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Abstract—Cardiac Cardiac disease is a leading cause of 

death worldwide. Disturbance in the conduction system of the 

heart may trigger or aggravate heart dysfunction, affecting the 

efficiency of the heart, and lead to heart failure or cardiac 

arrest. Patients may require implantable cardiac rhythm 

management devices (ICRMDs) to maintain or restore the 

heart rhythm.  ICRMDs have undergone important 

improvements, yet limitations still exist, presenting important 

technological challenges. Most ICRMDs consist of a 

subcutaneous control unit and intracardiac electrodes. The 

leads, which connect the electrodes to the control unit, are 

usually placed transvenously through the subclavian veins. 

Various locations inside the heart are used for placement of 

electrodes, depending on the specific condition. Some of the 

limitations to effective pacemaker therapy are associated with 

placement and location of the leads. Various approaches have 

been developed to overcome these challenges, such as multi-

site pacing and leadless solutions. This paper aims to review 

the state of the art for the selection of placement sites for 

pacemakers, implantable cardioverter defibrillator (ICD) and 

cardiac resynchronization therapy devices (CRT) devices and 

discuss potential technological advancements to improve the 

results of ICRMD-therapy including development av leadless 

technology. 
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1 INTRODUCTION 

Cardiovascular  diseases (CVD) is a leading cause of 

mortality in the Western World, and is responsible for 37.5 % 

of all deaths in EU 59. To prolong lives and reduce the social 

and economic burden from CVD, prevention, early diagnosis 

and appropriate therapy is essential. Pacemaker therapy, 

initially developed in the 1960s, have improved quality and 

quantity of life for certain patients with heart rhythm 

abnormalities. Remarkable technological developments have 

occurred, making cardiac rhythm management devices 

(CRMDs) an option for larger groups of patients, although a 

number of important challenges still exist.  

Disturbance of cardiac rhythm and malfunction of the 

heart’s conduction system is the result of disease processes 

such as hypertension, coronary artery- and valvular- heart 

disease or from primary- or secondary- abnormalities of cells 

of the specialized conduction system.  Conduction disorders 

reduce the heart’s functional state by impairing optimal 

coordination of the contraction of atria and ventricles. CRMDs 

were developed to maintain, improve or restore heart rhythm. 

There are three main classes of CRMDs: 1) anti bradycardia- 

or tachycardia- pacemakers, 2) cardioverter-defibrillators, and 

3) cardiac resynchronization therapy devices (CRT). The 5-

letter code developed by The Heart Rhythm Society 

(previously known as the North American Society for Pacing 

and Electrophysiology and the British Pacing and 

Electrophysiology Group) classifies pacemakers according to 

functional capabilities 24. Anti-bradycardia devices pace the 

atrium and/or the right ventricle to prevent bradycardia, while 

anti-tachycardia pacemakers use programmed pacing to 

terminate tachy-arrhythmias in the atria or ventricles. Most 

anti-tachycardia devices now include a cardioverter-

defibrillator function, which terminate ventricular tachycardia 

and fibrillation by an electric shock. Unfortunately, there are 

still no reliable tools to identify all patients at risk for sudden 

cardiac arrest (SCA) from arrhythmia, which is seriously 

limiting the ability to decrease SCA in the population.  CRT, 

a newer pacing-modality is effective in a relatively small 

fraction of patients with systolic heart failure (HF) when the 

HF is caused by unsynchronized contractions of the right- and 

the left- ventricles. The incidence of HF is increasing, and 

CRT has a definite, although limited effect in selected HF 

patients. CRT have no effect in diastolic HF and only suitable 

for systolic HF with electrical substrate, which represents 

around 30 % of the HF population 118.  

CRMDs are used on temporary or permanent basis. 

Temporary devices are used to treat temporary dysfunction of 

the conduction system after heart surgery or myocardial 

infarction 23. In this paper, focus will be on permanently 

implanted cardiac rhythm management devices (ICRMDs). 

ICRMDs typically consist of a subcutaneous pacemaker 

can containing the control unit (CU) and the energy source. 

The pacemaker can is connected to single, double, or multiple 

leads with electrodes at the tip which detect cardiac activity 

and stimulate the heart to contract when appropriate (Figure 

1). The CU communicates with an external programmer 

during follow-up visits, to obtain stored or real-time records of 

cardiac and pacing activities. Pacemaker settings such as 

sensitivity, pacing output and other parameters may be 

reprogrammed to optimize function and reduce energy-use. 

Modern CRMDs have at least three functions: 1) Sensing 

electric impulses of the heart, through one or more electrical 

leads, 2) Processing the information and prepare future 

action by the CU, and 3) Pacing or defibrillation action, 

through the pacing lead(s) or defibrillation coils. The position 

of the electrodes in the heart is essential for proper functioning 

of the device. Most leads are presently positioned through the 

venous system, entering veins in the upper body.  

In addition to electronic malfunction of devices, which are 

relatively uncommon, the leads are weak links in pacemaker 

systems and may dislodge, break or develop exit block where 

the voltage required for pacing becomes excessive 175. Leads 

are foreign bodies that can cause infection and/or 

thrombosis94. They are subject to mechanical breakdown and 
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complications may occur  during implantation causing 

tricuspid valve damage and pneumothorax 95, 161. The rate of 

short-term complications can be as high as 10 % 93. With a 

yearly implantation rate of more than one million ICRMDs 

worldwide – which is expected to rise considerably due to the 

increasing life span and ICRMD indications – around 100 000 

complications occur every year. Pocket infection is another 

risk associated with ICRMDs, which may spread to the 

bloodstream through the leads and cause endocarditis 93. 

Infected devices should be extracted immediately, with a 

reported mortality rate of 12 % to 31 % 35 138.  

Reducing current drain by miniaturization of electronics 

and batteries have made it possible to construct leadless, 

implantable pacemakers incorporating sensing, stimulation, 

processing and power supply in a small capsule placed in a 

heart chamber. Current leadless pacemakers have 

limited programmability and are presently used exclusively 

for pacing the right ventricle. This mode of pacing is indicated 

for elderly patients with intermittent need for pacing. There is 

a large potential for further innovation by creating devices for 

multi-chamber leadless pacing.  

The goal of this paper is to review the state of the art of 

ICRMDs – with focus on the placement of the electrodes – and 

outline a vision of the future of possible technological 

developments.  

The literature search was performed using Pubmed and 

Google Scholar including only English language publications 

published within the last 15 years, in addition to some older 

“flagship” papers.  Search criteria included the following 

terms: Single-chamber pacemakers, atrial pacing, ventricular 

pacing, dual-chamber pacemakers, leadless pacemakers, 

cardiac resynchronization therapy, multisite pacing, 

multipoint pacing, implantable cardioverter defibrillator, 

subcutaneous ICD. Papers were included after review of 

abstracts filtering for lead placement. When multiple papers 

demonstrated similar conclusions, those with higher impact 

were selected to reduce the overall number of references. 

The electrode placement of the three ICRMD devices are 

reviewed in the three following chapters, followed by the 

discussion. A short summary table is provided at the end of 

each chapter. 

2 PACEMAKER THERAPY 

2.1 Single-Chamber Pacemaker 

Single chamber pacemakers are either atrial or ventricular 

with function limited to sensing and pacing of the atrium or 

the ventricle. Such pacers may also have sensors for modifying 

pacing rates to metabolic demands, so called rate responsive 

pacing. 

2.1.1 Atrial Pacing 

Atrial pacing is used for patients with sick sinus syndrome, 

which is prevalent in 0.1 % of the population above 45 years 
86. Atrial pacing is useful when atrioventricular (AV) 

conduction is normal and is presently a IIb recommendation 

according to the latest guidelines due to the long-term risk of 

AV block 68. The rate of change from atrial pacing to dual-

chamber pacing is 4.5 % per year 32. 

Atrial pacing leads are placed in the right atrium 

transvenously and connected to the control unit. Various lead 

locations are used. The right atrial appendage (RAA) 

provides ample contact with atrial endocardium, and a stable 

position for passive fixation leads. RAA pacing is associated 

with increased risk of atrial fibrillation (AF) in patients with 

atrial conduction disorders 46. 

Active fixation leads, make pacing from the septal wall 

possible, providing simultaneous activation of the left and 

right atria 134. As reported by Verlato et al. 178, in patients with 

SA-node and intra-atrial conduction delay, low interatrial 

septum pacing may be superior to RAA pacing in preventing 

atrial fibrillation. Pacing the Bachmann’s bundle has been 

associated with lower risk of atrial fibrillation acutely and 

chronically 19. Such placements present risk of far-field 

sensing because septal locations lie close to the tricuspid 

annulus where leads may sense ventricular signals. The 

coronary sinus (CS) orifice, which forms a prominent 

electrical connection between the atria, has been used as atrial 

pacing site, but to a limited extent, due to the relatively high 

rate of perforation and clot formation. It is difficult to place an 

electrode near the CS orifice. Septal sites in general provide 

better activation patterns, but are harder to locate/access and 

associated with far-field sensing, which may result in cross-

talk 19, 178. 

Another approach to atrial synchronization is pacing two 

sites simultaneously, one in each atrium (bi-atrial pacing) 142 

or two different locations in the RA (dual-site atrial pacing) 51. 

This helps synchronize the atria and decrease atrial activation 

time 51 and prevent tachycardia 140. Multisite atrial pacing 

provides shorter atrial activation time, but is rarely used since 

atrial synchrony has low impact on cardiac output and single-

site pacing is more effective in preventing AF 134. Dual-site 

atrial pacing requires additional hardware, increasing lead-

related risks and the risk of “double- sensing” atrial events, 

which may result in inappropriate pacemaker behavior. 

2.1.2 Ventricular Pacing 

In the case of AV block, a ventricular pacemaker, or a dual-

chamber (atrium and ventricle) is necessary to ensure that 

impulses are delivered to the ventricles. 

Since the development of the first implantable pacemaker 

in 1959, the right ventricular apex (RVA) has been the 

commonly used pacing site for ventricular pacing due to 

accessibility and stability of passive fixation leads positioned 

in the apical trabeculated area. Leads are inserted trans-

venously, through the tricuspid valve to the RVA and the 

position secured by passive or active fixation mechanisms. 

Studies have shown that RVA pacing may cause impaired 

pumping function due to late activation of the left ventricle – 

a response similar to that of a left bundle branch block (LBBB), 

where activation occurs from right to left instead of the natural 

left-to-right activation sequence 120. If pacing is needed 

occasionally (around 10 % of the time), deleterious 

consequences of apical RV pacing are limited 166, but 

extensive pacing from RVA is associated with limited apical 

motion, remodeling and reduced function of the LV 167, 169. 

Patients with normal LV can develop HF from continuoues 

RV pacing 43. 

With the introduction of the active fixation electrodes, 

alternative pacing sites became available. Pacing in the RV 

from locations closer to the AV-node, such as the right 

ventricular septum (RVS) and right ventricular outflow-tract 
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(RVOT) result in relatively normal conduction and a “more 

natural” contraction pattern 90, 159, 181, 190.  

On reviewing the heart’s conduction system in Figure 2, the 

His Bundle may appear to represent an ideal pacing site since 

it would utilize the Purkinje fibers to activate and synchronize 

both ventricles. Direct His bundle pacing (DHBP), reported 

by Deshmukh et al. 54 resulted in ventricular activation close 

to natural, producing normal QRS complexes. The 

implantation process requires detailed electrophysiological 

mapping to locate the His bundle, long procedure times (mean 

4 hours) and pacing threshold as high as 2.4V at 0.5ms pulse-

width, whereas pacing threshold for other RV sites is usually 

below 1V. The same group, compared DHBP to RVA pacing 

in 54 patients 55 and confirmed DHBP’s safety and 

effectiveness compared to RVA pacing and encouraged others 

to investigate DHBP 5, 187, 188. Zanon et al used a steerable 

catheter for such implantation and reduced mean procedure 

time to 75 minutes 188. The study included 26 patients with a 

92 % success rate, but pacing thresholds were relatively high. 

Detailed review of implantation techniques of DHBP is 

described by Vijayaraman et al. 179. 

2.2 Dual-Chamber Pacemaker 

Improvement in electronics and batteries enabled the 

development of dual chamber pacemakers with leads in the 

right atrium (usually at the RAA) and the RV (typically at the 

RVOT, RVA, or RVS). Dual-chamber pacing improves 

cardiac output compared to single-chamber pacing, 

maintaining the sequence of atrial and ventricular 

contractions, allowing better filling of the ventricles. Dual-

chamber pacemakers are multi-programmable and operate in 

various modes to optimize therapy and minimize power 

consumption. In case of first or second-degree AV block, the 

pacemaker senses the activation in the atrium and paces the 

ventricle only when a QRS complex is missed after the 

programmed AV delay. A simplified overview of the existing 

single- and dual-chamber pacing modes are available on the 

online resource Deranged Physiology 183. 

According to guidelines from the European Society of 

Cardiology (ESC), dual-chamber pacemakers are 

recommended except in patients with chronic atrial fibrillation 
33. Even though dual-chamber- is superior to single-chamber-

pacing in patients with functioning atrial contraction, it has not 

completely replaced single-chamber pacing, due to increased  

risk of infection and lead dislocation 97. The cost of the 

hardware and requirements for more frequent follow-up and 

shorter battery duration are significant factors, especially in 

older patients and in developing countries. A study from  1992 

demonstrated that the use of dual-chamber pacing increase 

cost by 94 % 144.  Petch 137 speculated that improved functional 

capacity may not be beneficial for health in older patients. 

Furthermore, single-chamber pacing is adequate for patients 

with sick sinus syndrome who only requires pacemaker for 

occasional bradycardia, as discussed by El Gamal 58. 

A dual-chamber pacing system using dual-site atrial pacing 

was introduced by Stockburger et al. 165. The RA is 

simultaneously paced from the RAA and the CS. The 

ventricular lead is placed in the RVA or RVOT. This type of 

pacing increases left atrium appendage flow and may prevent 

paroxysmal atrial fibrillation. 

2.3 Leadless Pacemaker 

Improved electronics and smaller batteries made leadless 

pacemakers possible. The concept was proposed 40 years ago 
162, but  only recently became a clinical reality. Two 

commercial systems are available: Nanostim™ (St. Jude 

Medical Inc., Minneapolis, USA) and Micra™ (Medtronic 

Inc. Minneapolis, USA). Nanostim™ was retrieved from the 

market in 2016 due to battery and communication malfunction 
100. Leadless pacemakers are self-contained and consist of a 

power generator, sensors, current injector, and an integrated 

battery unit and are implanted in the right ventricle 

transvenously 119. 

Leadless pacemakers communicate wirelessly with an 

external programming unit to allow reprogramming. Wireless 

transmission range is an important challenge for these small 

devices. The fact that tissues rich in water and salt dampen 

radiofrequency waves makes the challenge particularly severe 

in adults and overweight people because the distance between 

device and body surface is wider. Neither Micra™ or 

Nanostim™ have a permanent power solution, making battery 

replacement a technical challenge. This limitation may 

potentially be overcome  by energy harvesting from the body’s 

electrical activities or from energy generated by cardiac 

motion and vibration 74, 89. The concept of energy harvesting 

remains experimental, the main concern is whether enough 

energy to supply all the components of a pacemaker can be 

reliably supplied.  

Current leadless pacemakers may be superior from a safety 

perspective, but functionality is limited. At present, they only 

pace the right ventricle (VVI- or VVI-R pacing) and can only 

be used for bradycardia patients in whom AV-synchrony and 

RV-LV synchrony are not considered essential or for patients 

with chronic atrial fibrillation 68.  

3 Cardiac Resynchronization Therapy 

3.1 Biventricular Pacing 

Heart failure (HF) is a pathological condition affecting the 

heart’s pumping efficiency. HF is a major health and 

economical problem affecting more than 26 million people 

increasing in prevelance with increasing age span 151.  

About 30 % of HF patients have intra- or inter-ventricular 

conduction disorders, characterized by low ejection fraction 

and abnormally wide QRS complexes causing 

dyssynchronous ventricular contraction and relaxation 

patterns 118. Conventional dual-chamber pacemaker cannot 

correct this dyssynchrony, but might further worsen it by 

activating the RV ahead of the LV 182. From a functional point 

of view, it would be ideal to control the activation of all four 

chambers of the heart, as shown by Serge Cazeau, who 

introduced  cardiac resynchronization therapy clinically 

(CRT) 40.  

Current CRT devices are similar to dual-chamber 

pacemaker, but require an additional lead for stimulation of the 

LV to synchronize inter- and intra-ventricular contraction. 

Pacing outputs from CRT-devices are adjustable for 

optimizing pacing and thereby contraction in the cardiac 

chambers. CRT  may improve pumping mechanism, HF 

symptoms, exercise tolerance, quality of life in mid and end-

stage HF patients and reduce hospitalization for- and mortality 
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from- HF 3, 17, 20, 26, 44. CRT is indicated for patients with left 

ventricular ejection fraction of 35 % or less, reduced LV 

systolic function despite optimal drug therapy, LBBB with a 

QRS duration of 150 ms or greater, and NYHA class II, III 33. 

The effect of CRT is limited to selected patients with systolic 

HF and has no demonstrable effect in patients with HF caused 

by diastolic dysfunction. 

Several studies investigated the location  of LV pacing sites 

on CRT outcomes 13, 37, 67,  while only a few studies evaluated 

the impact of RV lead location and few clear benefits were 

reported 63, 102, 125, 146. Reidlbauchova et al. 146 suggested that 

mid-septal positioning of the RV lead is better than apical 

positioning, while Thébault et al. 170 observed no clinical 

difference between apical, septal and basal positions, 

preferring apical positions in 78 % of the patients due to 

optimal stability and pacing thresholds. 

3.1.1 Left Ventricular pacing lead 

LV- leads for CRT are mostly placed transvenously through 

the coronary sinus (CS) or alternatively on the epicardium 

using a small thoracotomy. The position of the LV lead is 

important for the hemodynamic response and clinical effects 
13, 37, 38, and optimal lead position is dependent on various 

patient factors 7, 135. Placement of leads for LV stimulation 

represent a bigger challenge than for other chambers. The CS 

approach is presently strongly favored since leads placed 

inside the LV may cause embolization and stroke, and 

epicardial leads require a surgical procedure. 

3.1.2 Coronary Sinus (CS) LV Pacing 

The LV lead is typically inserted trans-venously and 

advanced through the CS to an appropriate coronary sinus 

branch on the epicardial surface of the LV (Figure 3). Lead 

placement requires fluoroscopy and angiography to properly 

select a branch of the CS branch. Gasparini et al. conducted a 

3-year study of the CS lead position’s impact on the heart-

function 67. No significant difference in outcome parameters 

related to lead-placements was demonstrated, but only long-

term clinical results were reviewed and no comparison 

between acute and chronic results were made. In 2011, the 

multicenter MADIT-CRT study indicated that any CS  branch 

could be utilized if it was located in the proximal- to the 

middle- part of the LV 160. The study highlighted that apical 

LV lead positions were unfavorable. 

The LV lead should not pace a myocardial scar, which 

impedes impulse propagation 27, 41, 184. More than 30 % of 

patients with indications for CRT, do not respond due to 

suboptimal LV activation 14 and up to 10 % has a limited 

venous anatomy 107, 158. Lead-related complications have 

decreased in recent years, but lead placement remains an 

important limitation in ICRMD therapy 94. 

Patients with non-ischemic HF have variable response to 

CRT due to  zones of slow conduction in the LV 69, 101. 

Response may  be unpredictable due to the fact that conduction 

block may vary in the myocardium 65. Two types of LV 

activation patterns have been identified: Type I is associated 

with uniform slow conduction between the septum and the 

lateral wall, and type II with slow or blocked conduction 

within a confined area producing a U-shaped activation pattern 
12, 149. Fung et al. verified that type II activation patterns are 

more responsive to CRT treatment 64. Patients with Type I 

activation pattern and/or myocardial scar have an 

unpredictable response to conventional CRT with standard 

mid to basal posterolateral CS lead position. Patients not 

responding to conventional CRT typically have more scar 

burden than responders, and patients with scar burden of more 

than 30% rarely respond 184, 185. The variable and unpredictable 

response has led to the investigation of alternative methods for 

determining optimal LV pacing locations. 

3.1.3 Multipoint pacing (MPP) and multisite pacing (MSP) 

MPP and MSP are used to augment CRT response rates by 

pacing the LV from multiple locations to improve; 1) chance 

of finding optimal sites; 2) electro-mechanical synchrony by 

recruiting more LV muscle 3) optimization using various 

pacing configuration. Results of these approaches have been 

summarized by Antoniadis et al. 8. 

MPP was recently introduced into the market 

(MultiPoint™ Pacing [MPP], St. Jude Medical, Inc., Sylmar, 

CA, USA). In MPP, a quadripolar lead is used to pace the LV 

simultaneously or sequentially at multiple locations within a 

single CS vein. MSP involves insertion of an additional LV 

lead in another CS branch. MPP acutely improved LV function 

(LV dP/dtmax) and hemodynamics 127, 171. The quadripolar lead 

inject current between any two of the four electrodes and the 

RV electrode, providing up to ten different pacing vectors and 

LV activation configurations. Most MPP studies improve LV 

synchrony, contractility, activation pattern 8, but other studies 

achieved similar outcome with optimized single-point pacing 
164. Although adaptive pacing allowing intrinsic activation of 

the right bundle branch simultaneously with LV pacing may 

reduce battery drainage 115, the main limitation of MPP pacing 

is increased power consumption, which reduces the longevity 

of the device. The programming flexibility of quadripolar 

leads, allows physicians to limit phrenic nerve stimulation 

(PNS) and improve capture threshold without lead 

repositioning 117. With a regular electrode, 20 % of CRT 

patients experience uncomfortable PNS 25. 
Pappone et al. introduced MSP and suggested that it 

enhances the systolic function compared to single-site pacing 

in patients with LBBB 135. Randomized comparison 

demonstrated increased LV reverse remodeling compared to 

conventional LV pacing 103. Padeletti et al. used  a special LV 

lead that could be used both as dual- or single-site leads, 

providing comparisons in the same patient 133. It was 

demonstrated that optimal single-site LV pacing produced 

similar or better results than dual-site LV pacing. Jackson et 

al. supported this conclusion 84, but other studies reported 

improved acute and long-term outcomes with dual site pacing 
99, 106. The main limitation of MSP remains the need for a 

second lead, which increases lead-related complications, 

procedure- and x-ray exposure- time. Additionally, some 

patients may not have two accessible CS branches 130. Current 

MSP technique increases the power consumption since the two 

LV leads are connected to the same port on the can using a Y-

connector reducing lead-impedance. 

3.1.4 Surgical Epicardial LV Pacing Leads 

Conventional CS catheterization is unfeasible in more than 

10% of eligible patients, and the choice of pacing sites is 

limited by anatomy contributing to the 30 % non-respondence 

rate 6, 37. LV epicardial leads may be implanted on the surface 

of the heart through a small surgical intervention 16, 113. This 

allows lead-implantation anywhere on the LV and facilitates 
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pacing by providing improved conductance routes 16. The best 

hemodynamics outcomes are achieved when pacing the LV 

free wall, whereas LV anterior wall pacing produces the least 

favorable results 15, 37, 122. Surgical procedures include mini-

thoracotomy, video-assisted thoracoscopy, robotically 

enhanced tele-manipulation and subxiphoid puncture 112, 189. 

Such operations require general anesthesia and are more 

invasive than CS approaches, but may improve outcomes and 

reduce lead-related complications 16, 45, 83, 113. Daoud et al. 45 

showed relatively frequent early-stage complications and 

mortality from surgical lead placement, due to inadequate 

medical therapy preoperatively. 

3.1.5 Endocardial LV Pacing 

Endocardial pacing replicates natural LV-activation, which 

originates in the endocardium and propagates towards the 

epicardium. Endocardial LV stimulation produces better CRT 

outcomes and less dispersion of repolarization, increasing the 

efficiency of the LV contraction 29, 53, 69, 176. This has proven 

advantageous for patients not responding to conventional CS 

epicardial pacing 42, 91. In LV endocardial pacing, the lead is 

inserted transvenously through the right atrium and trans-

septally via the left atrium through the mitral valve and then 

fixed in the basal or middle free wall of the LV. The trans-

septal technique was proposed in 1996 for patients not 

responding to CS pacing 85, 104 enabling alternative placement 

of the LV lead providing better hemodynamics when CS 

pacing has failed 66, 132, 163, 176. Trans-septal placement of LV 

leads increases the risk of thrombo-embolism despite 

anticoagulation, and since the lead must cross the mitral valve, 

regurgitation may occur.  

Ginks et al. demonstrated that CRT with multiple 

endocardial LV pacing sites improves CRT response and is 

particularly beneficial for patients with type I LV activation 

pattern and ischemic heart disease 70. Hemodynamic response 

was dependent on the underlying activation pattern, but not on 

total LV activation time, implying that there is a nonlinear 

relationship between mechanical and electrical 

resynchronization of the heart chambers. 

A new approach for overcoming the limitations of 

conventional CS LV lead positioning, is wireless stimulation 

of the LV; Wireless Cardiac Stimulation system (WiC®S-LV 

(EBR Systems Inc. USA)) 56, 57 145. The WiC®S-LV system 

may be implanted with any pacemaker system and consists of 

a subcutaneous pulse generator and an endocardial, LV 

electrode. The generator detects the electrical activity from the 

pacemaker and triggers an acoustic pulse sent to the receiving 

electrode (Figure 4). The receiving electrode converts the 

acoustic pulse to an electrical pacing pulse. Initial human trials 

validated safety and demonstrated short- and mid-term 

efficacy 11. Ultrasound mediated LV pacing WiC®S is a 

promising method to overcome anatomical constrains of CS, 

but the added complexity of implanting a second device makes 

the technique less attractive. Around 25 % of all CRT patients 

are upgraded from dual-chamber pacemakers through 

implantation of a third lead, which is difficult 77,  and has a 

complication rate  of 10 % 177. The WiC®S-LV technique may 

reduce implantation-related risks for this subset.  

4 IMPLANTABLE CARDIOVERTER 

DEFIBRILLATOR (ICD) 

4.1 Sudden Cardiac Arrest (SCA) and Tachyarrhythmia 

Sudden cardiac arrest is a significant cause of mortality 61. 

The majority of patients who experience SCA outside 

hospitals, do not survive 81. Most SCAs are caused by 

ventricular tachyarrhythmia or ventricular fibrillation (VF), in 

which the heart loses pumping efficiency due to multiple 

reentrant circuits and continuous wavelet formation. A high 

voltage defibrillation shock can restore normal rhythm, by 

eradicating reentrant circuits. The rate of survival after SCA 

decreases exponentially with time before restoring heart 

rhythm, while the permanent damage increases 1. Brain 

damage occurs after a few minutes of cardiac arrest, and 

resuscitation by bystanders frequently comes too late. 

Implantable automatic defibrillators sense ventricular 

fibrillation and defibrillate the heart automatically, preventing 

SCA. During atrially initiated tachyarrhythmias, such as atrial 

fibrillation or flutter, the heart will work less effectively, but 

the ventricular activation may still be intact. If a shock is 

delivered during ventricular repolarization (T wave in ECG) it 

may induce VF. Therefore the rhythm in these cases is restored 

by delivering a shock during the ventricular depolarization (R 

wave in ECG), a method called cardioversion 110.  

4.2 ICD Therapy 

ICDs were initially used only to manage cardiac arrest from 

VF. Relatively slow ventricular tachycardia (<300 bpm), often 

preceding VF, could be treated with anti-tachycardia pacing 

(ATP), making defibrillation unnecessary 121.  ATP was 

introduced in 1980  and became safer when shock was 

available as a backup treatment 75. ATP can terminate VT by 

programmed pacing at a rate close to the tachycardia 

frequency to overdrive the tachycardia, before gradually 

reducing the rate until normal rhythm is achieved 48. ATP 

reduces the need for shocks – reducing patient discomfort, and 

increasing device longevity 47, 87, 139, 180. 

Modern ICDs have single or dual-chamber pacing functions 

embedded. When VT is detected, the ICD will apply ATP, but 

if ATP is ineffective or ventricular fibrillation is detected, the 

device will deliver a high-energy shock. Dual-chamber ICDs 

are increasingly used as they provide better discrimination 

between VT, VF and other arrhythmias, preventing 

inappropriate shocks. As indications for ICD often overlap 

indications for CRT, patients may get a CRT device 

(biventricular pacemaker) with ICD capabilities, called CRT-

D, to improve pumping functionality and reduce mortality 

from SCA 3, 34.  However, there are still not adequate 

diagnostic criteria for identifying all patients at risk for SCA, 

limiting the number of lives saved by ICDs. 

Conventional ICDs are larger than pacemakers due to the 

capacitors needed to accumulate enough charge for high 

voltage shocks. Initially, ICD cans were placed in the 

abdomen, but miniaturization of electronics has allowed 

subcutaneous implantation. 

ICD leads are similar to pacemaker leads, but may have a 

large-surface electrode (coil) incorporated in the right 

ventricular lead for delivery of high-voltage shock (Figure 1). 

The shock is delivered between the coil and the can casing 

(active can). Hence, the right ventricular lead is typically 
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placed in the RVA to ensure that the shock covers the largest 

possible volume of heart tissue. The atrial lead placement is 

the same as for pacemakers and enables continuous dual-

chamber monitoring and pacing (2.2). For CRT-D therapy, a 

CS left ventricular lead is used in addition (3.1.2). 

Studies from the late 90’s proposed an additional coil 

within the RV lead, positioned in the superior vena cava as 

shown in Figure 1 71, 168. The dual-coil configuration quickly 

became widely used clinically, because of large surface area, 

reduced  impedance, and lower defibrillation threshold 72. 

Even though a larger area is covered with dual-coil 

configuration, the density of the shock is reduced, decreasing 

the overall benefit 21, 173. The extra SVC coils increase 

complexity, cost, risk of lead failure, and lead removal 

complications 9, 147, 154, and the dual-coil ICD has become less 

common. 

4.3 Subcutaneous-ICD (S-ICD) 

The S-ICD was developed to reduce implantation 

complexity 22, 49 and does not require transvenous lead 

insertion. Defibrillation shocks are delivered when VF is 

sensed by a subcutaneous electrode. This reduces implant-

related complications including lead-problems and venous 

thrombosis 128, 177. The implantation procedure does not 

require fluoroscopy or other imaging modalities and uses 

anatomical landmarks, as shown in Figure 5. 

S-ICDs were tested and validated clinically in 2011, and the 

method was demonstrated to be feasible and safe 2, 39. S-ICD 

was  included in the 2015 European Society of Cardiology 

guidelines and recommended as an alternative for patients 

with indication for ICD when: 1) pacing is not needed; 2) 

venous access is difficult due to infection; 3) patients are 

young with long-term need for ICD therapy 141. Several studies 

demonstrated considerable limitations of S-ICD, including 

variable and inadequate sensing 73, 128, 131. Even though S-ICD 

reduced acute complication rates from 3.5 % to under 2 % 36, 

the lack of pacing capability, limits S-ICD to  2.5 % of the 

market with approximately 20000 S-ICD units implanted 

yearly 155. 

5 DISCUSSION 

Indications for implantation of a ICRMD are malfunctions 

of the cardiac conduction system, or risk of serious 

arrhythmias. It is speculated that the ultimate treatment for 

cardiac arrhythmias may be based on replacement or repair of 

defective cardiomyocytes, using gene therapy or stem cells. 

Biological pacing has been under investigation for two 

decades, but is still in an early non-clinical stage 28, 79, 150 

leaving implantable electric ICRMDs as the treatment of 

choice in the foreseeable future.  

Complications from ICRMDs are frequently due to the 

pacing leads and the anatomical limitations of their placement: 

When selecting placement site, sensing and pacing attributes 

must be considered. A site providing better sensitivity may 

have higher pacing threshold or it may lie in a fragile or 

inaccessible place. In this chapter, we will discuss currently 

used pacing sites and approaches and try to cast light on future 

directions. A summary of this review is shown in  Table 4. 

5.1 Atrial Pacing Site 

As mentioned above the RAA is a commonly used site 

providing natural activation, reliable sensitivity, and anatomy 

favorable for implantation. Septal sites provide better 

activation patterns, but are harder to locate/access and 

associated with far-field sensing, which may result in cross-

talk 19, 178.  

We believe that micro/nano electronic- pacing of the atrium 

will be a relatively safe target for new technology, when 

patients have normal AV conduction. Pacemakers consisting 

of modified myocytes may become an alternative.  However, 

microelectronic devices incorporating sensing and pacing and 

the ability to respond to physiologic demands, are more 

realistic as a short-to intermediate term goal. 

5.2 Ventricular Pacing Site 

The selection of the appropriate mode of pacing and 

optimal placement of leads require good understanding of 

cardiac physiology and anatomy. In general, more data from 

randomized trials are needed to determine optimal pacing 

modes, but pacing sites can be optimized for each patient 

depending on individual response determined prior to- or 

during implantation 5. Biological pacing may eventually 

become a reality, most likely initially for non-critical 

applications like atrial pacing.  

5.3 LV Pacing in CRT 

The LV pacing site is even more important in CRT 

outcomes 160. Conventionally, leads are inserted in a lateral or 

posterolateral branch of the CS to achieve positional stability. 

The MADIT-CRT study 160 implied that LV apical sites should 

be avoided, while the COMPANION study 153 observed no 

difference in outcome between apical and basal pacing. 

Posterolateral- may be more advantageous than anterior- sites 
7, 37, 186, but this is not uniformly accepted 53, 62. It is claimed 

that results for various LV pacing sites are patient specific and 

that optimal outcome are achieved by pacing the LV where 

activation occurs the latest, as long as the site is without scar 

tissue 7, 52, 53, 124, 163, 186.  

MPP pacing showed promising results but increases battery 

drain. MSP is more effective in CRT, but only a handful of 

randomized MSP trials including 10-50 patients have been 

conducted. Dedicated leads and devices are required as well as 

larger studies to evaluate the full potential of MSP. 

Endocardial pacing used for LV pacing results in more 

natural activation pattern, but increases the complication risks 

and is used only as an alternative to CS pacing. Placement of 

leads on the epicardial surface through a thoracotomy is more 

invasive and is used in children, or when the LV is inaccessible 

through the CS. There is a need for new, innovative 

approaches to expand the locations for LV pacing beyond 

those reachable from CS. An interesting approach could be the 

use of ultra-thin leads which could be implanted in smaller CS 

tributaries thereby expanding the possibility for optimization 

of the LV activation pattern. 

5.4 ICD 

ICDs are superior to antiarrhythmic drug therapy for 

prevention of sudden cardiac death 60, 116, 123. The position of  

defibrillation coils is not important provided the area between  
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anode and  cathode covers  90 % of the heart tissue with a 

voltage gradient of more than 5 volts per meter 129. An ICD 

delivers pacing therapy when needed, since bradycardia 

frequently develops immediately after a shock. ICD lead 

complications can be more severe and lead-extraction harder, 

due to the caliber and  shape of the coils  108, 136. Lead 

malfunctioning, changes in patient condition and drug therapy 

may disturb defibrillation thresholds and prompt inappropriate 

shocks 87. Malfunctioning devices require re-programming or 

replacing, or repositioning the leads 136. 

Average life span is increasing globally, resulting in a 

rapidly increasing number of patients with chronic heart 

conditions. More than 40 % of ICD patients live for more than 

10 years after implantation, and 30 % are less than 60 years 

old 76, 152. The rate of lead-related complications may increase 

with a cumulative increasing number of patients. The rate of 

ICD lead complications requiring re-intervention is estimated 

to be 20 % for the average patient over ten years 96. Device 

replacement after battery depletion are associated with a 5-fold 

risk if leads have to be replaced 109. Due to the formation of 

fibrotic tissue around the leads, extraction procedures are 

associated with complications such as major hemorrhage and 

valve damage 78. Utilization of improved leads and 

subcutaneously placed ICD cans will decrease complication 

rates, and ablation of arrhythmogenic areas in the myocardium 

may reduce the need for such devices. 

5.5 Future Directions 

5.5.1 Computational Models to predict optimal pacing site 

The target area for pacemaker lead placement may be 

assessed using Doppler imaging 7, 53, tissue synchronization 

imaging 124, speckle tracking imaging 52, 92, 186, pressure-

volume loops 50 or electrophysiological mapping 101. All these 

methods are performed with resting patients, far from 

everyday life, whereas the actual outcomes and overall effects 

on the heart are assessed chronically after implantations. 

Therefore, a reliable and safe methods of predicting outcomes 

and defining optimal pacing sites are required, especially in 

CRT where the response rate has remained below 70 %. 

The advances in computational medicine resulted in the 

emergence of new detail heart models 174, with a clear potential 

for analyzing the effect of ICRMDs non-invasively. Such in 

silico concepts have been utilized in studying various 

problems, such as stratifying ICD patients 10  and optimizing 

CRT 4, 80, 82, 157. A comprehensive review of the role of 

computational modeling in CRT was provided by Lee et al. 105. 

The main challenge of such models is the ability to simulate 

patient specific electrophysiological and electromechanical 

properties. With the diverse anatomy and pathology between 

patients from cellular to tissue and organ level, patient specific 

modeling is a complex multi-dimensional problem 126.  

5.5.2 S-ICD and Leadless Pacemaker 

An alternative approach to prevent lead-related 

complications is the combination of commercially available S-

ICDs and leadless pacemakers, providing single-chamber 

pacing with defibrillation capability. This concept has been 

demonstrated clinically 172, but further studies are needed for 

safety and performance validation. Even though such 

device(s) may reduce complication rates, the concept will be 

useful for patients in need of ICD with ventricular pacing. 

Such patients represent a minority of the ICD population since 

dual-chamber pacing and CRT-D are increasingly considered 

necessary since patients who need ICDs frequently suffer from 

HF as well 98.  

5.5.3 The WiBEC Project and Pacing 

Inspired by the leadless pacemaker–S-ICD combination, 

the Wireless in-Body Environment Communication (WiBEC) 

project 88, aims to overcome the challenges of current 

ICRMDs by introducing pacemaker-systems containing 

wireless, multi-node sensor networks. The system will 

measure regional- and global- cardiac contractility and 

ventricular volumes and semi-automatically adjust pacer 

function to adjust cardiac output to metabolic needs. Using 

sophisticated sensors and current injectors, such devices will 

optimize overall cardiac status. Electronic capsules located at 

multiple sites in the heart will improve functionalities such as 

cardioversion, defibrillation and CRT. To develop reliable and 

efficient implantable wireless cardiac devices, challenges such 

as power consumption, miniaturization, communication and 

safety must be overcome. 

The WiBEC project is utilizing a multi-national, multi-

sectoral and multi-disciplinary approach and includes two 

hospitals, three universities and four industrial partners from 

four different countries, all with unique qualifications and 

expertise in intra-body communication and sensor technology. 

The project includes four main themes: 1) Wireless 

communication and establishing communication channels 

between different nodes, including antenna design and 

specifications 31 30 143; 2) Signal processing;  focusing on new 

algorithms to increase efficiency, intelligence and cyber 

security 111 18; 3) Energy source development; aiming at the 

development of non-invasive energy sources, utilizing  

wireless power transfer technology or energy harvesting  from 

heart-motion 148; 4) Preclinical testing; including system 

integration, minimization of electronics, prototyping,  

development of testing platforms and simulation software, 

phantoms and animal models. Detailed description of the 

various topics is out of the scope of this paper – more 

information can be found through the project’s website 88. 

A multi-node wireless pacemaker system may eliminate 

restrictions caused by leads and broaden the selection of the 

pacing sites. The nodes should be able to wirelessly 

communicate with each other and with a subcutaneous or 

external control units. With CRT-D ability, systems can be 

configured as single- or dual-chamber pacemakers or CRTs 

with or without ICD capability. This will unify present 

modalities of ICRMDs in one system with selective 

configuration, reducing complexity while increasing 

practicality.  

To provide CRT, the system needs at least three nodes 

placed in the RA, RV and LV. The RA node in this system 

may be placed in the right atrial appendage, while the RV node 

can be placed like  commercially available leadless 

pacemakers (see Section 2.3), or it can be shaped like a patch 

and placed in the right ventricular septum for better activation 

pattern. The LV node can either be endocardial and placed 

through trans-septal puncture, or epicardial and placed through 

mini thoracotomy, thoracoscopy or subxiphoid puncture or 

traditional CS approach. Endocardial positions provide better 

activation patterns, epicardial electrodes are associated with 

lower embolic risks. Consequently, the size of the epicardial 
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LV node will not be of a great concern clinically, provided it 

does not damage the coronary circulation or the movement of 

the LV. Figure 6 shows one of several conceptional 

configuration of such system. 

The ultimate objective is to participate in the development 

of capsule-like devices implantable in multiple cardiac 

locations. Such capsules will have sensing, pacing, 

communication, and intelligence capabilities able to 

collectively provide optimal cardiac rhythm management. 

Although in the relatively short term, nodes will be of 

electronic character, use of biologically modified 

cardiomyocytes may eventually provide the treatment of 

choice for cardiac rhythm management. 
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Figure 1 Diagram of conventional ICD with dual-chamber and dual-coil configuration. The pacing pulses are delivered using 

the electrodes at the tip of the leads, whereas the high intensity shocks are delivered using the coils and the case of the can. [The 

heart figure has been modified and reprinted with permission of Pearson Education, Inc., New York, New York 114]. [The images of 

the devices shown in all figures (Platinium™) are trademark of LivaNova, London, UK] 
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Figure 2 Anatomy of the heart's conduction system. The electrical activity of the heart originates from the SA-node (impulse 

formation) and spread through the myocardium in a coordinated manner governed by the fast-conducting conducting system 

(impulse conduction). [The heart figure has been modified and reprinted with permission of Pearson Education, Inc., New York, 

New York 114]. 
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Figure 3 In CRT or Biventricular pacemaker, a left ventricular lead is implanted in addition to the conventional dual-

chamber leads, to synchronize both ventricles and improve heart failure. [The heart figure has been modified and reprinted 

with permission of Pearson Education, Inc., New York, New York 114] 
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Figure 4 Wireless Cardiac LV-Stimulation (WiCS LV (EBR Systems Inc)) is an alternative approach to stimulate the LV 

endocardially using ultrasonic pulses. 1) The right ventricle is paced with a conventional pacemaker. 2) The WiCS LV pulse 

generator, which is implanted subcutaneously in the lateral wall of the abdomen, detects the pacing pulse from the right 

ventricular electrode. 3) The WiCS LV pulse generator sends an ultrasonic pulse to the wireless electrode, which converts it 

to an electrical pulse and pace the LV. [The heart figure has been modified and reprinted with permission of Pearson 

Education, Inc., New York, New York 114] 
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Figure 5 Subcutaneous-ICD implantation procedure 156 
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Left ventricular
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capsule

Off-body receiver
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between nodes

Figure 6 Conceptional multi-nodal ICRMD. Right atrial capsule-like node may be implanted in the right atrial appendage for 

sensing and pacing the atria. Bullet-like right ventricular apex node may be implanted like current leadless pacemakers to pace the 

RV. Patch-like left ventricular epicardial node may be implanted via mini-thoracotomy or subxiphoid puncture and provide LV 

pacing and defibrillation. Wireless channels, such as human body communication or ultrawideband communication, may be used 

for the communications within the implants and to an outside receiver. Large electronics, such as the defibrillation capacitor and 

the antenna for the off-body communication, may be contained in the large patch-like LV device. [The heart figure has been modified 

and reprinted by permission of Pearson Education, Inc., New York, New York 114] 
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Technology Eligible patients/criteria Advantage Disadvantage 

Single 

chamber 

Patients with sick sinus 

syndrome or only occasional 

pacing. 

Fewest leads, i.e. lower risk of 

complications and cost. 

No synchrony between atria and 

ventricle. Can develop. 

Dual 

chamber 

All patients with AV conduction 

disorder. 

Well established and 

recommended. 

Leads are the weakest link as 

they may dislodge or get infected 

Leadless 

pacemaker 
Bradycardia patients 

Self-contained device. No lead-

related complications. 

Requires intact AV and VV 

conduction. No extraction option 

Table 1 Summary of pacemaker modalities. 

 

 

 

Technology Eligible patients/criteria Advantage Disadvantage 

CS LV 

simulation 

All CRT patients with 

accessible CS vein 

Well established and the 

conventional method. 

Limited by CS anatomy 

contributing to the >30 % non-

respond rate 

Multipoint 
All CRT patients with 

accessible CS vein 

Multiple pacing vector options 

without the need to relocate 

Drain the battery. Uncertain 

benefits compared to conventional.  

Multisite 
All CRT patients with two 

accessible CS veins 

Recruit larger area of the LV. 

Improved hemodynamics. 

Limited by CS. Not well studied 

yet. 

WiC®S-LV 
Dual chamber patients 

requiring upgrade to CRT 

No CS anatomy constrains. 

Provides endocardial pacing 

Additional device needed. Higher 

complexity. 

Table 2 Summary of CRT modalities 

 

 

 

Technology Eligible patients/criteria Advantage Disadvantage 

Single coil All ICD patients 
Conventional and 

recommended 

Complicated lead extraction due to 

shape and size of the coil. 

Dual coil All ICD patients 
Larger area of the heart is 

recruited. Reduced impedance. 

Increased complexity and risk of 

lead failure. No clear benefits 

obtained. 

S-ICD 
ICD patients who do not require 

pacing 

Reduced complexity. Reduced 

implant-related complications. 

Lack of pacing capability. Limited 

to less than 3 % of the ICD market. 

Table 3 Summary of ICD modalities 
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Chamber Site Fixation Eligible patients/criteria Advantage Disadvantage 

R
A

 
Right atrial 

appendage 
Passive/active Most patients Stable implantation 

Synchrony between atria rely on 

intact conduction pathways 

Septal wall Active 
With or in risk of having atrial 

fibrillation 
Simultaneous activation of atria 

Unstable implantation and high rate 

of perforation 

Multi-site/bi-

atrial 
Passive/active 

With or in risk of having atrial 

fibrillation 

Shorter and more natural atrial 

activation 

Increasing lead-related 

complications and double sensing 

R
V

 

Right 

ventricular apex 
Passive Unimpaired LV function Accessibility and stability 

Dyssynchronous activation of 

ventricles 

Right 

ventricular 

septum 

Active 
Impaired left ventricular 

function 

Better activation pattern, 

shorter QRS 

Slightly harder implantation 

procedure 

Right 

ventricular 

outflow-tract 

Active 
Most patients, unimpaired 

distal Purkinje system 

Better activation pattern, 

shorter QRS 

Minor coronary artery occlusion 

risk 

Direct His 

bundle pacing 
Active Unimpaired Purkinje system Optimal activation pattern 

Challenging implantation, higher 

pacing threshold 

L
V

 

Epicardial via 

coronary sinus 
Passive Standard site, 70 % success rate Stability, low risk of thrombosis 

Dependent on the coronary venous 

anatomy 

Surgical 

epicardial 
Active 

Non-responders to CS LV 

pacing, high risk of thrombosis 

Direct access to any point on 

the LV wall, higher respond rate 
Invasive 

Transvenous 

endocardial 
Active 

Non-responders to CS LV 

pacing 
Replicate normal physiology 

More invasive, risk of regurgitation 

and clot formation 

Table 4 Summary of the various pacing sites. RA: Right atrium, RV: Right ventricle, LV: Left ventricle. 


