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Importance to avoid unecessary right ventricular pacing in clinical practice
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Abstract
Symptomatic bradycardia is effectively treated with the implantation of a cardiac pacemaker. Although a highly successful therapy, during recent years there has been a focus on the negative effects associated with long-term pacing of the apex of the right ventricle (RV). It has been shown in both experimental and clinical studies that RV pacing leads to ventricular dyssynchrony, similar to that of left bundle branch block, with subsequent detrimental effects on cardiac structure and function, and in some cases adverse clinical outcomes such as atrial fibrillation, heart failure and death. There is substantial evidence that patients with reduced left ventricular function (LVEF) are at particular high risk of suffering the detrimental clinical effects of long-term RV pacing. The evidence is however incomplete, coming largely from subanalyses of pacemaker and implantable cardiac defibrillator studies. In this group of patients with reduced LVEF and an expected high amount of RV pacing, biventricular pacing (cardiac resynchronization therapy) devices can prevent the negative effects of RV pacing and reduce ventricular dyssynchrony. Therefore, cardiac resynchronization therapy has emerged as an attractive option with promising results and more clinical studies underway. Furthermore, specific pacemaker algorithms, which minimize RV pacing, can also reduce the negative effects of RV stimulation on cardiac function and may prevent clinical deterioration.
© 2013 Baishideng. All rights reserved.
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Core tip:  High amount of long-term right ventricular (RV) pacing produces ventricular dyssynchrony and clinical deterioration in patients with reduced left ventricular ejection fraction (LVEF). In this patient group cardiac resynchronization therapy has shown to improve clinical outcomes and should be considered before a conventional pacemaker. In subjects with normal LVEF the deleterious effects of RV pacing is less clear, however specific pacemaker algorithms that minimize RV pacing may improve clinical outcomes in selected patients. Future studies shall help to better identify those at risk of suffering the negative effects of RV pacing and define the correct use of preventive therapeutic strategies.
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INTRODUCTION

Cardiac pacing has greatly improved the prognosis of patients with symptomatic bradycardia, approximating that of the general population. However, animal and human studies have shown that RV pacing leads to abnormal electrical and mechanical activation patterns (dyssynchrony), which leads to impaired hemodynamic parameters and myocardial remodeling[1-5]. Large pacemaker and implantable cardiac defibrillator (ICD) trials, have reported an association between long-term RV pacing and deterioration of cardiac structure and function, as well as increased risk of heart failure (HF), atrial fibrillation (AF), and death[1, 6, 7]. This has subsequently caused concerns about the potential deleterious clinical effect of long-term right ventricular (RV) pacing. As a result, several therapeutic strategies, such as alternative RV pacing sites, cardiac resynchronization therapy (CRT), and alternative pacemaker programming options/algorithms that minimize RV pacing have emerged. This review will outline the available evidence concerning the negative effects of long-term RV pacing and comment on how to minimize RV pacing with a focus on CRT and specific pacemaker algorithms. 

THE CLINICAL EVIDENCE OF THE NEGATIVE EFFECTS OF RV PACING

Patients without baseline heart failure 

The large bulk of information regarding the negative effects of RV pacing in patients without baseline HF comes from large pacemaker randomized clinical trials (RCT) of elderly patients with mainly SSS, that were designed to assess the difference between atrial (AAI or DDD) and ventricular-based pacing strategies[8-14]. In the single-center Danish trial 225 patients with SSS were randomized to either single-chamber atrial pacing (AAI) or single-chamber ventricular pacing (VVI)[8]. After a mean of 5.5 years of follow-up, a significant increase in total and cardiovascular mortality, HF and AF in the ventricle based pacing group was reported. The authors also found the VVI pacing led to increased dilatation of the left atrial (LA) diameter and reduced left ventricular (LV) fractional shortening. An assumption that conserving atrioventricular (AV) synchrony is beneficial was made, and because of that several RCTs that compared dual-chamber (DDD) vs single-chamber (VVI) pacing in elderly patients with SSS only[10, 12], SSS and AV block[9, 11], and AV block alone[14], were carried out. To the surprise of many, DDD pacing was not associated with a decrease in mortality nor hospitalization for HF, although a reduction in AF and minor improvements in quality of life was observed in the same group. These results were later confirmed in a metaanalysis[15] that included the Danish trial[8] and 4 of the recently mentioned RCTs that compared DDD vs VVI pacing[9-11, 14] (Table 1). With atrial-based pacing there was no significant difference in mortality (HR = 0.95, 95%CI: 0.87-1.03) or HF (HR = 0.89, 95%CI: 0.77-1.03), but a significant reduction in AF (HR = 0.81, 95%CI: 0.72-0.89) was observed[15].

One of the previously mentioned studies is The Mode Selection Trial in Sinus-Node Dysfunction (MOST), which was a multi-center randomized study that randomized a total of 2010 patients with SSS to either VVIR or DDDR pacing[10]. Unexpectedly, after 33 mo of follow-up a small, but significant, increased incidence of AF and hospitalization for HF in the DDD pacing group was reported, with no difference in all-cause mortality between the two groups. When analyzing of 1339 patients from the same study, the DDDR group received significantly more RV pacing than the VVIR group (90% vs 58%, respectively), and interestingly the amount of RV pacing was a strong predictor for AF [HR = 1.36 (95%CI: 1.09-1.69) for each 25% increase in cumulative RV pacing] and HF hospitalization [HR = 2.99 (95%CI: 1.15-7.75) for > 40% of cumulative RV pacing][6]. On the contrary, the recent Danish Multicenter Randomized Trial on Single Lead Atrial Pacing versus Dual-Chamber Pacing in Sick Sinus Syndrome (DANPACE) trial which included 1415 patients, reported no difference in mortality, HF, or chronic AF between DDDR or AAIR pacing[13] or amount of RV pacing[16] after a mean follow-up of 5.4 years. Furthermore, there was a significant increase in paroxysmal AF and need for pacemaker reoperation mainly due to the development of AV conduction disease in the AAIR group[13].

The conflicting results of the DANPACE trial[13] and the study limitations of the subanalyses from the older pacemaker trials, like patient heterogenicity (a minority presented clinical HF) and no echocardiographic evaluation, make it difficult to estimate to what extent long-term RV pacing cause clinical deterioration in patients without baseline HF. Though with the data available it seems likely that most patients with normal LV function tolerate some degree of RV pacing without developing HF during long-term follow up. 

Patients with reduced LVEF at baseline

The Dual Chamber and VVI Implantable (DAVID) trial[7], and a subanalysis of The Multicenter Automatic Defibrillator Trial II (MADIT II)[17], have provided strong evidence for the negative effects of RV pacing in patients with reduced baseline LVEF (Table 1). The DAVID trial was designed to study whether DDDR pacing with a lower rate limit at 70/min (DDDR 70) would decrease total mortality and hospitalization for HF, when compared against VVI backup pacing with a lower rate of 40/min (VVI 40), through increased cardiac output and allowing higher doses of β–blocker therapy[7]. A total of 506 patients with standard indication for ICD implantation as secondary prevention but without indications for antibradycardia pacing, were included in the trial with an LVEF of 28% ± 8%. After a median follow-up of 8.4 mo, the study was prematurely interrupted due more occurrences of the composite endpoint in the DDDR 70 group, largely driven by hospitalization for HF (1-year survival free of the composite endpoint: 73.3% for DDDR 70% and 83.9% for VVI 40; P = 0.02). Like in the MOST trial[10], a subanalysis of the DAVID trial[18] reported a continuous relationship between the percentage of RV pacing and the primary endpoint, with the most significant divergence of outcomes occurring with RV pacing > 40%. The results were further supported by the DAVID II trial[19], which randomized 600 patients with baseline characteristics similar to the DAVID trial to receive ICD implantation with either AAI pacing with a lower rate of 70/min or VVI 40. No difference in mortality or hospitalization for HF was observed after a mean follow-up of 2.7 years. Additional evidence comes from a subanalysis of the MADIT II trial[17], which randomized 1232 patients with previous myocardial infarction and LVEF < 30% to ICD plus optimal medical therapy vs medical therapy alone[20]. A significant 31% reduction in mortality risk was observed in the ICD arm but there was a worrisome trend towards more hospitalizations for HF in the ICD group and the subanalysis reported a nearly two-fold increased risk of hospitalization for HF in those who received > 50% of cumulative pacing. A recent report of the 8 years of follow-up of the patients with > 50% in the MADIT II trials reported mortality rates similar to the optimal medical therapy group, with the ICD group with low percentage of RV pacing presenting a continued significant mortality benefit[21]. The MADIT II trial[20] results therefore illustrate how the clinical expression of the detrimental effects of RV pacing is the result of years of big amount of RV pacing.

THERAPEUTIC OPTIONS TO AVOID UNNESSARY RV PACING

Alternative RV pacing sites

The purpose of RV non-apical (RVNA) pacing is to take advantage of the specialized conduction system, thereby reduce ventricular dyssynchrony. Three main anatomical sites have been evaluated: right ventricular outflow tract (RVOT), intraventricular septum (IVS), and the His bundle. Overall, evidence from several small studies suggests that dyssynchrony is reduced and that LVEF is improved with RVOT[22], IVS[23] and His bundle[24] pacing, although negative results have also been reported[25]. Nevertheless, there is conflicting evidence regarding the clinical benefit of RVNA pacing in terms of exercise capacity or quality-of-life scores[23, 25, 26]. Furthermore, only one study has evaluated whether RVNA pacing would result in prolonged survival benefit, and failed to find such association, although this endpoint was not powered properly[27]. Furthermore, a recent meta-analysis reported improved LVEF with RVNA pacing but no demonstrable clinical benefit when compared with RV pacing[28]. Large RCTs with statistical power to evaluate clinical endpoints are needed in order to establish whether RVNA pacing is an effective alternative to conventional RV apical pacing. 

Pacemaker algorithms to reduce RV pacing

There are several pacemaker algorithms that permit prolonged AV intervals, all potentially capable of reducing RV pacing, and they can be divided into two large groups: (1) algorithms which periodically prolongs AV interval to search for, and if present allow, intrinsic AV conduction (AV hysteresis); and (2) algorithms that operate in a primary atrial pacing mode, with mode switch to secondary mode ventricular pacing (DDD) in case of significant loss of AV conduction[29-31] (Table 2). Probably, the most studied algorithm is the Managed Ventricular Pacing™ (MVP) (Medtronic, Minneapolis, MN, United States) that operates in primary atrial based mode labeled (AAI[R]+) with switch to secondary DDD[R] mode in the case of loss of AV conduction occurring in 2 out of 4 atrial-atrial intervals[30]. In a short-term study, without clinical end-points, with patients with SSS and various degrees of AV block the MVP algorithm was reported to be significantly more effective in reducing the amount of RV pacing when compared to one AV hysteresis algorithm (66.1% vs 54.3% had < 40% of RV pacing, respectively)[29]. 


In terms of the potential clinical benefits associated with algorithms that minimize RV pacing, this has been evaluated by a few RCT (Table 3). The Inhibition of Unnecessary RV Pacing With AVSH in ICDs (INTRINSIC RV) Study[32] was a multicenter noninferiority trial which included 1530 patients with conventional indication for ICD implantation to dual chamber pacing (DDDR mode with lower rate of 60) with AV Search Hysteresis™ (DDDR 60 AVSH) (Boston Scientific, St. Paul, MN, USA) or backup VVI 40 pacing. However, due to the worrisome results of the DAVID trial[7], eventually only 988 patients with < 20% RV pacing at 1 week with DDDR 60 AVSH were randomized to the two programming modes. After a mean follow-up of 10.4 mo, noninferiority of the primary end point, hospitalization for HF or total mortality, had been met with a trend towards superiority for the primary end point in the DDDR 60 AVSH group. The DDDR AVSH 60 and VVI 40 groups presented a mean RV pacing percentage of 10% and 3%, respectively. The results of the INTRISC RV study are reassuring since they suggests that in ICD recipients with need for dual chamber pacing (e.g., SSS and various degrees of AV block), the deleterious effects of long-term RV pacing as observed in the DAVID trial[7] can be avoided by the use of the AV hysteresis algorithm. However, since only those with < 20% of RV pacing were included in the trial, one should only consider the pacing algorithm in this patient profile and not in patients with high grade AV block who would expect to receive a significant amount of RV pacing (> 20%) despite the use of the algorithm. The Search AV Extension and Managed Ventricular Pacing for Promoting Atrioventricular Conduction (SAVE PACe) trial[33] assessed whether dual chamber pacing, using the Search AV+™ or MVP algorithms (Medtronic), decreases time to development of persistent AF compared with conventional dual chamber pacing (AV interval 120-180 ms), in patients with SSS and normal LVEF. After a follow-up of a mean of 1.7 years, significantly less patient in the minimal pacing group developed persistent AF (7.9% vs 12.7%, respectively, P = 0.004). However, no difference in the secondary endpoints, hospitalization for HF or mortality, was found. As expected, the median percentage of atrial pacing was similar between the two groups but the amount of RV pacing in the conventional group was markedly increased when compared to the minimal pacing group (99.0 % vs 9.1 %). For the first time, a prospective association between a reduction in RV pacing and clinical benefit (freedom from AF) was reported. The results therefore support the use of algorithms that minimize RV pacing in patients with SSS. 


Although the results are promising, the algorithms that minimize RV pacing may not be suitable in some patients. No large long-term trials with clinical end-points have evaluated these algorithms in patients with high-degree AV block (although there is evidence that supports their short-term safety and effectiveness in reducing RV pacing)[34]. Furthermore, allowing severely prolonged AV intervals may lead to compromised cardiac output resulting from inefficient atrial systole and various degrees of diastolic mitral regurgitation[35]. The Managed Ventricular Pacing Versus VVI 40 Pacing Trial[36] compared dual chamber pacing with the MVP algorithm (with a lower rate of 60) and backup VVI 40 pacing in ICD patients. The trial was unexpectedly terminated early since noninferiority for the primary combined endpoint of HF events or total mortality, could not be demonstrated, with a trend towards more primary endpoint events in the MVP. Interestingly, the subgroup analysis found that the increase in HF and mortality was largely contributed by patients with a PR interval of ≥ 230 ms. Moreover, a subanalysis of the INTRINSIC RV study[37] reported on a J-shaped relationship between amount of RV pacing and the clinical event rate, with the best outcome for those with RV pacing between 10% and 19%. It therefore seems that a certain amount of RV pacing, in those with impaired baseline AV conduction, is necessary, although the equilibrium between low amounts RV pacing and preserved AV synchrony is not fully known. However, patients with normal or near-normal AV conduction and need for antibradycardia pacing are likely to benefit from the use of algorithms that minimize RV pacing. 
Finally, sometimes pacemaker algorithms, like the ones previously discussed, may not work as expected. We have recently evaluated the performance of the reverse mode switch™ (RMS) algorithm (Boston Scientific) which offers, like the MVP algorithm, primary atrial pacing AAI(R) mode with switch to DDD(R) secondary mode in the case of AV conduction loss, in a small retrospective study of 21 patients[38]. A large majority (84%) of the RMS episodes analyzed revealed inappropriate switch to DDD(R) mode, mainly triggered by premature ventricular contractions (PVC). Therefore, our results suggest that patients with the RMS algorithm and high amounts of PVCs are paradoxically subject to an increased risk of unnecessary RV pacing through inappropriate RMS episodes. The results are also transferable to the newer but similar algorithm RYTHMIQ™ (Boston Scientific), given that the only difference between the two algorithms is the availability of atrial tachycardia response feature in AAI(R) mode in RYTHMIQ. 

Cardiac resynchronization therapy

It is well established that CRT improves ventricular dyssynchrony, LVEF, hospitalization for HF and mortality in patients with HF, prolonged QRS interval and NYHA class II – IV, and it has become a part of standard HF treatment[39, 40]. Until recently there was little data on the benefit of CRT in patients with conventional indication for antibradycardia pacing, however, the results from the Biventricular Versus Right Ventricular Pacing in Patients with AV block (BLOCK HF) study[41] were recently published. It constitute the first large scale RCT that assess the clinical benefits of CRT compared to RV pacing in patients with LV systolic dysfunction (LVEF ≤ 50%) and AV conduction loss with a standard pacemaker indication but without conventional indication for CRT. A total of 691 patients, with mean QRS of 125 ms and 121 ms and mean LVEF 43 ± 7 % and 33 ± 8 % (CRT-pacing and CRT-ICD groups, respectively) were randomized to RV pacing and CRT. The patients presented with first- (19%), second- (33%), and third-degree (48%) AV block. After a mean of 37 mo of follow-up, CRT was associated with a 26% risk reduction in the primary composite endpoint of all-cause mortality, HF-related urgent care and LV end systolic index [HR = 0.74 (95% credible interval 0.60–0.90)], and a 27% risk reduction in all-cause mortality and HF-related urgent care [HR = 0.73 (95% credible interval 0.57-0.92)]. The findings from the BLOCK study therefore confirm the results from previous small studies[42], that CRT in patients with pacemaker indication for with AV block and a high degree of expected RV pacing, and LV systolic dysfunction improves LV function and clinical outcomes. Furthermore, there is also data suggesting that patients with reduced LVEF and a reported high amount of long-term RV pacing may benefit from a device upgrade to CRT. For example, in a retrospective study, Fröhlich et al[43] reported inverse LV remodeling (LVEF, and LV end-systolic and end-diastolic diameters) and improved NYHA functional class in patients with chronic RV pacing and reduced LVEF who received a CRT upgrade. A recent small RCT that included 50 patients with LV systolic dysfunction listed for routine pacemaker generator replacement with > 80% RV pacing in the preceding 12 mo, found that an CRT upgrade was associated with improved LVEF, reduced N-terminal pro-B-type natriuretic peptide levels, exercise capacity, and quality of life[44]. 
There is less evidence in favor of CRT in patients with normal LVEF. The Pacing to Avoid Cardiac Enlargement (PACE) study[45] which was a multicenter, double blind trial randomized 177 patients with SSS or AV advanced block to receive either RV pacing (DDDR mode) or CRT. After 1-year follow-up the authors reported maintained LVEF and LV end-systolic volume (primary end-points) in the CRT group but a reduction in these parameters in the RV pacing group. However, CRT did not improve the secondary clinical end-points; 6-minute walking test, hospitalization for HF, or quality of life. It should be noted that no increased procedure related complications were reported in the discussed studies, indicated that CRT is also a safe alternative to conventional RV pacing. 

In AF patients with rapid ventricular rates, who undergo catheter ablation of the AV node to create complete AV block due to irresponsiveness to pharmacological treatment, there is a high risk of suffering the detrimental effects associated with prolonged high density RV pacing, such as LV dyssyncrhony, reduced LVEF, and worsened HF symptoms[46]. Five small short-term RCTs have studied the potential benefit of CRT, compared to RV pacing, in patients with AF and AV node ablation[47-51] and found improved LVEF and in some instances a reduction in hospitalization for HF. Thus, there is evidence that this group of patients would also benefit from CRT. Nevertheless, in asymptomatic individuals with AV node ablation for AF and normal LV function there is currently no evidence to support CRT. A list of some of the major clinical studies that compared CRT vs RV pacing is shown in Table 4. 

A PRACTICAL APPROACH TO MINIMIZE UNECESSARY RIGHT VENTRICULAR PACING IN CERTAIN PATIENT GROUPS

Data from subanalyses of ICD trials, including patients with reduced LVEF, suggests that > 40%-50% of RV pacing is associated with adverse clinical outcomes[17, 18]. In addition, patients with reduced LVEF are at a significantly higher risk of suffering the negative clinical effects of RV pacing when compared to those with a normal cardiac function, and most patients with normal LVEF appears to tolerate some degree of chronic RV pacing[16, 52]. It is therefore useful to stratify the patient, with an indication for permanent cardiac pacing, according to LVEF (reduced or conserved) and likelihood of high amount of RV pacing (high or low) (Figure 1). However, it may sometimes be difficult to estimate the latter although some more clear-cut scenarios also exist such as, patients with complete AV block (high risk); and patients with SSS and intact AV conduction (low risk). 

Considering the available evidence, in a patient with a normal LVEF a conventional pacemaker is currently the best option, and unnecessary RV pacing should be avoided through appropriate device programming. This includes the correct selection of the pacing mode and also the lower rate limits (e.g., VVI mode at 40 ppm in a patient with infrequent paroxysmal AV block), AV interval (e.g., long AV intervals or AV hysteresis if there is no significant AV conduction loss), and the use of special algorithms aimed at minimizing RV pacing (if available). As discussed, several algorithms that all reduce the amount of RV pacing exists, although the MVP algorithm is the most studied with results indicating improvement in LV mechanics and also some clinical benefit[33, 53]. However, there is currently insufficient evidence on the use of the MVP algorithm in patients with high-grade AV block and in addition, it may have neutral or even negative effect when the PR interval is prolonged (> 230 ms)[36, 54]. We therefore suggest that the MVP algorithm should only be used prescribed in those with SSS with no significant AV conduction disease (narrow QRS and PR interval < 230 ms).


If a patient present with a reduced LVEF, with the results from the BLOCK HF study[41], there is now strong evidence that CRT should be chosen over a conventional pacemaker in order to improve both LV reverse remodeling as well as clinical outcomes[41, 42]. The recently published European guidelines on cardiac pacing and CRT thus recommend de novo CRT in patients with HF, reduced LVEF (≤ 50%), bradycardia indication for pacing and an expected high percentage of RV pacing[39]. Furthermore, patients with reduced LVEF and planned AV node ablation for AF are likely to benefit from CRT[55]. Also, an important group of patients with indication for antibradycardia pacing also have a conventional indication for CRT and should obviously be offered this therapy[40]. Finally, there is presently not enough evidence to support the use of alternative RV pacing sites such as RVOT, IVS and His bundle[28]. 
FUTURE DIRECTIONS AND UNSOLVED QUESTIONS

Despite the publication of a significant amount of evidence that has made us aware of the adverse pathophysiological mechanisms and clinical effects of prolonged RV pacing, as well as on the use of different strategies to overcome them, several questions remain unsolved. There is currently a lack of specifically designed studies that evaluate the potentially negative effect of long-term RV pacing in patients with normal LVEF. This, since most of the available information comes from old pacemaker trials aimed at evaluating atrial versus ventricular based pacing strategies in which echocardiography evaluation of LV function or percent RV stimulation was not always reported[8-11, 14]. The conflicting results of the recent DANPACE trial[13] were no association between amount RV pacing and clinical outcome was observed in patients with normal LVEF further complicates the matter. Therefore the extent of the negative effects of RV pacing in patients with normal LVEF and whether this is clinically relevant is at present debatable, and future studies in this area are subsequently warranted. Other areas of future research include the indications and potential benefits of therapeutic strategies aimed at minimizing RV pacing such as specific algorithms, alternative pacing sites and CRT, however several large scale trials are ongoing and the results will provide guidance for future clinical practice. The Bioventricular Pacing for Atrioventricular Block to Prevent Cardiac Desyncrhonization (BIOPACE) study[56] is an international large randomized prospective mortality-driven trial that is comparing CRT vs conventional RV pacing in patients without standard indication for CRT. Since patients with severely depressed to normal LVEF are being included the results will not only help in defining role of CRT in a wide range of patient characteristics but also provide information on the detrimental effects of RV pacing in those with normal LVEF. Finally, future large RCTs with long-term follow-up and clinical endpoints are currently evaluating the MVP algorithm, and should provide important new information on its potential benefits[57, 58].
CONCLUSION
In a significant number of patients, chronic RV pacing leads to negative effects such as reduced LV function and adverse cardiac remodeling, as well as increased incidence of HF, AF and death. Those with reduced LVEF and long-term high amount of RV pacing are at particular risk and there is now solid evidence that CRT improves LV function and clinical outcomes in this group. However, patients with normal LVEF seem to tolerate some degree of long-term RV pacing and thus the clinical relevance of the detrimental effects of RV pacing is less certain in these individuals. Appropriate pacemaker programing and the use of different pacemaker algorithms represent important methods to avoid unnecessary RV pacing in this patient group. 
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Figure 1 A schematic management plan of how to avoid unnecessary right ventricle pacing in patient with indication for conventional pacing and no other indication for cardiac resynchronization therapy. 1No large-scale trials have assessed the benefits and safety of the managed ventricular pacing (MVP) algorithm in patients with high-grade AV block. AVB: Atrioventricular block; LVEF: Left ventricular ejection fraction; RVP: Right ventricular pacing; SSS: Sick sinus syndrome; CRT: Cardiac resynchronization therapy.
Table 1 Summary of the major pacing and implantable cardioverter-defibrillator randomized trials that compared atrial (AAI or DDD) vs ventricular based pacing strategies
	Study (yr)
	Patients (n)
	Follow-up (years)
	Pacing/ICD indication
	Study groups
	Endpoints
	Results

	Danish study[8] (1997)
	225
	5.5
	SSS
	AAI vs VVI 
	All-cause mortality, CV mortality, AF, stroke, HF, and AV block
	Significant reduction in CV mortality, AF, stroke and HF in the AAI group

	PASE[11] (1998)
	407
	1.5
	SSS and AVB
	DDDR vs VVIR
	Quality of life, all-cause mortality1, HF1, and AF1
	No overall difference in quality of life albeit moderate improvement in patients with SSS but not AVB in the DDDR group. 

No difference in mortality, HF or AF.

	CTOPP[9] (2000)
	2568
	6.4
	SSS and AVB
	DDD/AAI vs VVI(R)
	Stroke, CV mortality, all-cause mortality1, AF1, and HF1
	No difference in stroke, CV mortality, all-cause mortality or HF.

Significant reduction in AF in the DDD/AAI group.

	MOST[10] (2002)
	2010
	2.8
	SSS
	DDDR vs VVIR
	All-cause mortality, stroke, AF1, HF1, QoL1, pacemaker syndrome1
	No difference in all-cause mortality, stroke.

Significant reduction in AF, HF, and QoL in the DDDR group.

18.3% cross-over due to pacemaker syndrome in the VVIR group.

	UK-PACE[14] (2005)
	2021
	3
	AVB
	DDD(R) vs VVI(R)
	All-cause mortality, AF1, HF1, stroke1
	No difference in any of the endpoints.

	DANPACE[13] (2011)
	1415
	5.4
	SSS
	AAIR vs DDDR
	All-cause mortality, AF1, HF1, stroke1, need for pacemaker reoperation1
	No difference in all-cause mortality, chronic AF, HF or stroke.

Increased risk of paroxysmal AF and need for pacemaker reoperation (development of AVB) in the AAIR group.

	DAVID[7] (2002)
	506
	0.8
	Primary and secondary prevention ICD
	VVI 40 vs DDDR 70 ICD
	Composite of hospitalization for HF and mortality
	Prematurely interrupted due to increased occurrences of the composite endpoint in the DDDR 70 group.

	MADIT II substudy[17] (2005)
	1232
	1.7
	Primary prevention ICD
	0-50% vs 51-100% VP
	Composite of HF and mortality.
	Nearly two-fold increase in hospitalization for HF in the 51-100% VP group.


1Secondary endpoints. AF: Atrial fibrillation; AVB: Atrioventricular block; CV: Cardiovascular; HF: Heart failure; ICD: Implantable cardioverter-defibrillator; QoL: Quality of life; SSS: Sick sinus syndrome; VP: Ventricular pacing; VVI: Ventricular.
	Reverse Mode Switch/RYTHMIQ™ (Boston Scientific, St. Paul, MN, United States)
Atrial based pacing in AAI(R) with VVI backup (LRL minus 15/min) with the two modes operate independently from one another. If complete AVB occurs, ventricular paces will be delivered at backup VVI rate, asynchronous to the AAI rate. If 3 slow ventricular beats are detected in a window of 11 beats, AV conduction is considered blocked and switch to DDD (R) takes place. The algorithm will switch back to AAI if intact AV conduction is recuperated

	Managed Ventricular Pacing™ (Medtronic, Minneapolis, MN, United States)
Atrial based pacing (labeled as AAI(R)+) with switch to DDD(R) if AV block is detected, defined as 2/4 absent ventricular event. The algorithm checks for AV conduction at regular intervals and if present it will switch back to AAI(R)+

	Ventricular Intrinsic Preference™ (St. Jude Medical, Sylmar, CA, United States)
Intrinsic AV conduction is assessed by increasing AV delay at regular intervals (programmable AV extension of up to 200 ms; maximum AV delay 350 ms). If present, the longer AV delay will be maintained until a programmable number of cycles of absent ventricular sensed events (i.e., ontinuous need for ventricular pacing), thus deactivating the algorithm

	AV hysteresis (Biotronik, Berlin, Germany)
Similar to Ventricular Intrinsic Preference™ (St. Jude) 

	AAISafeR™ and AAISafeR2™ (Sorin Group, Mirandola, Italy) 

Atrial based pacing in AAI (R). Abnormal AV intervals (> 350 ms if atrial sensed; > 450 ms if atrial paced) are monitored. Switch to DDD in response to any of the following: 

> 6 abnormal AV intervals (“first degree AVB”)

> 3/12 nonconducted atrial events (“second degree AVB”) 

> 2 consecutive nonconducted atrial event (“advanced AVB”)

ventricular pauses of 2 – 4 s (programmable)


Table 2 Pacemaker algorithms that reduce right ventricular pacing
AV: Atrioventricular; AVB: Atrioventricular block; LRL: Lower rate limit.
Table 3 Clinical studies of pacemaker algorithms that minimize right ventricular pacing
	Study (yr)
	Design
	Pacing indication
	Patients (n)
	Follow-up (mo)
	Outcomes

	Sweeney et al[30]
(2005)
	Randomized, crossover

MVP vs DDD(R)
	SSS
	181
	1
	Amount of pacing: MVP™: 4.1%; DDD(R): 73.8%

	Murakami et al[29]

 (2010)
	Randomized, crossover 

MVP vs Search AV+
	SSS and AVB
	127
	1
	Amount of pacing:

MVP: 66.1%; Search AV+: 54.3% (patients with %RVP < 40)

MVP: 57.5%; Search AV+: 38.6% (patients with %RVP < 10)

	INTRINSIC RV[32]
(2007)
	RCT

DDD(R) AVSH 60/min vs VVI 40/min (noninferiority)
	ICD1
	1530
	10.4
	Trend towards a lower rate of death and hospitalization for HF in the DDD(R) AVSH group

	SAVE PACE[33] (2007)
	RCT

 Search AV+ / MVP vs DDD(R)
	SSS
	1065
	12
	Amount of pacing: DDD(R): 99%; Search AV+ / MVP: 9.1%

Reduction in time to development of AF (primary endpoint) in 

the Search AV+ / MVP group

No difference in hospitalization for HF or death (secondary endpoints)

	MVP[36] 

(2010)
	RCT

MVP 60/min vs VVI 40/min

(noninferiority)
	ICD1
	1030
	29
	Prematurely interrupted due slightly more deaths and hospitalization for HF in MVP group 


1Patients with an implantable cardiac defibrillator (ICD) indication were included in the trial; AVB: Atrioventricular block; AVSH: AV Search Hysteresis (Medtronic); MVP: Managed Ventricular Pacing (Medtronic, Minneapolis, MS, United States); RCT: Randomized control trial; RVP: Right ventricular pacing; SSS: Sick sinus syndrome.
Table 4 Clinical studies of right ventricular pacing versus cardiac resynchronization therapy
	Study (yr)
	Design
	Patient characteristics
	Patients (n)
	Follow-up (mo)
	Baseline LVEF 
	LVEF in RV pacing
	LVEF in CRT 
	Clinical benefit from CRT

	COMBAT[42] (2010)
	RCT 

multicenter
	AVB
	60
	5  (crossover)
	30.1% ± 9.2% 
	22.5% ± 8.1%
	29.3% ± 6.9%a
	Improved NYHA class and QoL 

	PACE[45]
(2009)
	RCT

multicenter
	AVB and SSS
	177
	12
	61.6% ± 6.6%
	54.8% ± 9.1%
	62.2% ± 7%b
	No difference in hospitalization for HF, exercise capacity or QoL

	BLOCK-HF[41] (2013)
	RCT

multicenter
	AVB
	691
	37
	43% ± 7%  (CRT-P)

33% ± 8% (DRT-D)
	-
	-
	Reduction in composite endpoint (mortality, HF urgent care and LVESI)

	Brignole et al[47] (2011)
	RCT

multicenter
	AVN ablation
	186
	20
	38% ± 14%
	Increasing from baseline +4.7%
	Increasing from baseline +6.6% (NS)
	Reduction in composite endpoint (death from HF, hospitalization for HF or worsened HF)

	PAVE[49] 
(2005)
	RCT

multicenter
	AVN ablation
	184
	6
	46% ± 16% 
	41.1% ± 13%
	46% ± 13%a
	Improved exercise capacity

No difference in QoL

	Orlov et al[51] 

(2010)
	RCT

multicenter
	AVN ablation
	127
	6
	56.1% ± 9.4% 

(CRT group)

57.2% ± 7.5% 

(RVP group) 
	54.6% ± 11.5%
	59.3% ± 7.7%a
	No difference in NYHA class, exercise capacity or QoL


aP < 0.05; bP < 0.001 vs left ventricular function (LVEF) in right ventricle (RV) pacing; AVB: Atrioventricular block; AVN: Atrioventricular node; CRT-D: Cardiac resynchronization with implantable cardiac defibrillator; CRT-P: Cardiac resynchronization therapy pacing; NS: Non-significant; RVP: Right ventricular pacing; SSS: Sick sinus syndrome; QoL: Quality of life.
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