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ENGLISH SUMMARY 

Due to dyssynchronous myocardial activation, right ventricular (RV) pacing may 

result in pacing-induced cardiomyopathy (PICM). The RV pacing site affects the 

pattern of dyssynchronous activation. Thus, research has focused on finding the 

optimal pacing site in the attempt to minimise the risk of PICM. However, results 

from prospective studies applying fluoroscopic assessment of RV lead position have 

been conflicting. Fluoroscopy is an inaccurate method for localising the lead position, 

and misclassification of exposure may have contributed to the conflicting results. This 

localisation inaccuracy is overcome when using computed tomography (CT). 

This dissertation was based on three studies conducted within the same cohort of 

patients with chronic RV pacing due to high-degree atrioventricular block. In study I, 

we investigated the impact of different CT-verified RV lead positions on the risk of 

PICM. We found that RV lead position was not significantly associated with the risk 

of PICM when comparing septal and non-septal positions and when comparing 

anterior septal, posterior septal, apical, and free wall positions. However, though not 

statistically significant, a trend towards higher risk of PICM was observed in the 

posterior septum group. In study II, we investigated the association between left 

ventricular (LV) contractile dyssynchrony, quantified by a novel echocardiographic 

method, and the risk of PICM. Further, we assessed the impact of RV lead location 

on LV contractile dyssynchrony. Those with PICM had the highest degree of overall 

dyssynchrony and LV anterior-inferior dyssynchrony was independently associated 

with PICM. RV lead location significantly influenced the dyssynchronous activation 

pattern and pacing the posterior septum resulted in the highest degree of LV 

dyssynchrony. In study III, we investigated the accuracy of a novel non-invasive 

electrocardiographic imaging (ECGi) method to localise the RV pacing site and 

therefore potentially be a tool to guide RV lead implantation. We found that the 

method accurately and effectively localised the RV pacing site in relation to right 

ventricular anatomy.  

The introduction of novel methods in this dissertation has provided the opportunity to 

investigate RV pacing from new perspectives, thus bringing new insights to a 

clinically important topic. Using CT to accurately localise RV lead position, allowed 

for true comparison of different RV lead positions. The evaluation of LV 

dyssynchrony contributed with new knowledge regarding the pathophysiological 

consequences of RV pacing and the impact of lead position. Finally, investigating 

ECGi as a potential method to guide pacemaker implantation was a minor, but 

important, step towards achieving implantation accuracy.
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DANSK RESUME 

Grundet dyssynkron aktivering ved pacing i højre ventrikel er der risiko for pacing-

induceret kardiomyopati (PICM). Placeringen af pacemakerelektroden i højre 

ventrikel har betydning for den dyssynkrone aktivering og forskning har forsøgt at 

finde den optimale elektrodeplacering for at minimere risikoen for PICM. Desværre 

har resultaterne fra prospektive studier, som har brugt røntgengennemlysning til 

vurdering af elektrodeplaceringen, været modstridende. Røntgengennemlysning er en 

upræcis metode til bestemmelse af elektrodeplacering, og misklassifikation af 

eksponeringen kan have bidraget til de modstridende resultater. Brug af 

computertomografi (CT) kan sikre en mere præcis vurdering af elektrodeplaceringen.  

Denne ph.d.-afhandling er baseret på tre studier med brug af data fra den samme 

kohorte inkluderende patienter med kronisk pacing i højre ventrikel grundet avanceret 

atrioventrikulært blok. I studie I undersøgte vi sammenhængen mellem forskellige 

CT-bestemte elektrodeplaceringer og risiko for PICM. Vi fandt ingen signifikant 

sammenhæng mellem elektrodeplacering og PICM ved sammenligning af septal of 

non-septal pacing og ved sammenligning af pacing i forreste septum, bageste septum, 

apex eller frivæg. Dog fandt vi en tendens mod større risiko for PICM ved pacing i 

bageste septum. I studie II undersøgte vi, med en ny ekkokardiografisk metode, 

sammenhængen mellem dyssynkron aktivering af venstre ventrikel og risiko for 

PICM. Ydermere undersøgte vi sammenhængen mellem elektrodeplacering og 

dyssynkroni. PICM-gruppen havde højere grad af dyssynkron aktivering 

sammenlignet med dem uden PICM. Særligt dyssynkroni mellem venstre ventrikels 

forreste og bageste væg var associeret med PICM. Elektrodeplacering påvirkede 

betydeligt det dyssynkrone aktiveringsmønster og pacing i den bageste del af septum 

resulterede i den højeste grad af dyssynkron aktivering. I studie III undersøgte vi en 

ny elektrokardiografisk (ECGi) metode til rekonstruktion af hjertets elektriske 

aktivering med potentiale til at guide pacemaker implantation. Vi fandt at metoden 

præcist og effektivt lokaliserede pacemakerlektroden i højre ventrikel.  

I afhandlingen er der introduceret nye metoder som har bidraget med ny viden inden 

for kardiel pacing. Ved brug af hjerte-CT kunne vi mere præcist bestemme 

elektrodeplaceringen og dermed sikre en reel sammenligning af forskellige 

elektrodeplaceringer. Evaluering af venstre ventrikel dyssynkroni har bidraget med 

ny viden omkring patofysiologien ved pacing i højre ventrikel og betydningen af 

elektrodeplaceringen. Slutteligt så har studiet om ECGi været et lille men vigtigt skridt 

på vejen mod at opnå implantationspræcision.
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CHAPTER 1. INTRODUCTION  

There is a continuous increase in cardiac pacemaker implantations due to increasing 

life expectancy and new indications.4 According to the latest report from the Danish 

Pacemaker and Implantable Cardioverter Defibrillator (ICD) Register, the Danish 

pacemaker population is continuously growing and more than 30,000 people were 

living with a pacemaker in 2020 in Denmark.5 High-degree atrioventricular (AV) 

block remains the dominant indication for cardiac pacing in Denmark, resulting in 

2,377 pacemaker implants in 2020.5 Also globally, the number of pacemaker 

implantations has been steadily increasing and in 2009 there was an estimated one 

million pacemaker device implants.6  

Right ventricular (RV) pacing is an efficient and life-saving treatment for patients 

with high-degree AV block.4 However, RV pacing may also have detrimental effects 

on cardiac function, resulting in increased cardiovascular morbidity and mortality.7–9 

Deterioration in left ventricular (LV) systolic function following chronic frequent RV 

pacing with no other obvious aetiology is often referred to as pacing-induced 

cardiomyopathy (PICM).10 Such untoward effects of RV pacing have been attributed 

to the pacing-induced abnormal and dyssynchronous electrical and mechanical 

biventricular activation.11,12 The pattern of dyssynchronous activation is affected by 

the RV pacing site and for decades, extensive research to find the optimal RV lead 

position has emerged.13–15 However, results have been conflicting and many questions 

about the role of RV lead position in PICM remain unanswered.4 Traditionally, studies 

have applied fluoroscopy, possibly supported by QRS morphology from the 12-lead 

ECG, to guide pacemaker implantation and determine RV lead implantation site. 

However, current methods are known to be inaccurate, and misclassification of RV 

lead positions may have contributed to the inconsistent results.16,17 

Therefore, the overall aim of this dissertation was to investigate the chronic effects of 

RV pacing and the impact of RV lead position on LV systolic function in patients with 

high-degree AV block. Contrast-enhanced computed tomography (CT) was applied 

to ensure precise localisation of the RV lead position and a novel strain rate based 

echocardiographic method was applied to evaluate patterns of dyssynchronous 

activation during RV pacing. Furthermore, a recently developed non-invasive 

electrocardiographic imaging (ECGi) method was evaluated for its future potential to 

guide RV lead positioning. 
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CHAPTER 2. BACKGROUND 

2.1. CLINCIAL CONSEQUENSES OF RIGHT VENTRICULAR PACING 

Chronic RV pacing may have deleterious effects on cardiac function resulting in 

PICM, with increased risk of heart failure (HF) and increased mortality.7,9,18–20 

Depending on outcome definition, inclusion criteria and duration of follow-up, the 

reported risk of PICM or HF varies between 10 to 40% among patients with preserved 

pre-implant LV ejection fraction (LVEF).8,10,21–23 

The negative consequences of RV pacing cannot solely be ascribed to the underlying 

conduction system disease leading to the pacemaker implantation.9,19 The Dual-

Chamber and VVI Implantable Defibrillator (DAVID) trial included 506 patients 

referred for primary ICD implantation and randomised patients to receive either RV 

ventricular back-up pacing or dual-chamber pacing.9 Looking at the composite 

endpoint of time to death or first HF hospitalisation, they observed a significantly 

higher outcome rate among those receiving dual-chamber pacing. Andersen et al. 

conducted a prospective trial randomising patients with sick sinus node syndrome to 

receive either single-chamber atrial pacing or single-chamber ventricular pacing. In 

line with the DAVID trial, they found a higher mortality and higher incidence of HF 

in the ventricular paced group.20 Additionally, it has been reported that an increase in 

RV pacing burden is independently associated with adverse effects.7,8,24 A pacing 

burden ≥ 40% has been reported to significantly increase the risk of adverse 

outcomes.7,24  

The notion of dyssynchronous electrical and mechanical activation being the primary 

pathophysiological aetiology of PICM  is supported by an improvement of LV 

function after upgrading to cardiac resynchronisation therapy (CRT) or conduction 

system pacing.25–27 In addition, studies comparing RV pacing with de novo CRT or 

conduction system pacing have shown promising results in preservation of LV 

function.28–37 However, CRT implantations are more expensive, have higher 

complication rates, and should be reserved for those who are most likely to benefit 

from it.28,29,31,32,38 Though the pathophysiology of PICM is instigated by the pacing-

induced dyssynchrony, multiple factors contribute to the negative effects. These 

factors include RV pacing burden and myocardial substrate for deterioration.39 RV 

pacing is well tolerated in the majority of cases. Thus, numeral studies have 

investigated risk factors for developing PICM to identify patients in need of routine 

follow-up after pacemaker implantation or to identify candidates for de novo 

implantation of a CRT device.8,21–23,40–42 Pre-implant decreased LVEF combined with 
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a high exposure to RV pacing has consistently been a strong predictor of PICM. Thus 

current guidelines recommend de novo implantation of CRT in patients with high-

degree AV block and LVEF < 40%.4 Furthermore, pre-implant characteristics such as 

male gender, pre-existing myocardial pathology, wider native QRS duration and 

ischemic heart disease have been associated with increased risk of PICM.21–23 

However, currently there are no recommendations on CRT implantations nor routine 

follow-up in high risk patients with normal pre-implant LVEF.4,43  

 

2.2. PATHOPHYSIOLOGY OF PACING-INDUCED CARDIOMYOPATHY 

The normal ventricular excitation starts from the AV node and is conducted through 

the specialised His-Purkinje system ensuring an effective and synchronous 

myocardial activation.11,39,44 In contrast, RV pacing induces ectopic activation 

bypassing the His-Purkinje system. This results in an abnormal electrical and 

mechanical ventricular activation caused by the slow propagation of the electrical 

wavefront through the myocardium that is approximately four times slower than the 

specialised His-Purkinje system.11,12 RV pacing induces initial early activation near 

the pacing site and pre-stretch in the later activated regions.39 Consequently, this 

changes the LV activation pattern causing uncoordinated activation and contraction 

of the different ventricular segments.11,12 Furthermore, delayed activation may be 

accompanied by an uncoupling between the ventricles, often with early RV activation 

and delayed LV activation, resulting in interventricular dyssynchrony.12  

Changes in the activation pattern causing ventricular dyssynchrony have been 

associated with multiple adverse effects, which may ultimately result in impaired 

cardiac function and HF.11,12 Chronic RV pacing may affect myocardial perfusion and 

cause changes in regional oxygen consumption with lower consumption in the early 

activated regions and higher consumption in the late activated regions.11,45,46 

Similarly, changes in myocardial work and strain have been observed with 

hypofunctioning myocardium near the pacing site and hyperfunctioning myocardium 

in the later activated regions.47  Furthermore, the conduction delay seen with RV 

pacing is associated with functional mitral regurgitation and LV remodelling 

including dilatation and asymmetrical hypertrophy.48–51 Finally, pacing may induce 

hemodynamic changes with a reduction in cardiac output and increased LV filling 

pressure.13,52 

 



CHAPTER 2. BACKGROUND 

5 
 

2.3. ASSESSMENT OF VENTRICULAR DYSSYNCHRONY 

Over the years, several electrocardiographic and echocardiographic methods have 

been applied to estimate cardiac electrical and mechanical dyssynchrony.53,54  

For decades, the 12-lead electrocardiogram (ECG) has been the primary modality for 

assessment of cardiac electrical activation. Measures such as QRS duration, QRS 

morphology and QRS area have been investigated as markers of electrical 

dyssynchrony.53,55,56 Recently, more advanced non-invasive electrocardiographic 

methods have emerged, providing a more detailed evaluation of  cardiac electrical 

activation and thus providing the potential for analysing a variety of novel 

dyssynchrony measures.57–60 Non-invasive ECGi, often based on complex body 

surface potential mapping, is a comprehensive method for evaluation of cardiac 

electrical activation providing a three-dimensional (3D) reconstruction of cardiac 

activation.61–63 ECGi derived measures of dyssynchrony include LV and RV total 

activation times and interventricular electrical uncoupling, which is calculated as the 

difference between the LV and RV total activation times.59  

Several echocardiographic methods have been developed to assess and quantify 

mechanical dyssynchrony.54,64 Many of these methods have been applied in studies 

assessing the impact of RV pacing, or in CRT studies assessing selection criteria.64,65 

Initial methods were based on Doppler and M-mode techniques.54,66 Intraventricular 

activation delay has been evaluated using tissue Doppler imaging or 

pulsed/continuous Doppler by assessing the electromechanical delay defined as the 

time from QRS-onset to the onset of systolic myocardial motion or aortic/pulmonary 

flow.66,67 Furthermore, pulsed/continuous Doppler of LV and RV outflow has been 

used to assess the timing between LV and RV activation as a measure of 

interventricular activation delay.66,67 M-mode has been applied to assess LV 

dyssynchrony by measuring the septal-posterior wall motion delay.68 Based on tissue 

Doppler imaging, cross-correlation analysis measures the correlation of myocardial 

acceleration between opposing segments and has been used to assess dyssynchrony in 

CRT candidates.69,70 Assessment of myocardial strain, using tissue Doppler imaging 

or the newer speckle tracking echocardiographic (STE) technique has allowed further 

development of parameters of dyssynchrony.64,71–73 The time-to-peak method 

measures the delay in peak systolic strain between two opposing wall segments. 

Expanding on this, mechanical dispersion is the standard deviation (SD) of time-to-

peak in multiple LV segments.64,73,74  

Thus, a broad range of measures have been developed and applied over the years 

assessing electrical and mechanical dyssynchrony in various patient categories and 

clinical situations. However, despite the access to detailed information on cardiac 
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electrical and mechanical activation, many of these measures provide only crude 

estimations of the overall degree of dyssynchrony and important information may 

therefore be lost. Recently, index of contractile asymmetry (ICA), a novel 

echocardiographic method for assessment of LV contractile dyssynchrony, has been 

developed.75 In short, ICA quantifies and localises LV dyssynchrony using all data 

lines from each myocardial wall segment based on STE-derived strain-rates.75 In 

contrast, other strain-based methods have included only a restricted number of strain 

curves.76–78 Understanding the pathophysiology of dyssynchronous activation is 

important in the search for an optimal pacing site. However, detailed knowledge 

regarding ventricular activation during chronic RV pacing and the impact of RV lead 

position is currently lacking.    

 

2.4. COMPARING RIGHT VENTRICULAR LEAD POSITIONS 

The pattern of dyssynchronous myocardial activation is affected by the RV pacing 

site.13,52,58,78–80 The RV apex has traditionally been the preferred site of RV lead 

implantation. However, due to compiling data on the negative consequences of RV 

apical pacing, the search for the optimal pacing site emerged.81–87 It was hypothesised 

that RV leads positioned in close proximity to the conduction system would result in 

a more physiological activation and thus had the potential to mitigate the negative 

effects induced by pacing.87–89 These alternative sites have included the RV outflow 

tract, the RV septum, the RV inflow tract and more recently, conduction system 

pacing has received much attention.36,79,88,90–95 However, results have been conflicting 

and the optimal RV lead position remains debatable.89 Consequently, current 

guidelines do not provide recommendations on RV lead position concerning 

conventional pacemaker treatment.4,43  

Most studies comparing RV lead positions have applied fluoroscopy, possibly in 

combination with ECG criteria, to guide RV lead implantation and to determine the 

final insertion site. However, conventional methods have been proven unreliable for 

determination of the true RV lead position compared with cardiac CT.16,96–100 The 

inaccuracy of current methods may have contributed to the conflicting results in 

previous studies comparing different pacing sites. Novel methods are needed to 

improve implantation accuracy and allow true randomisation in prospective studies. 

However, the inaccuracy of conventional implantation methods have provided the 

opportunity to retrospectively investigate the impact of pacing from various RV lead 

positions.16,96–100  

Non-invasive ECGi may have the potential to guide pacemaker lead implantation 

more accurately.101 Providing a 3D reconstruction of ventricular activation, ECGi is 
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not only useful for assessment of ventricular dyssynchronous activation, as described 

in the previous section, but also for identifying initial site of activation. Thus, ECGi 

has the potential to overcome some of the limitations of conventional implantation 

methods.102  However, currently, the clinical applicability of ECGi is challenged by 

the need for detailed mapping of body surface potentials using a dense array of 

electrodes, a cumbersome process requiring specialised equipment.62 
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CHAPTER 3. AIMS AND HYPOTHESES 

The overall aim of this dissertation was to investigate the chronic effects of RV pacing 

and the impact of RV lead position on LV systolic function in chronically paced 

patients with high-degree AV block. Furthermore, a novel ECGi method was 

evaluated for its future potential to guide RV lead positioning during implantation, by 

looking at the accuracy of localising the RV pacing site.  Contrast-enhanced CT was 

applied to ensure precise localisation of RV lead position and a novel 

echocardiographic method was applied to evaluate the mechanical activation pattern 

during RV pacing.  

Specifically, the three studies, on which this dissertation was based, had the following 

aims and hypotheses: 

Study I 

Aim: To investigate the impact of different CT-verified RV lead locations on the risk 

of PICM.  

Hypothesis: The risk of PICM is lower with RV septal pacing compared with non-

septal pacing.  

Study II 

Aim: To investigate the association between LV contractile dyssynchrony and the risk 

of PICM. Further, to assess the impact of RV lead location on LV contractile 

dyssynchrony.   

Hypothesis: Increased LV contractile dyssynchrony is associated with PICM and RV 

pacing site impacts LV contractile dyssynchrony. 

Study III 

Aim: To investigate the accuracy of a novel non-invasive ECGi method to localise 

initial RV site of activation estimated from a reconstructed 3D electrical activation 

model. 

Hypothesis: Non-invasive ECGi can accurately localise RV initial site of activation 

based on a reconstructed 3D electrical activation model. 
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CHAPTER 4. METHODS 

4.1. STUDY DESIGN, POPULATION AND DATA SOURCES 

Study design 
Studies I and II were designed as retrospective cohort studies with active clinical 

follow-up at time of study inclusion for those eligible for final study participation.2 

Baseline was defined as date of pacemaker implantation (Figure 1). End of follow-up 

in both studies was defined as the date of the study-specific clinical follow-up visit. 

For patients upgraded to CRT during the follow-up period, end of follow-up was the 

date of CRT upgrade. Study III was solely based on the follow-up data (Figure 1).3  

 

 

 

 

 

 

 

Figure 1. Schematic figure of the study designs applied in the three studies included in the dissertation.  

 

Study population 
The dissertation was based on three studies conducted within the same pacemaker 

cohort (n = 153). The description of the cohort in this section is based on paper I, II 

and III.1–3 Eligibility for study participation was evaluated by screening consecutive 

patients undergoing routine fluoroscopy-guided dual-chamber pacemaker 

implantation due to high-degree AV block at Aalborg University Hospital between 

March 2012 and May 2020.  

Inclusion criteria were high RV pacing burden (≥ 40%) and a transthoracic 

echocardiogram (TTE) documenting normal pre-implant LV systolic function (LVEF 

≥ 50%). Patients were excluded if they were deemed unable to attend the study-

specific follow-up visit (deceased, terminally ill, or no longer associated with the 

pacemaker outpatient clinic at Aalborg University Hospital). Furthermore, patients 

Follow-up 

End of study 
Follow-up visit or CRT upgrade 

Baseline 
Pacemaker implantation 

 

Data analysis 

Data collection 

Study III 

Study I & II 
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with competing causes of decreased LVEF (severe ischemic and severe valvular heart 

disease), device complications with replacement of the RV lead ≥ 3 months after 

primary implantation or contraindication to contrast-enhanced cardiac CT were 

excluded. Finally, patients unable or unwilling to provide informed written consent 

were excluded.  

Potential study candidates were identified from a search query in the Danish 

Pacemaker and ICD Register creating a list of all patients who had been implanted 

with a dual-chamber pacemaker at Aalborg University Hospital between March 2012 

and May 2020. Subsequently, the eligibility assessment was based on detailed review 

of electronic medical records, pacemaker interrogation reports and analysis of 

available baseline TTEs performed prior to pacemaker implantation.  

High-degree AV block was defined as second-degree AV block Mobitz type II, 2:1 

AV block, AV block with ≥ 2 consecutive P-waves not conducted without complete 

loss of AV conduction, and third-degree AV block.4 Severe ischemic heart disease 

was defined as acute myocardial infarction confirmed by coronary angiography, 

requiring revascularisation, or confirmed significant stenosis in ≥ 2 epicardial arteries 

requiring revascularisation.103 Severe valvular heart disease was evaluated using 

guideline-recommended quantitative and semi-quantitative measures.104 

Ethical considerations 

The ethical review committee for the North Denmark Region determined that the 

project was exempt from formal ethical approval because it was a retrospective study. 

The use of clinical data was approved by the Danish Safety Authority and the North 

Denmark Region (31-1521-103).1–3 All patients, who actively participated in the 

study, gave written informed consent at study inclusion. Participants were informed 

about any clinically significant findings during the study specific examinations and 

all findings were handled appropriately in accordance with current clinical guidelines.  

Data sources 

Data on study participants were collected from multiple sources (Figure 2). Baseline 

data were retrieved retrospectively. Follow-up data were obtained from the 

examinations performed during the study specific follow-up visit. The visit included 

a TTE examination, pacemaker interrogation, 12-lead ECG including a 3D 

photography of the thorax documenting the ECG electrode positions, and a contrast-

enhanced cardiac CT scan. The TTE and 12-lead ECG was obtained during RV 

pacing. Information on patient characteristics was obtained from electronic medical 

records. Pacemaker interrogation reports were retrieved to assess the cumulative 

pacing burden. Contrast-enhanced cardiac CT scans were obtained to accurately 

determine RV lead position. Baseline and follow-up TTEs were analysed to assess 
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cardiac function. Finally, ECGs were obtained for assessment of the cardiac electrical 

activation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic overview of the data sources used in the three studies. ECG, electrocardiogram; 

3D, three-dimensional; CT, computed tomography.  

 

4.2. COMPUTED TOMOGRAPHY – ACQUISITION AND ANALYSIS  

This section is based on the CT method descriptions in paper I, II and III.1–3 A 

contrast-enhanced CT scan showing the RV lead position was obtained for all patients. 

Some participants already had a high-quality contrast-enhanced CT scan with clear 

visualisation of the RV lead tip available (n = 42). If no such CT scan was available, 

a study-specific CT scan was performed at the follow-up visit (n = 111).  

A study-specific CT scanning protocol was applied. The scans were performed using 

a second-generation dual source scanner (Siemens Somatom Definition Flash, 

Siemens Healthcare, Erlangen, Germany). The scans were ECG-synchronised and 

performed during breath hold at the end of inspiration. Administration of contrast was 

timed for optimal visualisation of both the right and left ventricles.  

The CT scans were analysed using the commercially available image navigation and 

display DICOM software OsiriX (Pixmeo SARL, Bernex, Switzerland).105 Two 

Study 
participant

Electronic 
medical 
record

Pacemaker 
interrogation 

reports

Contrast-
enhanced 

cardiac CT

Echocardio-
grams

ECGs and 
3D 

photography 



CHRONIC EFFECTS OF RIGHT VENTRICULAR PACING 

14 
 

physicians, who were blinded to the study outcomes, independently determined the 

RV lead position. If there was any disagreement, the RV lead position was determined 

by consensus. The RV lead position was analysed using a regional approach 

previously described by Sommer et al.16 First, the RV lead position was evaluated in 

a long-axis view and categorised as basal, mid and apical based on dividing the LV 

long axis into equal thirds (Figure 3). Next, the images were analysed in a short axis 

view to determine RV septal or free wall implantation. The RV lead position was 

categorised as septal if located in the mid or basal septum or categorised as non-septal 

if located in the apical septum or free wall. Furthermore, for detailed analyses, the RV 

lead was categorised into anterior septum (mid and basal anterior septum), posterior 

septum (mid and basal posterior septum), apical septum, and free wall. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. “Assessment of right ventricular (RV) lead position. Panel (A): A simplistic approach was 

used dividing the left ventricular (LV) long axis into equal thirds (basal, mid, and apical). Panel (B): 
Septal (S) (green dashed lines) or free wall (FW) (orange dashed lines) positions were then analysed 

in short axis view. For primary outcome analysis, the RV lead position was categorised into septal 
(mid and basal septum) and non-septal (apical septum or free wall). Mid and basal septum were further 

divided into anterior septum (AS) and posterior septum (PS). The distribution of RV lead positions is 

shown for each segment. Panel (C): Examples of different RV lead tip positions (white arrows). LA, 
left atrium; RA, right atrium.” The figure is reused with permission from study I.1 
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4.3. ECHOCARDIOGRAMS – ACQUISITION AND ANALYSIS 

This section is based on the TTE method descriptions in paper I and II.1,2 Baseline 

two-dimensional TTEs, performed prior to pacemaker implantation, were retrieved 

together with all TTEs performed between baseline and end of follow-up. At the 

follow-up visit, a study specific TTE was performed using a 2.5-MHz transducer and 

the commercially available ultrasound system VIVID E95 (GE Healthcare, 

Milwaukee, USA). Recordings were ECG-gated and standard apical projections, 

including four-chamber (4CH) view, three-chamber (3CH) view and two-chamber 

(2CH) view, were obtained. For each image, three consecutive cardiac cycles during 

RV pacing were stored in a cine-loop format for offline analyses. Loops containing 

ectopic beats were excluded. Images for STE analyses were acquired at a high mean 

frame rate of 106 ± 18 s-1.  

Blinded to the assessment of RV lead position, two experienced cardiologists assessed 

LVEF using the Simpson’s biplane method. For aortic valve and mitral valve 

assessments, pulsed wave, continuous wave, and colour Doppler of the valves were 

performed. Presence and severity of valvular heart disease was evaluated using an 

integrative approach including quantitative and semi-quantitative measures.104,106 

Analyses were made offline using EchoPAC software (GE Healthcare, Milwaukee, 

USA). 

 

4.4. RELATIVE INDEX OF CONTRACTILE ASSYMMETRY  

This section is based the method description in paper II as well as the description in 

the paper from Zaremba and colleagues when first introducing the method in 2019.2,75 

ICA is a measure of contractile dyssynchrony between opposing walls that is 

calculated based on STE-derived strain rates. STE analyses were performed in the 

three standard apical views: 2CH, 3CH, and 4CH. In the EchoPAC analysis window, 

the systolic curved anatomical M-mode (CAMM) plot was exported for further 

analyses (Figure 4). Duration of systole was defined from the QRS onset to the closure 

of the aortic valve on continuous wave Doppler. The CAMM plot displays the 

myocardial strain rates from base to apex throughout the cardiac cycle in a pixelated 

image. The strain rate values were decoded from the pixels using the colour scale 

accompanying the CAMM plot in the EchoPAC window. Strain rate values from 

opposing pixels were pairwise subtracted creating a new table containing the strain 

rate differences.  

Synchronous contraction results in pairwise strain rate differences close to zero as 

strain rate values will be similar in opposing segments. In contrast, dyssynchronous 
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contraction will result in increasing differences in strain rate values between opposing 

segments. This mismatch in the timing of contraction from opposing segments was 

quantified by the SD of the strain rate differences also referred to as ICA.  

  

 

 

 

 

 

 

 

 

 

 

Figure 4. “Schematic diagram of calculating ICA. Panel 1: CAMM plot showing the strain rate 

propagation throughout systole obtained by 3CH STE-analysis. Panel 2: Zoom on the CAMM plot 

illustrating the pixels and the colour scale used to decode the strain rate values. Panel 3: Extraction 
of strain rate values from the CAMM plot followed by pairwise subtraction of strain rate values of the 

opposing corresponding pixels [top rows (T) minus bottom rows (B)] for each column (C), creating a 

new table containing the strain rate differences (middle table). Panel 4: Density plot of the strain rate 
differences between the two opposing walls and the corresponding SD of those differences. This value 

is referred to as ICA. In this example, ICA in the 3CH view is 0.76 s-1. 3CH, three-chamber; CAMM, 

curved anatomical M-mode; ICA, index of contractile asymmetry; SD, standard deviation; SrL, strain 

rate; STE, speckle tracking echocardiography.” The figure is reused from study II.2  

 

ICA is affected by the degree of myocardial contractility. Larger strain rate values are 

generated in a myocardium with preserved contractile function. This will produce 

larger strain rate differences during dyssynchronous contraction. In contrast, a 

myocardium with decreased contractile function will generate smaller strain rate 

values. This results in smaller strain rate differences during dyssynchronous 

contraction simply due to the lower strain rates. Therefore, the ICA measure was 

adjusted for the contractile properties by indexing ICA to the mean negative systolic 

strain rate. The strain rate adjusted ICA is referred to as relative ICA (rICA).  

rICA was calculated for each of the apical views thus quantifying the degree of LV 

contractile dyssynchrony between the anterior and inferior opposing walls (2CH), 
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anteroseptal and inferolateral opposing walls (3CH), and inferoseptal and nterolateral 

opposing walls (4CH). Average rICA in the three views, termed rICA mean, was used 

as an overall measure of LV contractile dyssynchrony.  

 

4.5. ELECTROCARDIOGRAPHIC IMAGING 

The description of the ECGi method in this section is based the method description in 

paper III.3 Reconstructing the electrical ventricular activation was done in a stepwise 

process starting with collection of input data, processing of input data, and finally 

application of the inverse ECG algorithm (Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. “Summary of the stepwise process used for reconstructing 3D ventricular activation. (1) 
Collecting the raw input data including contrast-enhanced cardiac CT, 3D thorax photo documenting 

the ECG electrode positions and 12-lead ECG with right ventricular pacing. (2) Processing the input 

data including creation of a patient-specific geometric model with ECG electrodes correctly positioned 
on the thorax model and defining QRS onset and duration using the 12-lead ECG median beat. (3) 

Integration of processed input data using the inverse ECG algorithm creating the 3D ventricular 

activation model. LV, left ventricle; RV, right ventricle; RVOT, right ventricular outflow tract; rISA, 

reconstructed initial site of activation.”  The figure is reused with permission from study III.3 

 

The ECGi method required input from a digitally recorded 12-lead ECG and a CT-

derived heart-thorax geometry with correctly positioned ECG electrodes on the thorax 

model. At the follow-up visit, a new RV-paced 12-lead ECG was digitally recorded 

using the Cardiovit AT-102 plus resting ECG machine (Schiller, Baar, Switzerland). 
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A 3D thorax photography was recorded to document the location of the ECG 

electrodes (Figure 6).  

 

 

 

 

 

 

 

 
Figure 6. Two digital cameras (black arrows) were used to obtain the 3D photography of the thorax 

(left). Photography of the thorax documenting the ECG electrode positions (right).   

 

Markers were positioned at the lower and upper extremes of the sternum to facilitate 

merging of the photo with the thorax geometric model. To exclude the pacing spike 

and effects of noise in the ECG analysis, QRS onset and duration were manually 

adjusted using the median beats.  

Using the CT scans, patient-specific geometric models of the heart and thorax were 

created including a marker representing the RV lead insertion site at the RV 

endocardial border.  The geometries were formed by a triangular surface mesh of 

discrete nodes defining the endocardial and epicardial ventricular myocardial surface 

and the location of the four heart valves. By merging the 3D thorax photography with 

the 3D thorax model, the ECG electrodes were subsequently correctly positioned on 

the thorax model.  

The final step was the application of the automated inverse ECG algorithm. The 

algorithm is described in detail in paper III.3 The algorithm combined several 

mathematical models describing electrophysiological rules. Through integration of 

information from the 12-lead ECG and the heart-thorax geometry, the biventricular 

electrical activation was reconstructed and visualised on the 3D heart model. The 

Fastest Route algorithm was applied to compute activation times between the discrete 

nodes in the heart geometry.107 The myocardial propagation velocity was restricted to 

0.7-0.8 m/s.108 To account for the slower propagation perpendicular to the myocardial 

fibre direction compared to along the fibre direction, the transmural propagation 

Cameras 
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velocity was set to be 2.5 times slower than the propagation over the ventricular 

surface.109 To synthesise ECGs based on the reconstructed activation times for the 

discrete nodes, the Equivalent Dipole Layer Model was applied.110,111 Finally, The 

Boundary Element Method accounted for the volume conductor effects.112,113 For the 

thorax and myocardium, the conductivity was set to 0.2 S/m and for the blood cavities 

it was set to 0.6 S/m. Using the set parameters, the algorithm reconstructed an 

activation sequence resulting in the synthesised ECG best matching the recorded 

ECG.  

 

4.6. STATISTICAL ANALYSES  

The statistical methods used in this dissertation are presented in the following 

sections, together with the rationale behind them. In paper I and II, a retrospective 

cohort study design with active clinical follow-up including echocardiography for 

outcome assessment was applied.1,2 This design resulted in an increased incidence of 

outcomes at end-of follow-up, as subclinical cases may not have been recognised prior 

to this. In other words, we could determine if the outcome had occurred but not when 

it had occurred. Therefore, it was considered inappropriate to apply time-to-event 

analyses to investigate associations between exposures and outcomes. Descriptive 

statistics were the same in the three studies.1–3 For continuous variables, the mean and 

SD or the median and interquartile range (IQR) were reported as appropriate based on 

the distribution. To compare differences, Student’s t-test or Mann-Whitney test were 

used as appropriate. For categorical variables, numbers and percentages were 

reported, and Fisher’s exact test was used for comparison. 

In study I and II, modified Poisson regression with robust variance estimation was 

applied to analyse the relative risks (RR) of outcomes between groups.1,2 This 

approach was chosen as the study design allowed estimation of risks. RR as the 

association measure was preferred over odds ratios for easier interpretation in case of  

frequent outcomes.114   

To analyse the association between continuous variables and estimate the differences 

in means between binary or multiple categories, linear regression and one-way 

analysis of variance (ANOVA) were applied in paper I and II.1,2 Standard errors were 

calculated applying bootstrap with 5000 replications.115 This was done to 

accommodate potential violations of the normality and variance inhomogeneity 

assumptions.  

To evaluate the linear correlation between two continuous variables in paper II and 

III, Pearson’s correlation coefficient was calculated.2,3 This was to measure both the 
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strength and direction of the association between the variables. In study II, receiver 

operation characteristics (ROC) analysis was applied.2 The ROC analysis was used to 

evaluate the performance of a continuous variable as a predictor for the outcome. 

Cutoff values for prediction of the outcome were calculated based on maximising the 

Youden index (the difference between the true positive rate and the true negative 

rate).116  

In study III, fractional polynomial regression was applied to analyse the association 

between continuous variables.3 It is a more flexible method and was therefore used to 

accommodate potential non-linear association between continuous variables.117 
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CHAPTER 5. STUDIES 

Study population 

At baseline, a total of 608 patients met the inclusion criteria and 181 met one or more 

of the exclusion criteria leaving 427 eligible for follow-up. After baseline, an 

additional 274 patients met one or more of the exclusion criteria leaving 153 study 

participants (Figure 7).1,2  Baseline characteristics for study participants as well as for 

those excluded are shown in Table 1. Generally, study participants were younger and 

had a lower prevalence of comorbidities compared with those excluded from the 

study.  

 

Table 1. Pre-implant characteristics.  

 Study participants  

(n = 153) 

Excluded 

(n = 455) 

Age (years) 72 (65-77) 79 (73-85) 

Male  103 (67) 301 (66) 

Comorbidities    

    Ischemic heart disease 12 (8) 119 (26) 

    Valvular heart disease 12 (8) 145 (32) 

    Hypertension 106 (69) 330 (73) 

    Diabetes mellitus 35 (23) 103 (23) 

History of smoking 65 (42) 252 (55) 

eGFR (ml/min/1.73 m2) 75 ± 15 60 ± 23 

Continuous values are reported as mean ± SD or median (interquartile range) as appropriate. Categorical 
values are expressed as numbers (%). eGFR, estimated glomerular filtration rate. 

 

 

For the study participants, the median duration of follow-up was 3.1 years (IQR 1.9-

4.8 years), and the median cumulative pacing percentage was 96.5% (IQR 85.8-

99.8%).1,2 

 

CT determined RV lead position 

Primary CT analysis showed that 48 (31%) leads were implanted in the mid or basal 

septum and thus categorised as septal, and 105 (69%) leads were implanted in the 

apical septum or in the free wall and thus categorised as “non-septal” (Figure 3).1–3 

Based on detailed analysis of RV lead implantation sites, 37 (24%) leads were 

implanted in the anterior septum, 11 (7%) in the posterior septum, 31 (20%) in the 

free wall, and 74 (48%) in the apical septum.1,2 
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Figure 7. Flowchart of the study population used in the three studies. *The sum of those who meet the 

different exclusion criteria is larger than the number excluded as some met more than one exclusion 

criterion. AV, atrioventricular; TTE, transthoracic echocardiogram; LVEF, left ventricular ejection 

fraction; CT, computed tomography; RV, right ventricular. 

Baseline: date of pacemaker implantation 

• 608 met study inclusion criteria 

• Implantation of a dual-chamber pacemaker due to high-degree AV block at 

Aalborg University Hospital between March 2012 and June 2020 

• TTE showing normal LVEF prior to pacemaker implantation 

• RV pacing percentage ≥40% 

• 181 were excluded at baseline* 

• Known severe valvular heart disease (80) 

• Known severe ischemic heart disease (73) 

• Known contraindications to contrast-enhanced CT (52) 

• Unable to provide informed written consent (21) 

427 met eligibility 

criteria at baseline 

274 were excluded after baseline* 

• Replacement of the RV lead ≥ 3 month after primary 

implantation (6) 

• Severe valvular heart disease (20) 

• Severe ischemic heart disease (13) 

• Deceased (80) 

• No longer associated with the pacemaker outpatient 

clinic at Aalborg University Hospital (6) 

• Contraindications to contrast cardiac CT (9) 

• Unable or unwilling to provide informed written 

consent (141) 

153 met eligibility 

criteria at follow-up 
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5.1. STUDY I 

Study I “Risk of Pacing-induced Cardiomyopathy in Patients with High-Degree 

Atrioventricular Block – Impact of Right Ventricular Lead Position Confirmed by 

Computed Tomography” was published in Journal of Clinical Medicine.1 The paper 

was authored by Patricia Zerlang Fruelund, Anders Sommer, Jens Brøndum Frøkjær, 

Søren Lundbye-Christensen, Tomas Zaremba, Peter Søgaard, Claus Graff, Søren 

Vraa, Aksayan Arunanthy Mahalingasivam, Anna Margrethe Thøgersen, Michael 

Rangel Pedersen, and Sam Riahi.  

Aim  

To investigate the impact of different CT-verified RV lead locations on the risk of 

PICM in chronically paced patients with high-degree AV block.  

Key methods 

The primary outcome was development of PICM, defined as ≥ 10% decrease in LVEF 

resulting in LVEF < 50% at any timepoint between implant and end of follow-up. 

Secondary outcomes were upgrade to a CRT device and absolute changes in LVEF.  

Exposure was RV lead position. For the primary analysis, RV lead position was 

categorised as septal (RV leads positioned at the mid or basal septum) or non-septal 

(RV leads positioned at the apical septum or free wall). For comprehensive analysis, 

the RV lead position was divided into four categories: anterior septum, posterior 

septum, apex, and free wall.   

Main results 

In total, 47 (31%) developed PICM and 9 (6%) were upgraded to a CRT device during 

the study period. When comparing outcomes between the non-septal and septal 

groups, no significant differences were found (Table 2).  

 

Table 2. Comparison of outcomes between RV non-septal and RV septal lead position. 

Outcomes All  

(n = 153) 

Non-septal 

(n = 105) 

Septal  

(n = 48) 

RR 95% CI p value 

PICM 47 (30.7)  31 (29.5) 16 (33.3) 0.89 0.54;1.46 0.63 

CRT upgrade 9 (5.9) 6 (5.7) 3 (6.3) 0.91 0.23;3.52 0.90 

Values are given as numbers (%). CI, confidence interval; CRT, cardiac resynchronisation therapy; 

PICM, pacing-induced cardiomyopathy; RR, relative risk; RV, right ventricular.  
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In the PICM group, an absolute reduction in LVEF of 19% (95% confidence interval 

[CI]: 17–22%) was found. LVEF ≤ 40% after pacemaker implantation was observed 

in 20 (13%) patients.  

In a detailed analysis, risk of PICM and absolute changes in LVEF was compared 

between the four RV lead position groups (Figure 8). There were no significant 

differences between the four groups for any of the outcomes. However, looking at 

absolute change in LVEF and risk of PICM, a trend towards a worse outcome in the 

posterior septal group was observed. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. “Comparison between anterior septal (AS), posterior septal (PS), apical and free wall (FW) 

RV lead position. Upper panel: Risk of pacing-induced cardiomyopathy (PICM). Lower panel: 
Decrease in left ventricular ejection fract (ΔLVEF) after pacemaker implantation.” The figure is 

partially reused with permission from study I.1  

 

In the septal group, a non-significant increase in the risk of PICM with increased 

duration of pacemaker treatment was observed (p = 0.41) (Figure 9). In the non-septal 

group, there was a borderline significant decrease in the risk of PICM with increased 

duration of pacemaker treatment (p = 0.066). The associations were borderline 

significantly different between the two groups (p = 0.064).  

 



CHAPTER 5. STUDIES  

25 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 9. Graphs showing the association between duration of follow-up and risk of pacing-induced 

cardiomyopathy (PICM) in the septal group (left) and in the non-septal group (right).  

 

Main conclusions 

CT-verified RV lead position was not significantly associated with risk of PICM nor 

CRT-upgrade. However, though not statistically significant, a trend towards higher 

risk of PICM and a larger reduction in LVEF was observed in those paced in the 

posterior septum. Importantly, the study demonstrated an overall high risk of PICM 

(31%) in a relatively young population with normal pre-implant LVEF during a 

median follow-up of 3.1 years.  

 

5.2. STUDY II 

Study II “The role of mechanical dyssynchrony in pacing-induced cardiomyopathy: 

detailed assessment using index of contractile asymmetry” is currently submitted for 

publication.2 The paper was authored by Patricia Zerlang Fruelund, Anders Sommer, 
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Søren Lundbye-Christensen, Claus Graff, Peter Søgaard, Sam Riahi, and Tomas 

Zaremba. 

Aims  

To investigate the association between LV contractile dyssynchrony, quantified by 

rICA, and the risk of PICM. Furthermore, to assess the impact of RV lead location on 

LV contractile dyssynchrony.   

Key methods 

Development of PICM was defined as ≥ 10% decrease in LVEF resulting in LVEF < 

50% at any timepoint between implant and end of follow-up. The RV lead position 

was categorised into four groups: anterior septum, posterior septum, apex, and free 

wall.   

Contractile dyssynchrony was assessed by rICA in follow-up TTEs from all study 

participants. Furthermore, rICA was assessed from TTEs acquired from 10 healthy 

individuals for comparison.    

Main results 

Location and degree of LV contractile dyssynchrony was significantly associated with 

PICM (Figure 10, Table 3). In univariable analyses, rICA was consistently and 

significantly higher in all three apical views, resulting in a rICA mean significantly 

higher in those with PICM compared to those without PICM.  

 

Table 3. rICA for the PICM and non-PICM group. 

 PICM 

(n = 47) 

Non-PICM 

(n = 106) 

rICA difference 

(95% CI) 

p value 

rICA 2CH 1.04 ± 0.30 0.81 ± 0.25 0.23 (0.14-0.32) < 0.001* 

rICA 3CH 1.28 ± 0.24 1.15 ± 0.27 0.12 (0.03-0.21) 0.005* 

rICA 4CH 1.26 ± 0.23 1.13 ± 0.24 0.12 (0.04-0.20) 0.002* 

rICA mean 1.19 ± 0.21 1.03 ± 0.19 0.15 (0.10-0.22) < 0.001* 

rICA, relative index of contractile asymmetry; CI, confidence interval; 2CH, two-chamber; 3CH, three-
chamber; 4CH, four-chamber; *, p < 0.05.     

 

The largest rICA difference was observed between the LV anterior-inferior walls 

(2CH view). rICA 2CH was independently associated with PICM in a multivariable 

analysis including rICA in all three views (p < 0.001). However, rICA 3CH (p = 0.64) 

and rICA 4CH (p = 0.25) were not independently associated with PICM. 
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Thus, rICA 2CH was chosen for further investigation. ROC analysis showed that a 

cutpoint of rICA 2CH > 0.90 was the best predictor of having PICM yielding a RR of 

PICM of 3.4 (95% CI 2.0-5.8). Clinically relevant, rICA 2CH > 0.90 yielded a RR of 

12.9 (95% CI 3.1-53.7) for having a follow-up LVEF ≤ 40%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. “Illustration of the degree and location of LV dyssynchrony. The radar plot shows the 2CH, 

3CH and 4CH rICA values for the PICM group (red) and non-PICM group (blue). rICA, relative index 

of contractile asymmetry; PICM, pacing-induced cardiomyopathy; 2CH, two-chamber; 3CH, three-
chamber; 4CH, four-chamber; *, p < 0.05 when comparing rICA between the PICM and non-PICM 

group in a multi variable analysis.” The figure is reused from study II.2 

 

Looking at rICA in the four RV lead position groups, the anterior septal, apical, and 

free wall groups showed a similar rICA pattern with low rICA in the 2CH view and 

high rICA in the 3CH and 4CH view (Figure 11). In the posterior septum group, rICA 

was high in all apical views. rICA 2CH was significantly different between the four 

RV lead groups (p < 0.01), with the highest value observed in the posterior septum 
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group. rICA in the 3CH and 4CH views were not significantly different between the 

four groups. Compared with the four RV lead groups, the control group showed 

significantly lower rICA in all apical views.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. “Radar plot illustrating the degree and location of LV contractile dyssynchrony by showing 

the 2CH, 3CH and 4CH rICA for each of the four RV lead groups and the controls. rICA, relative index 
of contractile asymmetry; 2CH, two-chamber; 3CH, three-chamber; 4CH, four-chamber; †, p < 0.05 

when comparing rICA between the four RV lead groups; ‡, p < 0.05 when comparing rICA between 

the four RV lead groups and controls.” The figure is reused from study II.2 
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Main conclusions 

PICM was significantly associated with both location and degree of LV contractile 

dyssynchrony assessed by rICA. Those with PICM had the highest degree of overall 

dyssynchrony quantified by rICA mean. Dyssynchrony in the anterior-inferior 

direction, assessed by rICA in the 2CH view, was independently and significantly 

associated with PICM. RV lead location significantly influenced the contractile 

dyssynchronous activation pattern. Pacing the posterior septum resulted in the highest 

rICA mean and rICA 2CH.  

5.3. STUDY III  

Study III “Novel non-invasive ECG imaging method based on the 12-lead ECG for 

reconstruction of ventricular activation: A proof of concept study” was published in 

Frontiers in Cardiovascular Medicine.3 The paper was authored by Patricia Zerlang 

Fruelund, Peter van Dam, Jacob Melgaard, Anders Sommer, Søren Lundbye-

Christensen, Peter Søgaard, Tomas Zaremba, Claus Graff, and Sam Riahi.  

Additionally, as a supplement to the published study III, data on the remaining study 

participants have recently been analysed and the results are presented in this section.  

Aim  

To investigate the accuracy of a novel non-invasive ECGi method to localise initial 

site of activation estimated from the reconstructed biventricular activation model. 

Key methods 

Additional exclusion criteria for this study were suspected fusion pacing in the follow-

up ECG and prior upgrade to CRT. Results from the published study are based on data 

from the first 34 patients included in the pacemaker cohort eligible for this study. 

Recently, data has been analysed for the remaining patients in the cohort meeting the 

additional eligibility criteria. Therefore, extra results are presented in this dissertation, 

based on all eligible patients (n = 137).  

The 12-lead ECG-based ECGi method was used to reconstruct biventricular 

activation. This method was based on an inverse-ECG algorithm applying 

electrophysiological rules as described in the methods section (Figure 5). The 

algorithm generating the results for the 137 patients was based on a subsequent 

optimisation of the fitted ECG after the initial estimation, whereas the results for the 

34 patients was based on the initial estimation.  
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Primary validation of the method was done by comparing the geodesic distance 

between the reconstructed initial site of activation and the known RV lead insertion 

site estimated from CT. This distance is referred to as the localisation error (LE) 

(Figure 12). Furthermore, to assess the reconstructed activation sequence, it was 

compared to the activation sequence generated when forced to initiate from the known 

RV lead implantation site.  

 

 

 

 

 

 

 

 

 

 

Figure 12. “Reconstructed 3D ventricular electrical activation sequence showing the estimated initial 

site of activation (red marker) and the marker indicating right ventricular (RV) lead position assessed 

from computed tomography (CT) (yellow marker).  The localisation error is the geodesic distance 
between the centre of the CT marker and the estimated initial site of activation. LV, left ventricle; RV, 

right ventricle; RVOT, right ventricular outflow tract.” The figure is reused with permission from study 

III.3  

 

Main results based on the 34 patients 

The mean LE was 13.9 ± 5.6 mm. For 30 (82%) of the patients, the LE was < 20.0 

mm. Four patients had an LE > 20.0 mm and there was one outlier with an LE of 28.6 

mm. Figure 13 shows the reconstructed activation sequences for all 34 patients 

including the reconstructed initial site of activation and the RV lead insertion site.    

There was a high correlation between the initial reconstructed biventricular activation 

and the activation forced to initiate from the RV lead insertion site with a mean r = 

0.92 ± 0.06 (range 0.73-0.99). Increasing LE was significantly and negatively 

associated with the correlation (p = 0.01). Comparison between the recorded ECG and 
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the initially fitted ECG showed an overall high correlation with a median r = 0.88 

(range 0.62-0.99).  

The mean computation time, after having loaded the input data (12-lead ECG and 

patient geometry) into the research software, was 1.1 ± 0.4 s per ECG using a standard 

laptop (Intel CORE i7 central processing unit). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. “Reconstructed 3D ventricular activation models for all 34 patients. The red marker 
indicates the reconstructed initial site of activation (rISA), and the yellow marker indicates the true 

right ventricular (RV) lead position determined by computed tomography.” The figure is reused with 

permission from study III.3  

 

Main results based on the 137 patients 

The mean LE was 13.7 ± 6.7 mm. For 116 (85%) of the patients, the LE was < 20.0 

mm and 132 (96%) had an LE < 25 mm. There were 5 outliers with an LE > 25 mm 

(range 26-42 mm).  
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There was a high correlation between the initial reconstructed biventricular activation 

and the activation forced to initiate from the RV lead insertion site with mean r = 0.94 

± 0.05 (range 0.73-0.99). Increasing LE was significantly and negatively associated 

with the correlation (p < 0.01) (Figure 14). Comparison between the recorded ECG 

and the optimised fitted ECG showed an overall high correlation with median r = 0.98 

(range 0.90-0.99).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Fractional polynomial plot showing the association between the localisation error and the 

correlation between activation maps. r, Pearson’s correlation coefficient. 

 

Main conclusions 

This study demonstrated a novel ECGi method based on the 12-lead ECG for 

reconstruction of biventricular activation and estimation of initial site of activation. 

On average, the method accurately localised initial site of activation in relation to right 

ventricular anatomy. Furthermore, the method effectively fitted the reconstructed 

ECG to the recorded ECG.
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CHAPTER 6. DISCUSSION 

In this dissertation, the chronic effects of RV pacing and the impact of RV lead 

position was investigated, followed by an assessment of a novel ECGi method with 

the potential to guide RV lead implantation.  

In study I, we found a high risk of PICM in a pacemaker cohort with normal pre-

implant LVEF.1 Comparing CT-determined septal and non-septal RV lead position, 

we found no statistically or clinically significant difference in risk of PICM. However, 

when further dividing the RV lead position into four categories, we found a trend 

towards a worse outcome among those paced in the posterior septum. In conclusion, 

our results did not support the hypothesis of decreased risk of PICM with septal pacing 

compared with non-septal pacing.  

In study II, both location and overall degree of LV contractile dyssynchrony was 

significantly associated with PICM.2 Interestingly, dyssynchrony between the LV 

anterior and inferior walls was an independent predictor of having PICM. 

Furthermore, we found that the RV lead location was highly associated with the 

location and degree of contractile dyssynchrony. Supporting the results in study I, we 

found that pacing the posterior septum resulted in the highest degree of overall 

dyssynchrony as well as highest degree of dyssynchrony between the LV anterior and 

inferior walls. Thus, study II supported our hypotheses of RV pacing site having an 

impact of LV dyssynchrony and LV dyssynchrony being associated with PICM.  

In study III, a novel non-invasive ECGi method was evaluated for its potential to guide 

RV lead implantation.3 Supporting our hypothesis, the reconstructed activation 

sequence accurately localised the RV pacing site in relation to RV anatomy.  

 

6.1. METHODOLOGICAL CONSIDERATIONS 

The retrospective design with active clinical follow-up has several limitations 

including the potential of introducing significant selection bias. Ideally, we would 

have conducted a prospective, randomised trial and included more study participants. 

However, currently there are no methods providing the opportunity for true 

randomisation of RV lead position and prospective trials are time-consuming and 

expensive. Thus, conducting a randomised controlled trial did not seem feasible. The 

chosen design with active clinical follow-up ensured a thorough follow-up assessment 

including CT for precise localisation of RV lead implantation site providing novel 

clinically relevant insights. The availability of electronic medical records and access 
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to stored echocardiograms ensured that high-quality data could be obtained 

retrospectively. However, it is important to be aware of the study limitations to ensure 

a correct interpretation of the results. In the following sections, important 

methodological considerations and limitations are discussed. 

Patient selection 

Due to the design of this study, there is a risk of post-treatment selection bias 

favouring those who survived long enough and who were willing to participate in the 

study.118 Bias may arise because retrospectively selecting the population based on 

variables that might possibly be affected by the treatment and outcome itself. If the 

exposure was associated with the outcome and the outcome was associated with the 

selection criterion, there is a risk of such bias. In this case, the association observed 

might reflect an association between the exposure and the selection criterion and not 

between the exposure and the outcome. For significant selection bias to occur, strong 

associations between the variables need to be present.119 Using causal diagrams, each 

selection criterion was evaluated for its potential to induce bias.120 Selecting patients 

based on information known at baseline should not induce selection bias and only 

those excluded after pacemaker implantation are likely to cause bias (Figure 7). 

Selecting patients on having to be alive, able, and willing to participate in the study, 

have the potential to cause such bias. Examples of the potential pathways for bias 

when selecting on death and lack of consent are shown in Figure 15.  

 

 

 

 

Figure 15. The pathway of potential selection bias due to excluding those who died prior to study 

follow-up (A) or due to excluding those unable or unwilling to participate in the study (B). RV, right 

ventricular; LVEF, left ventricular ejection fraction.                      

 

If a certain RV lead position is strongly related to the risk of PICM, patients with the 

detrimental lead position may be less likely to participate in our study. Furthermore, 

those with the detrimental RV lead position who have survived and are willing to 

participate may represent a group who are less prone to the negative effects of that 

RV lead position, so called super survivors. Their outcomes may therefore not be 

representative of all patients having been exposed to that RV lead position.121 The 

remaining selection criteria have resulted in exclusion of only a few patients after 

A B 
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baseline and the association with both exposure and outcome is likely to be weak. 

Therefore, those criteria are not believed to cause significant bias. 

Looking at our data, there were indications of selection bias. Though not statistically 

significant, we found that the risk of PICM increased with longer duration of follow-

up in the septal group and the opposite was seen for non-septal group. This is an 

indication of deselection of patients with PICM and a non-septal lead position with 

longer duration of follow-up (Figure 9). Furthermore, no PICM outcomes occurred in 

the non-septal group among those with > 6.2 years of follow-up. This is counter-

intuitive as longer duration of pacemaker treatment should lead to an increased risk 

of PICM.18 Post-treatment selection is an inherent problem in many retrospective 

studies, and studies on the impact of RV pacing are no exeption.8,10,21–23,122,123 Several 

methods have been developed to overcome the issue of selection bias.120,124 However, 

attempts to mitigate the possible selection bias in our study using G-methods were 

unsuccessful due to violation of the statistical assumptions.119  

Confounding 

Confounding is a systematic bias due to common causes of treatment and outcome.120 

The RV lead was considered positioned at random, due to the inaccuracy of 

fluoroscopy-guided implantation, and confounding through association with both 

outcome and RV lead position was therefore considered unlikely. Thus, no adjusted 

analyses were performed when the RV lead position was the exposure variable.1  

Classification of right ventricular lead position 

In study I and II, the RV lead position was defined and analysed as an exposure 

variable.1,2 Classification of the RV lead position was based on analyses of CT scans 

using a regional approach. Several limitations to this method may lead to 

misclassification of the exposure. Though generally providing a good visualisation of 

cardiac anatomy and the RV lead, some CT scans were challenging to analyse. Signal 

noise around the RV lead tip as well as suboptimal contrast filling in the RV cavity, 

resulting in poor definition of the myocardial border, made the assessment of RV leads 

positioned in the area of the septal-free wall junction difficult. This may have resulted 

in a misclassification of septal or free wall position. Furthermore, RV leads located 

on the border between the lower third and the upper two thirds of the LV long-axis or 

on the border between the anterior or posterior septum may also have been 

misclassified.  

In general, the arbitrary segmental approach used to classify the RV lead position, 

may not have resulted in a clinically relevant comparison. As the exposure was 

analysed using the same method for all patients included, a potential misclassification 

would be non-differential, meaning the exposure would be equally misclassified in 
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cases and non-cases.125 Therefore, such misclassification is expected to bias the result 

towards null.  

Defining pacing-induced cardiomyopathy  

The purpose of defining the outcome often is to separate the diseased from the non-

diseased. However, many disease processes represent a continuum, and thus defining 

a clinically relevant binary outcome can be challenging and potentially misleading. In 

study I and II, we chose PICM as the primary outcome, defined as a decrease in LVEF 

≥ 10% resulting in LVEF < 50%.1,2 This definition was chosen to identify all with a 

significant decrease in LVEF. However, this outcome was based on TTE 

measurements with no consideration of the clinical significance. Furthermore, LVEF 

is a crude measure of cardiac function providing only a limited perspective on the 

many consequences of RV pacing.12 However, LVEF continues to be the most utilised 

measure of cardiac function and importantly, the measure upon which guidelines are 

made.4,126 There is no universal definition of PICM, and the definition of choice has a 

major impact on the reported incidence.10 To overcome the limitations of a binary 

outcome, absolute change in LVEF was also reported in study I and II.1,2  

Assessment of LVEF using two-dimensional TTE is known to be subject to both 

interobserver and intraobserver variability, especially when evaluating 

dyssynchronous ventricles, and the accuracy of the LVEF assessment is also affected 

by varying quality of the TTE examinations.127–129 Inaccurate assessment of LVEF 

may also have resulted in misclassification of the PICM outcome. Again, this 

misclassification is non-differential and may be expected to bias the result towards 

null.125   

Relative index of contractile asymmetry 
In study II, LV contractile dyssynchrony, quantified by rICA, acted both as an 

exposure and an outcome variable in different analyses.2 In general, using continuous 

variables increase the statistical power to detect the relationship between exposure 

and outcome compared with using binary variables.130  Dichotomising data, like 

choosing a cutoff point, will inevitably result in loss of information. Using rICA as a 

continuous variable allowed for examination of a dose-dependent relationship 

between dyssynchrony and PICM.130 rICA has previously been shown to be a robust 

parameter with a good intraobserver agreement in the study by Zaremba and 

colleagues.75 However, rICA is based on STE-analyses and was therefore affected by 

the varying image quality in the follow-up echocardiograms. Such inaccurate rICA 

assessment may have the potential to bias the result towards null.125     
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External validity 

External validity concerns the generalisability of the results.131 Are the results 

applicable only to the included population or can we extrapolate these results to other 

settings or other study samples? The external validity of our results may be limited 

due to the study eligibility criteria. Comparison of baseline characteristics between 

those included and those excluded from our study are shown in Table 1. Patients 

excluded from the study were older and had more comorbidities compared with those 

included in the study. Thus, the results from our studies are not necessarily 

representative for the entire pacemaker population.  

 

6.2. CLINICAL RELEVANCE OF PACING-INDUCED CARDIOMYOPATHY 

In study I, we found that more than 30% of the patients developed PICM despite 

having a normal pre-implant LV systolic function.1 A decrease in LVEF of ≥ 10% 

resulting in a post-implant LVEF < 50% may not be clinically relevant for all but does 

indicate an important negative effect on cardiac function after chronic RV pacing. 

This was supported by an absolute decrease in LVEF of 8% for the entire cohort. 

According to the HF guidelines, medical treatment is indicated when LVEF is < 40% 

and CRT upgrade when LVEF is ≤ 35%.126 However, though an LVEF ≥ 40% may 

not prompt initiation of guideline-recommended treatment,  deterioration in cardiac 

function after pacemaker implantation is important to identify, as cardiac function 

may continue to worsen. Thus, regular follow-up can ensure early initiation of 

relevant treatment.4,126  

Comparing risk of PICM between studies is challenged by the lack of a universal 

definition of PICM.10 Multiple definitions have been applied in previous studies, all 

trying to separate those whose conditions deteriorate as a result of RV pacing from 

those who tolerate RV pacing.10,132 Some studies have been looking at clinical 

outcomes including HF hospitalisation, CRT upgrade, or mortality.7,8,21,122,133 Often, 

however, as in this dissertation, PICM has been defined based on deterioration in 

LVEF after pacemaker implantation.1,2,8,10,21  

Using the same PICM definition as applied in this dissertation, Khurshid et al. found 

a 19% risk of PICM during 3.3 years of follow-up of 277 patients.1,2,21 Similarly, 

Abdin et al. found a risk of PICM of 16% during 40 months of follow-up of 198 

patients.123 The lower PICM occurrence in the two studies compared to our findings 

may partly be explained by a lower RV pacing burden and differences in patient 

selection. Kiehl et al. applied a more strict definition, limiting PICM to those with a 

follow-up LVEF < 40% and based on 823 patients, they found that 12% developed 

PICM during 4.3 years of follow-up.8 This is comparable to our findings, where 13% 
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deteriorated to LVEF ≤ 40% during the study period.1 Dor et al. conducted a study 

including 203 patients with normal baseline LVEF and a pacing burden ≥ 70%.133  

Defining PICM as a > 10% decrease in LVEF after pacemaker implantation, they 

found a risk of PICM of 25% with 11% deteriorating to LVEF ≤ 40% after pacemaker 

implantation. Upgrade to CRT was performed in 4% of patients in the study by Kiehl 

et al., 5% in the study by Khurshid et al., and 7% in the study by Dor et al. With 6% 

upgraded to CRT in our study, the results are comparable.1  

Overall, our results on the risk of PICM are in line with published research including 

patients with normal pre-implant systolic function. Currently,  clinical guidelines offer 

no recommendations on measures to mitigate the high risk of PICM in this 

population.4,43  

 

6.3. IMPACT OF LEAD POSITION ON CLINICAL OUTCOMES 

In study I, we compared the risk of PICM between groups with different RV lead 

implantation sites.1 As in many previous studies, we chose a binary exposure 

categorisation and compared septal with non-septal RV lead position for the primary 

analysis.1,90,91,95,134,135 However, unlike other studies, we applied post-implant 

contrast-enhanced cardiac CT for accurate assessment of RV lead position, to 

overcome the inaccuracy of exposure assessment by fluoroscopy.1,16,96–100 Using CT, 

we found no clinically relevant or statistically significant differences in outcomes 

between septal and non-septal RV lead positions.1  

Clinical outcome studies, applying CT for accurate localisation of RV lead position 

are scarce, and only one other similar study has been identified for comparison.122 In 

a retrospective study from 2019, Hattori et al., compared RV septal and free wall lead 

positions. Looking at the combined endpoint of cardiac death and HF hospitalisations, 

they found that free wall pacing was significantly associated with cardiovascular 

events (hazard ratio 2.93, p = 0.018) during 41 months of follow-up. Unfortunately, 

neither our study nor the study by Hattori et al. provide any final answers on optimal 

RV lead position. The choice of comparing septal with free wall implantation in the 

study by Hattori et al. perhaps seems less clinically relevant, as there already exists a 

general consensus to avoid free wall implantation.4 However, it does underline the 

importance of avoiding free wall implantation. Importantly, both studies exposed the 

shortcomings of relying on fluoroscopy for assessment of RV lead position. To 

continue the search for optimal RV lead position, it is essential to develop new 

methods that will ensure implantation accuracy and thus allow for true randomisation 

in prospective studies. 
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Comparing multiple pacing sites 
As the use of CT allowed for a more detailed assessment, that might be of clinical 

relevance, the RV lead position was further divided into apical, free wall, anterior 

septum, and posterior septum.1,2 In study I, analyses of clinical outcomes between the 

four exposure groups again showed no statistically significant differences though a 

trend towards higher risk of PICM in the posterior septum group was observed.1 

However, subdividing the RV lead position into four groups reduced the statistical 

power and the posterior septum group consisted of only 11 (7%) patients.  

Studies investigating the effect of pacing from multiple RV locations including the 

posterior septum are few. In a study from 2013 including eight patients, Vančura et 

al. investigated the acute impact of RV pacing from 18 different RV locations.52 The 

outcomes were acute LV hemodynamic measures determined invasively. The 

CARTO system (Biosense Webster, Inc., Irvine, USA) was used to accurately guide 

RV lead positioning. The authors found great variations in hemodynamic outcomes 

between the different RV pacing sites. Consistently, worse outcomes were seen when 

pacing the RV posterior regions regardless of free wall or septal position. The authors 

concluded that RV mid or high septal pacing was superior to apical pacing. However, 

looking at the systolic index measure, anterior apical pacing performed better 

compared with most mid and high anterior septal pacing sites.  

In 2003, Peschar et al. conducted a study on open chest anesthetised dogs, looking at 

the hemodynamic effects of different RV and LV pacing sites.80 They found that 

pacing the LV posterior or lateral wall significantly reduced both systolic and diastolic 

function. In contrast, pacing the LV septum or LV apex maintained systolic function 

compared with sinus rhythm despite longer duration of activation time (wider QRS). 

There were no significant differences in systolic function between RV apical and RV 

septal pacing. The results from each of the experiments showed that pacing different 

RV sites including the apex, low, mid, mid-high, and high septum consistently 

resulted in worse hemodynamic outcomes compared with sinus rhythm with very few 

exceptions.  

The results from these two acute studies are in line with our results from study I.1 

However, this is, to our knowledge, the first study investigating the clinical 

consequences of chronic pacing in the posterior RV septum. Despite the lack of 

statistical power, our results exposed a potential clinically important risk of worse 

outcome with chronic posterior septal pacing. These results should be regarded as 

hypothesis generating and tested in future clinical studies. Though our study does not 

reveal one optimal implantation site, the exposure of less favourable implantation sites 

is important as efforts could then be made to avoid such implantation. 
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Categorical comparison of right ventricular lead position 
Most clinical studies comparing RV lead positions have applied a simplistic, often 

binary, categorisation of RV lead locations.41,91,136 However, as shown by Vančura et 

al., any crude categorisation of RV lead location may demonstrate large intragroup 

variations in hemodynamic outcomes.52 The authors reported a great heterogeneity in 

outcomes even within often targeted implantations areas such as the RV outflow tract, 

RV septum, and apex. Furthermore, they found that the optimal pacing site varied 

from patient to patient and included both apical and free wall segments as well as the 

expected septal segments. The RV endocardium including the conduction system is 

complex with large interindividual electro-anatomical differences.137 Consequently, 

this arbitrary categorisation of RV lead position may lead to an unintentional grouping 

of patients with very different responses to being paced in the same overall RV 

segment. Inappropriate categorisation of the RV lead position is likely to contribute 

to the neutral results in studies comparing pacing sites.  

Risk of free wall pacing 
Worth mentioning, we found 20% unintended RV free wall implantations. Other 

studies have similarly found high incidences of RV free wall implantations in patients 

undergoing fluoroscopy-guided pacemaker implantation.16,17,98,100,122,138 Using 

dedicated contrast-enhanced cardiac CT, Sommer et al. found a 48% incidence of RV 

free wall implantations and Moore et al. found an even higher incidence of 61%.16,100 

Using incident clinical CT scans with or without contrast-enhancement, Hattori et al. 

found an 8% risk of RV free wall implantations.122 The lower incidence in the latter 

study might be explained by the quality of the CT scans. The use of a dedicated 

scanning protocol with contrast-enhancement and ECG-gating ensures an optimal 

visualisation of cardiac anatomy and clear separation of the RV septum and free wall 

that are not easily separated in non-contrast scans. The high incidence of unintended 

free wall implantations is highly clinically relevant as free wall screw-in implantations 

may also be associated with myocardial perforation and possible damage to the left 

anterior descending artery and should therefore be avoided.4,135,139  

 

6.4. PACING-INDUCED DYSSYNCHRONY 

Right ventricular lead position and dyssynchronous activation 
In study II, a novel echocardiographic method was applied to assess LV contractile 

dyssynchrony during RV pacing.2 RV lead position was found to be significantly 

associated with both degree and location of dyssynchronous activation. Those with 

RV anterior septal, apical, and free wall implantations exhibited similar activation 

patterns the with highest degree of dyssynchrony in the 3CH and 4CH view, and the 

lowest degree of dyssynchrony in the 2CH view. In contrast, pacing the posterior 
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septum resulted in a high degree of dyssynchrony in all three apical views. This is the 

first study, to our knowledge, evaluating dyssynchrony knowing the true RV lead 

position determined from CT.  

The similar activation pattern observed in the apical, free wall and anterior septum 

groups might be explained by a general tendency of pacing leads to be positioned 

anteriorly during implantation.16,100 Though not further divided into anterior or 

posterior, it is likely that the majority of apical and free wall implantations were 

anterior, thus exhibiting a mean activation pattern similar to anterior septal pacing 

with early anterior LV activation. This will also explain the similar outcomes in the 

three groups. However, this is hypothetical and needs to be confirmed.  

Importantly, compared with the control group, all RV pacing sites resulted in 

significantly higher degree of dyssynchrony. Suggesting that RV pacing, regardless 

of pacing site, will inevitably induce some degree of slow and dyssynchronous 

myocardial activation. It has been hypothesised that RV septal leads positioned in 

close proximity to the conduction system would result in a more physiological 

activation and thus had the potential to mitigate the negative effects induced by RV 

pacing.87–89 However, the conduction system is electrically isolated from the 

myocardium except at the Purkinje terminals, which are mainly located in the RV 

apical region.11 Consequently, conventional septal pacing may primarily induce slow 

myocardial propagation despite the proximity to the conduction system thus gaining 

no or only limited advantage of the conduction system.140    

Clinical consequences of dyssynchronous activation  
In study II, we found that LV contractile dyssynchrony was significantly associated 

with PICM.2 Of interest, not only the overall degree of dyssynchrony but also the 

location of dyssynchrony was found to be an important factor. Increased 

dyssynchrony between the LV anterior and inferior walls (2CH view) was 

independently associated with PICM.  

Using various methods, other studies have investigated the association between 

clinical outcomes and dyssynchrony.11,12,39 In a study from 2008, using QRS duration 

as a measure of electrical dyssynchrony, Zhang et al. found that a wider paced QRS 

duration was a predictor of HF.23 However, in a large study from 2016, including 823 

patients, an association between QRS duration and PICM could not be reproduced.8 

In a study from 2007, Tops et al. evaluated mechanical dyssynchrony by calculating 

time-to-peak based on STE-derived radial strain in RV paced patients.72 The authors 

found that the presence of dyssynchrony, after a mean 3.8 years  of pacemaker 

treatment, was associated with a significant decrease in LVEF and deterioration in 

New York Heart Association functional class. In a prospective study published in 
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2015, Fang et al. evaluated the presence of mechanical dyssynchrony using time-to-

peak based on colour-coded tissue Doppler imaging.141 They found that the early 

presence of pacing-induced dyssynchrony, was significantly associated with 

subsequent deterioration in LVEF and increased end-systolic volumes during 4.8 

years of follow-up.  

However, many studies have applied only crude estimations of dyssynchrony, often 

reducing dyssynchrony to being present or not or being a one-dimensional parameter 

with no consideration for location or direction of the dyssynchronous activation. 

Pacing-induced dyssynchrony is complex and affected by several factors including 

pacing site, individual electroanatomical variations and pre-existing myocardial 

pathologies. It is essential to better understand the dyssynchronous activation during 

pacing to identify those at risk of deterioration after pacemaker implantation. The use 

of rICA provided the opportunity to evaluate LV activation during RV pacing in detail 

by assessing both location and degree of dyssynchrony.2 Furthermore, using all data 

lines throughout systole from the strain rate derived CAMM plot, rICA measured 

discrepancies in activation between entire opposing walls. This ensured that 

dyssynchronous activation along the entire LV long axis view was captured and 

contributed to a comprehensive evaluation. We found that only dyssynchrony 

assessed in the 2CH view was independently associated with PICM. This underlines 

the importance of a thorough TTE evaluation, as restricting the evaluation to the 3CH 

or 4CH view might result in loss of important information.  

The highest levels of dyssynchrony were observed in the 3CH and 4CH views. 

However, high degrees of 3CH and 4CH dyssynchrony were not independently 

associated with PICM. This underlines the importance of the location of dyssynchrony 

and thus the activation sequence in the pathophysiology of pacing. This finding is in 

line with Peschar et al., who argued that a good activation sequence is more important 

to maintain LV systolic function than overall dyssynchrony or duration of activation.80 

Hypothetically, pacing the RV posterior septum likely induces a detrimental 

activation sequence with early activation of the LV inferoseptal and inferior wall with 

pre-stretch of the anterior wall.11 This initial activation may not generate sufficient 

force to open the aortic valve, and the initial myocardial work is wasted. Subsequently, 

the pre-stretched LV anterior wall is activated, forcing the blood flow away from the 

anteriorly positioned LV outflow tract and back towards the prematurely relaxed 

inferior region. Ultimately, this may result in lower myocardial efficiency, premature 

closure of the aortic valve and decreased cardiac output.11,52,80 In contrast, pacing the 

anteriorly may result in an activation sequence mimicking intrinsic activation, even 

though the overall activation may be slower. This hypothesis should be investigated 

in future studies.  
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6.5. CLINICAL APPLICATION OF ELECTROCARDIOGRAPHIC IMAGING  

In study III, we evaluated the accuracy of a novel ECGi method based on the 12-leads 

ECG to localise the RV pacing site and reconstruct biventricular activation.3 We found 

that the new method localised RV pacing site with a mean LE of 14 mm. This result 

is comparable with previous ECGi studies also validating the method using the 

distance between a known stimulation site and the reconstructed initial site of 

activation. The majority of ECGi studies have applied body surface potential mapping 

using up to 256 electrodes, together with a subject specific geometric heart and thorax 

model to reconstruct the ventricular activation.62,142–144  

Thus in 2016, Oosterhoff et. al conducted an ECGi study on four pigs (55-65 kg).142 

Using 64-lead body surface potential mapping for the reconstruction, the authors 

found a distance of 18 mm between the stimulation site and the estimated initial site 

of activation. In a study from 2012, also using 10 pigs, Liu et al. applied 100 leads for 

the body surface potential mapping and found a mean LE of 6 mm.145 Similarly, Han 

et al. found a LE of 5 mm in a study on 13 healthy rabbits with the use of 64 leads.143 

In a study from 2015 including 29 pacemaker patients, Revishvili et al. applied 224 

leads for body surface potential mapping and found a mean 8 mm distance between 

the known pacing site and the reconstructed initial site of activation.144 Similar to our 

study, using only the 12-lead-ECG, Pezzuto et al. conducted an ECGi study in 2021 

including 11 HF patients.101 A detailed patient-specific geometric anatomical model 

based on cardiac magnetic resonance images was constructed and included 

information on myocardial scarring and a detailed thorax model encompassing lungs, 

blood masses, myocardial fibre orientation, connective tissue, muscle and skin. By 

performing invasive intracardiac mapping for comparison, they found a distance of 

14 mm between the reconstructed and the invasively measured endocardial 

breakthrough point during intrinsic activation.  

To our knowledge, our study using clinical data from 137 patients, is the largest study 

conducted to date and only one other study has tested an ECGi method including 

pacemaker patients.144 Furthermore, our method was based on the 12-lead ECG, a 

method only few other and small studies have investigated.101,146 In contrast to the 

study by Pezzuto et al., our method was based on a simple patient-specific model 

without information on myocardial scarring and the thorax model included only 

information on the thoracic border.3 Despite the use of a simple geometric model and 

applying only the 12-lead ECG, our method accurately localised the RV pacing site 

in a very heterogenous and comorbid pacemaker cohort.  

The gold standard for validating ECGi methods is the use of invasive 

electrocardiographic mapping as ground truth data for comparison.102 However, this 
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was unfortunately not available in our study.3 However, the CT scans provided 

accurate knowledge on the RV lead position, serving as ground truth data for 

validation of the reconstructed initial site of activation. Validation of the reconstructed 

activation sequence using ground truth data was not possible and this validation 

should be performed in future studies applying invasive mapping for comparison. 

It is important to remember that ECGi provides only an estimate of cardiac electrical 

activity based on an algorithmic reconstruction and thus it is not a direct recording of 

cardiac activation.  The algorithm makes many assumptions including assumptions 

on the propagation of the electrical wavefront throughout the myocardium and the 

conduction of the electrical impulses to the body surface. Violations of the algorithm 

assumptions may likely affect the accuracy of the method. For example, the algorithm 

applied in our study assumed a uniform propagation velocity throughout the 

myocardium, an assumption that is unlikely to be fully met in an elderly population 

with comorbidities such as ischemic heart disease, valvular heart disease, diabetes 

mellitus and hypertension.3,147,148 However, a non-uniform myocardial propagation 

velocity was indirectly accounted for, as the reconstructed QRS duration was matched 

to the recorded QRS duration.3 Despite potential violations of algorithm assumptions, 

the method accurately localised RV leads implanted throughout the RV endocardium.  

The results from our study as well as other studies on ECGi are promising and show 

the potential of ECGi as a tool to guide intraprocedural pacemaker implantation. 

However, further work is needed to improve the accuracy of the method and its 

clinical applicability. Currently, ECGi is a research tool with the disadvantage of 

requiring the creation of a patient specific model, a time-consuming process requiring 

a cardiac CT or magnetic resonance scan. However, despite the use of a fairly simple 

geometric model in the study, our results were comparable to those from the study by 

Pezzuto et al. using a more complex model.3,101 Future studies on the feasibility of 

using a generic geometric model or model library, making the method manageable in 

a clinical setting, seem encouraging. Another disadvantage of ECGi is the need for 

extensive body surface potential mapping, which is time-consuming and requires 

special technical equipment.149 Importantly, our study showed, that the use of a 

standard 12-lead ECG is feasible thus taking a step further towards making ECGi a 

useful clinical tool.3  

Importantly, the applicability of ECGi is not limited to localising pacing sites and 

guide pacemaker implantation but may have a wide range of potential 

applications.102,150,151  So far, ECGi has been evaluated as a tool to improve patient 

selection in CRT, guide and optimise CRT implantation and localise arrhythmogenic 

substrate for atrial and ventricular arrhythmias.59,102,146,150,152 Furthermore, ECGi has 
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been used to improve risk stratification of malignant ventricular arrhythmias in 

patients with Brugada and arrhythmogenic right ventricular cardiomyopathy.153–155 
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CHAPTER 7. CONCLUSIONS AND 
PERSPECTIVES 

The aim of this dissertation was to investigate the chronic effects of RV pacing and 

the impact of RV lead position. Additionally, we aimed to investigate a novel ECGi 

method with a potential to guide pacemaker lead implantation.  

In study I, we found a high risk of PICM despite normal pre-implant LV systolic 

function.1 Importantly, RV lead position was not found to be associated with the risk 

of PICM though a trend towards a worse outcome was observed for those paced in the 

posterior septum. Of further importance, we found 20% unintended RV free wall 

implantations after routine fluoroscopy-guided RV lead implantation.1 This 

underlines the necessity of new methods to more accurately guide pacemaker lead 

implantation thus minimising the risk of complications. 

In study II, we found that location and degree of LV contractile dyssynchrony was 

indeed associated with PICM and furthermore, that LV dyssynchrony was associated 

with RV lead position.2 Thus, indicating that RV lead position does play a role in 

PICM despite the neutral results from study I.1 Of interest, the highest degree of 

dyssynchrony was observed in those paced from the posterior septum supporting the 

results from the first study.  

In study III, we presented a novel ECGi method that reconstructed biventricular 

activation and accurately localised initial site of activation as a proxy for RV lead 

position.3 ECGi could be a future solution to overcome the shortcomings of current 

implantation methods with the potential to, not only visually guide pacemaker lead 

implantation in relation to cardiac anatomy, but also ensure that the RV lead position 

results in the optimal activation pattern for the individual patient.    

Despite decades of research, the problem of significant deterioration following 

pacemaker implantation has not been solved. So far, efforts to find the optimal RV 

lead position have not been fruitful. Our results on the impact of RV lead position, are 

based on a highly selected pacemaker cohort, and can merely be regarded as 

hypothesis generating. A true benefit of high or mid septal pacing needs to be 

established to justify the potential increased implantation procedure duration, 

radiation exposure, and a high risk of unintended free wall implantations using current 

implantations methods.16,91 Prospective, randomised trials with true randomisation of 

RV lead position are therefore needed. However, accurate comparison of RV lead 

positions is challenged by the limitations of current implantation methods. 
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Furthermore, the currently used segmental approach, comparing implantation sites 

with no consideration of individual electroanatomical variations, may not provide any 

valid answers to the search for optimal lead position.  

Perhaps the “one size fits all” approach is too simple. We showed, that regardless of 

the pacing site, significant LV contractile dyssynchrony was induced compared with 

intrinsic activation.2 This indicates that RV pacing, regardless of the pacing site, is 

likely to induce significant dyssynchrony with increased risk of PICM, potentially 

only mitigated by CRT or conduction system pacing. However, long-term safety and 

efficacy need to be established, as challenges including elevated pacing thresholds 

leading to exit block or premature depletion of the battery and problems with sensing 

have been observed.38,156–158 Consequently, widespread use of these implantation 

strategies may have long prospects and the majority of patients continues to receive 

conventional pacemaker treatment. Thus, it is important to continue the research on 

how to improve pacemaker treatment for the benefit of the many patients in a growing 

pacemaker population. Furthermore, it is important that guidelines clearly address the 

negative consequences of RV pacing and provide recommendations on treatment and 

follow-up of patients at risk.4,43  

The introduction of novel methods in this dissertation, including the use of CT, rICA 

and ECGi, has provided the opportunity to investigate RV pacing from new 

perspectives, bringing new insights to a clinically important topic. Using CT to 

accurately localise RV lead position, allowed for true comparison of different RV lead 

positions. A comprehensive evaluation of LV dyssynchrony was made possible by 

using rICA, thus contributing with new knowledge regarding the pathophysiology of 

PICM and consequences of pacing from different RV lead positions. Finally, 

investigating ECGi as a potential method to guide pacemaker implantation was a 

minor, but important, step towards achieving implantation accuracy, ensuring the 

optimal treatment for each pacemaker patient. 
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