the benefits. Whether IPAP might obviate the need for an ICD in some of these high-risk patients warrants further scrutiny. Future studies specifically targeting the role of pacing in LQTS patients will be paramount in enhancing our understanding of this promising treatment modality.
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Table 1: Baseline patient characteristics
	Variable
	LQTS cohort without IPAP
	LQTS cohort with IPAP
	p-value

	Female sex 
	56.8% (575/1013)
	77% (40/52)
	0.004

	Median age
  LQT1
  LQT2
  LQT3
  Minor LQTS
  Multisystem LQTS
	
15 (6-34)
14 (4-27)
13 (6-32.8)
12 (7-22.2)
7 (2.5-23)

	
15 (0-36)
20 (13.5-34.5)
0 (0-9.8)
41 (0-48)
13(13-13)*
	
0.81
0.08
0.009
0.35

	Genotype
  LQT1
  LQT2
  LQT3
  Minor LQTS
  Multisystem LQTS
	
51.2% (519/1013)
33.3% (337/1013)
9.3% (94/1013)
5.9% (60/1013)
4.2% (42/1013)
	
13.5% (7/52)
55.8% (29/52)
23.1% (12/52)
7.7% (4/52)
1.9% (1/52)
	
< 0.0001
0.001
0.003
0.55
0.72

	Beta-blocker therapy
	82.8 (839/1013)
	80.1% (42/52)
	0.71

	Left cardiac sympathetic denervation
	13.1% (133/1013)
	34.6% (18/52)
	0.0001

	Bilateral cardiac sympathetic denervation
	0.5 % (5/1013)
	11.5% (6/52)
	< 0.0001

	ICD implantation
	18% (182/1013)
	92.3% (48/52)
	< 0.0001

	Heart transplant
	0% (0/1013)
	3.8% (2/52)
	0.002

	Ventricular tachycardia ablation
	0.7% (7/1013)
	5.8% (3/52)
	0.01

	Abbreviations: IQR, Interquartile range; LQTS,  long QT syndrome; ICD, implantable cardioverter-defibrillator; IPAP, intentional permanent atrial pacing; and QT, heart rate-corrected QT interval.
*Single patient in this group, hence comparison not performed





Table 2: Summary of events stratified by LQTS genotype.
	 
	PRE-IPAP
	POST-IPAP

	 
	Mean Events/pt-yr
	Events
>10
	Events 6-10
	Mean QTc (ms)
	Mean HR (/min)
	Mean Events/pt-yr
	Events>10
	Events 6-10
	Mean QTc (ms)
	Mean HR (/min)

	LQT1
(n=7)
	0.43
	1
	2
	547.3±85.1
	56.7±10.3
	0.18
	0
	1
	513.1± 103.8*
	70.0±8.2*

	LQT2
(n=28)
	1.01
	4
	7
	520.7±39.4
	61.8±11.6
	0.02*

	0
	0
	487.4 ±
32.6*
	73.2±8.9*

	LQT3
(n=12)
	0.6
	3
	2
	546.8±95.6
	82.4±30.8
	0.59
	3
	2
	466.3±34*
	97.1±21.8*

	LQTm
(n=5)
	1.42
	2
	1
	553.0±87.3
	61.8±23.1
	0.2
	0
	1
	511.8±72.1*
	80.0±20.3

	Total
(n=52)
	0.88
	10
	12
	533.466.6
	65.820.4
	0.19*

	3
	4
	488.352.4*

	78.917.1*


	* Denotes statistical significance with p-value < 0.05.

Mean HR and QTc expressed as mean ± standard deviation

Abbreviations: LQTS, long QT syndrome; LQTm; minor and multisystem LQTS; IPAP, intentional permanent atrial pacing; HR, heart rate; QTc: heart rate-corrected QT interval; pt, patient; and yr, year. 
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Figure 1 | Mean QTc and heart rate observed following initiation of intentional permanent atrial pacing in patients with long QT syndrome. a) Mean QTc decreased from a baseline of 533.4  66.6 ms to 488.3  52.4 ms with the institution of IPAP (p < 0.01). b) Mean heart rate increased from a baseline of 65.8  20.4 bpm to 78.9  17.1 bpm with IPAP; (p<0.01). Abbreviations: IPAP: Intentional permanent atrial pacing; HR: Heart rate; QTc: Corrected QT interval


Figure 2 | Breakthrough cardiac event trends following initiation of intentional permanent atrial pacing. After IPAP initiation, the number of LQTS patients with no BCE increased from 9 to 33 (p<0.01). LQTS patients with 0-5 BCE decreased from 21 to 12 (p<0.01); 6-10 BCE from 12 to 4 (p<0.01), and > 10 BCE dropped from 10 to 3 post-IPAP (p<0.01). Abbreviations: BCE, breakthrough cardiac event; IPAP, intentional permanent atrial pacing; and LQTS, long QT syndrome. 
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Figure 3 | Pre- and post-intentional permanent atrial pacing variable trends across long QT syndrome genotypes.  a) Rate of BCEs/patient-year following initiation of IPAP across LQTS genotypes. A statistically significant drop in BCE was observed only amongst those patients with LQT2 (1.01 to 0.02, p < 0.001). b) Mean atrial rate following initiation of IPAP across LQTS genotypes. The increase in mean atrial rate was significant for all LQTS genotypes. c) Mean decrease in QTc following initiation of IPAP across LQTS genotypes. The decrease in mean QTc was significant across LQTS genotypes. Abbreviations: BCE, breakthrough cardiac event; IPAP, intentional permanent atrial pacing; LQTS, long QT syndrome; LQTm, minor and multisystem long QT syndrome; and QTc, heart rate-corrected QT interval. 
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Figure 4 | Pre- and post-intentional permanent atrial pacing QTc  trends across long QT syndrome genotypes in a) LQT1, b)LQT2, c) LQT3, d)LQTm. The patients who had BCE post-IPAP are shaded in orange and the patients who had no BCE post-IPAP are shaded in dark blue. Abbreviations: BCE, breakthrough cardiac event; IPAP, intentional permanent atrial pacing; LQTS, long QT syndrome; LQTm, minor and multisystem long QT syndrome; and QTc, heart rate-corrected QT interval.
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