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Abstract 

In recent years, data have been accumulated on the negative effect of right ventricular (RV) stimulation, leading to left 
ventricular (LV) asynchrony, proarrhythmias and progressive heart failure (HF). On the other hand, biventricular 
pacing has been shown to affect ventricular asynchrony, reduce HF manifestations, and improve prognosis in patients 
with LV dysfunction and wide QRS complex. 

The induced asynchrony from apical right ventricular pacing is unequivocally associated with changes in myocardial 
perfusion, LV dysfunction, and poorer prognosis for patients over time. This has led researchers for decades to look for 
an alternative position for electrode placement. 

The incidence of pacemaker-induced cardiomyopathy (PICM) ranges from 5.9 to 39% in patients with RV pacing, 
depending on the given definition and the limit for the degree of pacing. Upgrading to biventricular pacing has been 
shown to reverse the cardiomyopathy. Recently, there has been evidence of a positive effect of His bundle pacing (HBP) 
in the treatment of PICM even in patients with no improvement after biventricular pacing. 

The question about the pathogenetic mechanisms of PICM is currently unanswered. The connection between electrical 
asynchrony and the negative effect on cardiac pump function is clear. There is also evidence of an established 
relationship between asynchrony and coronary blood flow. The predisposing individual characteristics of the patient in 
which these negative effects are manifested are not clear. This is an issue that requires further studies.  
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1. Introduction

According to pacemaker manufacturers, 355,000 devices are implanted annually in Europe, corresponding to 878 
implantations per 1 million people [1]. Indication for primary implantation in about half of the patients is permanent or 
intermittent atrioventricular block, leading respectively to apical RV pacing with a varying percentage [2]. In about 50% 
of cases, ventricular pacing can be minimized with different device algorithms [3]. This means that 88,000 patients in 
Europe each year will have permanent RV pacing, which can lead to adverse effects on cardiac pump function.  

In recent years, data have been accumulated on the negative effect of RV pacing, leading to LV asynchrony [4], 
proarrhythmias and progressive HF [5]. 

On the other hand, biventricular pacing has been shown to affect ventricular asynchrony, reduce HF manifestations, and 
improve prognosis in patients with LV dysfunction and wide QRS complex [6]. 
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Data from resynchronization therapy studies confirm the hypothesis of the positive effect of biventricular stimulation 
on LV pump function compared to that in RV apex in high-grade AV block patients. 

The PREVENT-HF study compared randomized patients with dual chamber or biventricular pacing with normal LVEF 
at baseline and high-grade AV block [1]. They were monitored by echocardiography at 6 and 12 months, with no 
significant difference in LV volume and ejection fraction (EF). However, in order to obtain more convincing data, it is 
necessary to cover a larger number of patients, as well as to monitor the patients for a longer period of time. 

The optimal pacing mode in sick sinus syndrome (SSS) is still debatable. Achieving atrioventricular synchrony with dual 
chamber pacemakers has an advantage by default, which, however, has turned out difficult to prove by years of research 
on this patient population. 

Using data from large randomized trials, a consensus was reached on the lack of survival advantage in patients with 
dual compared to single chamber pacemakers. At the same time, data from the same studies provide conflicting results 
on the effect of the pacing mode on cardiovascular morbidity. A possible explanation might be that ventricular 
asynchrony caused by constant apical RV pacing neutralizes the positive effects of the achieved atrioventricular 
synchrony. 

In 2003 Sweeney et al. analyzed 2010 patients included in the MOde Selection Trial (MOST), a six-year randomized 
prospective study comparing patients with SSS and implanted single or dual chamber pacemakers [7]. This study tested 
the theory that ventricular asynchrony induced by apical RV pacing, even with AV synchrony present, resulted in 
increased hospitalizations for decompensated HF and atrial fibrillation (AF) in patients with SSS and normal baseline 
QRS complex width. Cumulative percent ventricular paced (Cum%VP) was determined from stored pacemaker data. 
Baseline QRS duration data were available in in 1732 of 2010 patients (86.2%). Baseline QRS duration <120 ms was 
observed in 1339 of 1732 (77.3%). Of these 1339, 707 (52.8%) were randomly assigned to DDDR and 632 (47.2%) to 
VVIR. Most patients had normal left ventricular function (median ejection fraction, 55%) with no symptoms of 
congestive heart failure. More than half had a history of atrial tachycardia. The baseline PR interval was normal (<200 
ms) or mildly prolonged in most patients. Dividing the patients into groups according to Cum%VP above 40% and below 
40%, obtained HR [CI] of 2.60 [1.05-6.47] (P = 0.040). This shows that ventricular pacing over 40% of the time in the 
DDDR mode was associated with a 2.6-fold increased risk of hospitalization for HF compared with pacing <40%.  

Analysis of the data showed an increase in the risk of AF with the increase in Cum%VP, both in the DDDR and VVIR 
group. The magnitude of increased risk was 1% for each 1% increase in Cum%VP and reached up to 85% in DDDR 
mode. 

Data from this study indicate a significant advantage in SSS patients with atrial pacing compared to the DDDR mode, as 
a result of avoidance of asynchronous ventricular activation resembling left bundle-branch block. 

The effect of permanent pacing on LV pump function as well as arrhythmias are of interest to researchers and are the 
topic of many studies in the field. To develop new therapeutic possibilities and to understand the pathogenetic 
mechanisms of HF, it is necessary to conduct animal studies. The pig is a suitable research animal, given the similarities 
in cardiovascular anatomy, physiology and size compared to humans. Arterial pressures in the systemic and pulmonary 
circulation system as well as a stable sinus rhythm match those of human conditions [8]. Various techniques are used 
to induce heart failure in large experimental animals, with rapid ventricular pacing being the most preferred method 
[9]. This method can induce LV dilatation and remodeling, changes in hemodynamic parameters and clinical 
manifestations of HF. 

A study performed on pigs by Möllmann et al. aimed to prove the association between ventricular asynchronous 
contraction and development of HF. They used two groups of 10 male pigs and 6 sham-operated served as controls. The 
animals in group A 

received a specially programmed VVI pacemaker, those in group B received a dual chamber DDD pacemaker with both 
leads implanted in different RV regions, causing complete desynchronization of the ventricular contraction. All pigs 
were paced for 3 weeks at 220 bpm followed by a 1-week recovery period after termination of pacing. Before 
implantation and after the period of rapid ventricular pacing, chocardiography was performed and hemodynamic 
parameters were evaluated. Also at the end of the follow-up period, the animals were euthanized and ventricular 
myocardial samples were taken for immunohistochemical analysis. 
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There was a significantly lower CI (cardiac index) in group B than in group A (2.9 ± 0.2 l/min/m2 vs. 3.6 ± 0.2 l/min/m2, 
p <0.05; controls 4.3 ± 0.1 l/min/m2). The reduction in CI was not associated with decreased mean pulmonary artery 
pressure in either group. In contrast, however, there was a significant increase in central venous pressure and 
pulmonary capillary pressure after rapid ventricular pacing with significantly higher values in group B compared to A. 
Examination of the heart muscle showed a tendency to spherical LV remodeling, as well as dilatation of the four cardiac 
chambers after rapid ventricular pacing. Analysis of collagen content in the hearts with induced pump failure found 
increased interstitial fibrosis and thickened collagen fibrils, which in turn lead to myocyte disintegration. Rapid 
ventricular pacing lead to an increased LV diameter, as well as increase in the amounts of collagen 3 and 6 in the group 
with pronounced asynchrony with two pacing electrodes. This shows that fibrosis is an important determinant for the 
development of HF, an issue discussed in previous publications [10]. 

The induced asynchrony from apical RV pacing is unequivocally associated with changes in myocardial perfusion, LV 
dysfunction, and poorer prognosis for patients over time [11]. This has led researchers for decades to look for an 
alternative position for electrode placement. A large meta-analysis of 985 randomized clinical trials performed by 
Shimony et al. aimed to compare the advantages of RVNAP (right ventricular non-apical pacing sites) and RVAP (right 
ventricular apical pacing) [12]. The change in LVEF was assessed in 13 of the studies, with the analysis showing 
significantly higher LVEF in patients with RVNAP compared to those with RVAP. It is important to note that baseline 
systolic function did not differ significantly in both groups of patients. One study compared long-term survival (120 
months) in RVNAP and RVAP and found no significant difference in this indicator [13]. The meta-analysis showed that 
the degree of benefit in RVNAP remains persistent over time. As an end result, the limitation of the short follow-up of 
patients in most studies remains. However, the conclusion is clear for worsened prognosis in patients with RVAP and 
baseline reduced LVEF<45% [14]. 

Permanent RV apical pacing is one of the determinants of change in LV pump function over time. However, it is not clear 
for how long these negative effects manifest themselves. In addition to asynchronous ventricular contraction, AV 
synchronization and consequent AF manifestation are also important. A number of studies were performed to identify 
the optimal mode of programming the pacemaker and its effect on AF manifestation or LV dysfunction. However, data 
from these studies are quite contradictory. 

The pathophysiology of AF is complex, and its manifestation requires a triggering factor and substrate in the atrial 
myocardium [15]As end-diastolic pressure (EDP) increases in LV, left atrial pressure increases to ensure adequate 
diastolic filling. This leads to increased stress of the left atrial myocardium, structural remodeling, dilatation and 
fibrosis, which in turn become a substrate for the manifestation of AF. 

Data from studies in patients with implanted CRT show that overcoming LV ventricular asynchrony leads to improved 
LV pump parameters. This is associated with reverse remodeling of both left ventricular and left atrial myocardium, 
which has been associated with a reduction in AF incidents in these patients as well as stabilization of heart rhythm 
[16]. 

The association between AF and RV apical pacing was also demonstrated in the SAVE PACe study [17]. 1065 SSS patients 
were included and the effect of dual-chamber pacemakers with a function to minimize RV pacing compared to 
conventional dual-chamber devices. The primary endpoint was to register persistent AF for a follow-up period of 1.7 
years. Persistent AF was detected in 12.7% of patients with a conventional dual-chamber pacemaker and in 7.9% of the 
group with a RV pacing minimization algorithm (P = 0.004). Mortality and hospitalizations for HF were comparable in 
both groups. 

Asynchronous ventricular contraction leads to decreased stroke volume, functional mitral regurgitation, and inefficient 
LV emptying. Besides apical RV pacing, asynchrony is observed in the presence of a block in the conduction system, as 
well as in ventricular ectopia. To establish a link between impaired ventricular systolic function and ectopic site 
contraction, Walters et al. at the University of California, San Francisco, conducted a study with pigs. [18] The study 
included 20 experimental animals and had two phases. In the first phase, one group was exposed to paced bigeminy 
from the right ventricular apex for 14 weeks (n = 10) and was compared with a group exposed to regular pacing from 
the RVA at 140 beats/min (n = 5) and a control group (n = 5). The second phase compared the effect of ventricular 
ectopia from different points on the change in LV function over 12 weeks. The experimental animals were divided into 
4 groups of 5: paced ventricular extrasystoles in bigeminy from the free RV wall, lateral LV wall, right atrial ear, and 
control group. 

Hemodynamic parameters were measured invasively at baseline and at the end of the study protocol. Echocardiography 
follow-up revealed a significant reduction in LVEF in the group with RV apical ectopia (from 67.8 to 45.3%; p <0.05), 
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but no significant difference in the control group. In phase 2, there was a significant reduction in LVEF in both groups 
with ectopia from the free wall of the RV and LV epicardium, and this decrease was more pronounced in the second 
group. After completion of the follow-up protocol, experimental animals were euthanized and histological samples were 
taken from various parts of the heart muscle. The results showed an increase in myocardial fibrosis in those with 
ventricular ectopia, with the most pronounced change observed again in the group with extrasystoles from the 
epicardium of the LV. Published epidemiological studies clearly define the relationship between ventricular ectopia and 
the risk of cardiomyopathy and HF [19], as well as the fact that their effective suppression leads to reversal of the 
disorders [20]. 

The belief that LV asynchrony may have adverse effects on long-term prognosis in paced patients has led researchers 
to experiment with alternative points of stimulation. 

Animal studies have shown that pacing the LV septum maintains pump function close to normal and is significantly 
better compared to RV septal pacing [21]. In animal models, the electrode is placed intravenously in the RV, from where 
the LV septal surface is reached transseptally with a longer than the standard fixing helix. Monitoring shows that the 
electrodes remain mechanically and electrically stable for the observed period in otherwise healthy and active dogs. 

Based on these data, Mafi-Rad et al. conducted a study in humans, examining applicability of transvenous access for 
electrode placement on the LV septum, as well as comparing the effect on hemodynamics in LV septal pacing, RV septal 
pacing and conventional RVA pacing. [22]. They included patients with indications for permanent pacemaker 
implantation in SSS who were not expected to be pacemaker-dependent, suggesting a low risk of complication of pacing 
electrode dysfunction. For this purpose, a modified electrode with a longer fixing helix of 4 mm was used to ensure good 
penetration and stability in the interventricular septum. Also, the fixing part of the electrode was partially covered with 
insulation, leaving uncovered only the top part of 1.27 mm to perform the pacing. The correct position of the electrode 
was confirmed by fluoroscopy and intracardiac echocardiography. After its placement, the pacing threshold of electrode 
impedance was measured, and changes in LV dP/dt in comparison with the AAI mode were determined. Patients were 
monitored by measuring electrode sensing, pacing threshold, and impedance immediately after implantation, at 10 
days, 1 month, 3 months, and 6 months. There were no significant changes in these parameters for the follow-up period. 
Right ventricular apical (RVA) and right ventricular septal pacing (RVS) reduce LV dP/dt max compared to atrial pacing, 
while LVS pacing does not result in such a change. These changes were present in all studied patients. In this study, a 
shortening of the electrical asynchrony was observed, which led to a shortening of the QRS complex compared to RVA 
and RVS. During normal electrical myocardial activation, ventricular excitation began from the LV portion of the septum, 
which might explain why pacing near that portion mimics normal activation as well as normal mechanical synchronicity. 

A significant finding of this study is the large difference in the duration of the QRS complex and hemodynamic effects in 
interventricular RV and LV septal pacing. Although the difference between the two pacing points was less than 10 mm, 
pacing from RV lead to a delay in transseptal impulse propagation, which slowed the excitation of the free LV wall and 
resulted in intraventricular and interventricular asynchrony. 

Another alternative pacing is the His bundle (HB). This method was first described by Deshmukh in a small population 
of AF and dilated cardiomyopathy (DCM) patients in 2000 [23]. In recent years, the benefits and safety of this method 
have been unequivocally proven in many studies as a physiological alternative to RV apical pacing. 

For the period 2013-2016, Abdelrahman et al. compared two groups of patients with standard indications for 
permanent pacemaker implantation [24]. HB was paced in 332 of them, in 433 the RV apex. The implantations were 
performed in two separate hospitals in Pennsylvania. Patients were followed-up every 2 weeks, every 2 months and 
annually. The primary endpoint was death for any reason, hospitalization for HF, and need for an upgrade to a 
biventricular pacemaker. The mean baseline EF was 54.5 ± 9.5% and the mean QRS duration was 108 ± 27 ms. During 
the follow-up period, there were 117 hospitalizations due to decompensated HF, with 104 hospital stays over 24 hours, 
and in 96 patients >48 hours. Significantly fewer hospitalizations were observed in patients with HB pacing (41 of 332 
[12.4%]) compared to RVP (76 of 433 [17.6%]; HR: 0.633; p = 0.02). This difference was observed in patients with 
ventricular pacing >20%. The results of this study show that HB pacing was associated with a significant reduction in 
overall mortality, need for HF hospitalization, and need for reimplantation with a biventricular device. They also proved 
that HB pacing can prevent ventricular asynchrony due to propagation of the stimulated impulse along the native His-
Purkinje conduction system. 

A recently published metanalysis by Fernandes et al. in 2020 provides comprehensive information on the effect of 
different RV stimulation points on LV pump function, patients' physical capacity, hospitalizations for decompensated 
HF, and overall mortality [25]. 10 studies were included - in 6 of them BiVP and RVP were compared, and in 4 HBP and 
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RVP. BiVP and HBP were associated with a significantly lower risk of overall mortality and HF hospitalization compared 
to RVP [OR 0.66]. In studies evaluating the change in the LVEF, there is a clear advantage of BiVP and HBP over RVP, 
both in impaired AV conduction and in those after His ablation. 

It is already well known that pacing the RV apex leads to LVEF reduction. This results in PICM, usually defined as FI 
below 40%, excluding other causes. The incidence of PICM varies from 5.9 to 39% in patients with RV pacing depending 
on the given definition and limit for pacing degree [26]. Upgrading to biventricular stimulation has been shown to 
reverse the cardiomyopathy. Recently, there is evidence of a positive effect of HB pacing in the treatment of PICM even 
in patients with no improvement after biventricular pacing [27]. 

This metanalysis demonstrates that the primary strategy of HBP and BiVP in patients with normal or borderline EF 
reduces the incidence of hospitalizations for decompensated HF by 39%. Since the nosological status of PICM is 
relatively unclear, it is not established whether adverse effects occur only in patients who have developed 
cardiomyopathy or whether there are other subclinical causes that are provoked by RV pacing. 

Study data suggest a significant correlation between the duration of the paced QRS complex and long-term prognosis. 
According to Kim et al., QRS duration above 140 msec has a 95% sensitivity, and that above 167% has a 90% specificity 
for PICM development for an average follow-up period of 4.5 years in South Korea [28]. 

Similar results were obtained by Khurshid et al., the duration of QRS over 150 msec being a highly sensitive marker for 
the development of PICM. Also, these patients should be monitored echocardiographically to register a decrease in LVEF 
before symptoms of decompensated HF appear [29]. 

Data from previous studies indicate that there is impaired regional perfusion of the interventricular septum in patients 
with left bundle branch block (LBBD) [30]. There is also evidence of improved blood flow in LAD after implantation of 
a resynchronization therapy system in patients with DCM, while permanent RV pacing leads to its reduction [31].  

2. Conclusion 

The question of the pathogenetic mechanisms of PICM is currently unanswered. The relationship between electrical 
asynchrony and negative effect on the pump function of the heart is evident. There is also evidence of a relationship 
between asynchrony and coronary blood flow. The predisposing individual characteristics of the patients in which these 
adverse effects are manifested, as well as the profibrotic changes in the intercellular matrix in the affected individuals, 
are not clear. To answer these questions, it is necessary to conduct in-depth studies at cellular and subcellular level in 
the heart muscle. We should seek a link between compromised coronary blood flow and cardiomyocyte response and 
how these interactions are affected by electrical activation of the heart. 

The answers to these questions will allow selection of the risk cohort of patients for which to undertake individual 
pacing strategy and prevention of future complications. 
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