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LBBB- Left bundle branch block 

LGE- Late gadolinium enhancement 

LV- Left ventricle 

LVdP/dtmax- maximal rate of rise of left ventricular pressure)  

LVdP/dtmin- minimum rate of LV pressure increase 

LVEDV- Left ventricular end diastolic volume 

LVESV- Left ventricular end-systolic volumes  

LVIDd- Left ventricular internal diameter diastole 

LVIDs- Left ventricular internal diameter systole 

LVMD- Left ventricular mechanical delay 

LVOT- Left ventricular outflow tract 

LVSD- Left ventricular systolic dysfunction 

MA- Mark Ainslie 

MAP- Mean arterial blood pressure 

MMP- Matrix metalloproteinases 

MOLLI- Modified Look-Locker Inversion-recovery  

MRI- magnetic resonance imaging 

MRI- Magnetic resonance imaging 
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MS- Matthias Schmitt 

PA- Postero-anterior 

PA- Pulmonary artery 

PPM- Permanent pacemaker 

PV- Pulmonary vein  

QOL- Quality of life 

QOL- Quality of life questionnaire  

RAO- Right anterior oblique 

ROIs- Regions of interest  

RQ- Respiratory quotient 

RT3DE- Real time 3 dimensional echo 

RV- Right ventricle 

RVA- Right ventricular apex 

RVOT- Right ventricular outflow tract 

RVS- Right ventricular septum 

SA- Short axis 

SA- Sinoatrial node 

SAE- Serious adverse events  

SAR- Specific absorption rate 

SBP- Systolic blood pressure 

SDI- The systolic dyssynchrony index  

Short T1 inversion recovery (STIR) 

SNR- Signal to noise 

SPAMM- Spatial modulation of magnetisation  

SpGr- Spoiled gradient 

SSFP- Steady state free precession 

SVR- Systemic vascular resistance  

T1 BB TSE- T1 Black blood turbo spin echo 

T2 BB TSE- T2 Black blood turbo spin echo 

T2PLS- Time to peak longitudinal strain  

T2PLSR- Time to peak longitudinal strain rate 
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TAPSE- Tricuspid annular systolic plane excursion  

TDI- Tissue doppler imaging 

TIeff- Effective inversion time 

TOE- Transoesophageal echocardiography  

TSE- Turbo spin-echo  

TTE- Transthoracic echocardiogram  

VENC- Velocity-phase encoding gradient  

VLA- Vertical long axis  

VTI- Velocity time integral  

W/Kg- Watts/Kg  
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Abstract 

Dr Mark P Ainslie, submission for the Degree of Doctor of Philosophy 
(PhD), University of Manchester.  

Thesis title: Multiparametric assessment of apical versus septal pacing 
study using Cardiac Magnetic Imaging. 2015. 

The optimal site at which to pace the right ventricle (RV) is still unclear. This 
study aimed to answer this question utilising cardiac magnetic resonance 
imaging, which up until recently was contraindicated in pacemaker patient 
cohorts. The objective was to determine the effect of apical and outflow tract 
septal pacing on cardiac function and remodeling as assessed by MRI. In 
addition, physcial and psychological functional parameters were assessed.  

A series of sub-studies were performed as part of the research. Study 1 
validated the velocity phase encoding used to determine flow measurements. 
This found measurements were reproducible. 

Study 2 and 3 focused on the method of CPEX testing in pacing dependent 
patients and whether a training effect was observed with the CPEX testing. It 
found that treadmill testing resulted in a greater heart rate response and 
higher VO2 max results. No significant training effect was observed. 

Study 4 used phantom models to determine the effect of metal susceptibility 
artefact on mapping and velocity encoded MR sequences. An inverse 
relationship between artefact and distance from the pacemaker was 
observed. At approximinately 10 cm from the device, artefact is negligible.  

Study 5 determined the best methods of image optimization in the presence of 
the pacemaker. T1 weighted imaging along with spoiled gradient imaging was 
less affected by artefact compared to late gadolinium and bSSFP imaging. 

Study 6 evaluated in-house developed software to measure torsion using data 
derived from commercial available tagging and feature tracking software. At 
low heart rates measures were comparable but tagging became less accurate 
with heart rates over 100 bpm.   

The main study comprised of the baseline data of 50 patients from the 
ongoing MAPS trial and some intermediate data after 9 months for a smaller 
cohort. There was not a significant difference in left ventricular volumes or 
ejection fraction at baseline but differences were observed in deformational 
indices including longitudinal strain, strain rate, twist and torsion. At 9 months 
a difference in ejection fraction was observed between the pacing modes 
along with differences in deformational parameters. Clinically significant 
differences were not seen between pacing positions at baseline or 9 months 
but the outflow tract septal position was superior based on deformational data.  
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Chapter 1: Introduction 

 

1.1 Normal Cardiac Conduction system  
 

The heart contains highly specialized conducting tissue that allows both the 

generation and propagation of an electrical impulse. This tissue is arranged to 

ensure the depolarizing wave is conducted in a rapid and orderly fashion over the 

heart to ensure a synchronous contraction. The electrical system helps ensure 

efficient co-ordination of apical and ventricular contraction and thus when diseased 

can lead to abnormal cardiac output. It is important to understand normal electrical 

physiology in order to understand the challenges of artificial cardiac pacing. The 

normal cardiac conduction tissue is divided into multiple parts as illustrated in Figure 

1.  

The Sinoatrial node (SA) is the physiological pacemaker and contains cells that 

spontaneously depolarize to generate the cardiac impulse. These impulses travel 

across the atria to reach the Atrioventricular node (AVN). The atria and ventricles are 

electrically isolated and it is only across the AVN that electrical impulses can reach 

the ventricles in normal circumstances. From here impulses travel through the HIS 

bundle down the interventricular septum and split into two branches, the left and right 

bundle branches. Further subdivisions occur into a vast network of purkinje fibres 

that encompass both ventricles.  

 

 

 



  24 

Figure 1. The cardiac conduction system 
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The cardiac conduction system is designed to promote efficient contraction of the 

myocardium to achieve an effective cardiac output. It does this by the following 

mechanisms: 

1. An electrical delay between the atria and ventricles. 

x The electrical impulse is delayed at the AV node just enough to allow 

the atria to empty fully. Simultaneous atrial and ventricular contraction 

would lead to inefficient filling and reduced cardiac output. 

 

2.  Very rapid conduction through the HIS-purkinje network. 

x Myocardial cells are effectively stimulated and contract 

simultaneously.  

 

3. Coordinated activation of myocardium. 

x Ventricular contraction begins at the ventricular apex and forces blood 

into the outflow tracts.  

x The heart is a functional syncytium where the electrical impulse freely 

propagates between myocardial cells in all directions. The 

myocardium acts as a single unit making the contraction more 

effective. 

There are many conditions that can lead to disturbances in the hearts normal 

electrical conduction. These can be clinically silent with only changes seen on the 

electrocardiogram (ECG) or the patient can be symptomatic.  

Electrical disturbances disrupt the mechanical efficiency of the myocardium and 

ultimately lead to a fall in stroke volume that leads to a cascade of events that 

ultimately results in symptoms. Non-reversible causes of conduction disturbance that 

result in symptoms are always an indication for the implantation of an artificial 

cardiac pacemaker (PPM).  
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1.2.1 Atrial Fibrillation 
 

Atrial Fibrillation (AF) is an abnormal cardiac rhythm characterized by an irregular 

pulse and a loss of p waves on the ECG. During AF the regulation of the heart rate 

by the sinus node is lost and the ventricular rate is regulated by the conduction ability 

of the AV node. It is very common and the prevalence of AF is around 2% for the 

total population. (1) The prevalence increases with age with estimates between 5-

15% in those aged over 80 years. (2,3) 

 

1.2.2 Type of AF 
 

AF is often categorized into 3 forms. Paroxysmal AF which terminates 

spontaneously within 7 days of onset, persistent AF which either terminates 

spontaneously after 7 days or requires cardioversion, and finally permanent AF 

which remains despite interventions. 

 

1.2.3 Clinical presentation of AF 
 

There are a number of symptoms that occur with AF. Of these, rapid palpitations, 

shortness of breath and chest pain are the most common. Symptoms can range from 

being mild to very severe. The loss of atrial contraction in AF can lead to atrial stasis. 

This predisposes to clot formation, particularly within the left atrial appendage. One 

of the most serious consequences of AF is the increased risk of stroke. AF gives a 4-

5 fold increase in the risk of an ischaemic stroke. (4) Quality of life and exercise 

capacity can both be impaired in individuals with AF. LV function is often impaired 

due to electromechanical dysfunction, with a loss of atrial contraction and irregular 
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ventricular contraction. Diastolic filling time is also reduced and leads to a reduction 

in cardiac output. If the rapidly conducted AF is uncontrolled, permanent LV 

remodelling can occur, leading to heart failure. (5) 

AF is also an independent risk factor for death, with death rates found to be double 

compared to the rest of the population. (6,7) 

 

1.2.3 Pathophysiology 
 

The aetiology of AF is complex and there are several factors that contribute to the 

initiation and maintenance of AF.  It is generally accepted that focal ectopic activity 

occurs at the entry sites of the 4 pulmonary veins entering the left atrium (LA). AF 

episodes are often seen to originate from these areas and these ectopics act as a 

trigger. (8) 

Once in AF, atrial remodelling at a cellular level is seen to occur which increases the 

susceptibility to further AF and promotes the persistence of AF. (9) 

AF is associated with many clinical conditions and these are summarized below 

(Table 1). 
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Table 1. Associated conditions with atrial fibrillation 

 

x Hypertension 

x Heart failure 

x Valvular heart disease e.g. mitral valve disease 

x Cardiomyopathies 

x Congenital heart disease 

x Coronary artery disease 

x Thyroid dysfunction 

x Sleep apnoea 

x Diabetes mellitus 

x Chronic obstructive pulmonary disease 

x Chronic renal disease 

 

 

 

1.2.4 Treatment of AF 
 

AF treatment focuses on two areas. Firstly what is the risk of stroke for the patient 

and the therapies used to reduce this? Secondly should a rate or rhythm control 

approach be adopted for the patient?  

To assess the risk of stroke in patients with any form of AF, risk calculators such as 

the CHADS2Vasc score are used. (10) A score of 2 equates to an annual stroke risk 

of 2.2% and is viewed as an indication for full anticoagulation. (11) A score of 0 does 

not usually require full anticoagulation.  
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A rate control approach adopts therapy that controls the ventricular rate whilst a 

rhythm control approach adopts therapies to maintain sinus rhythm.  

Several randomized studies have compared the effect of rate control versus rhythm 

control on patient outcomes. The majority of studies have shown that rate control is 

not inferior to rhythm control. (12,13) This is in part due poor long-term efficacy and 

adverse effects of many of the drugs used for rhythm control and thus negating any 

potential benefits of being in sinus rhythm. (14) 

Drugs that can be used for AF are given in the following table. 

 

Table 2. Drug therapy for AF. 

Rate Control Rhythm control 

 

Beta blocker 

 

Flecainide 

Calcium Channel blocker Propafenone 

Digoxin Sotalol 

 Amiodarone 

 Dronedarone 
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1.2.5 Catheter ablation  
 

The use of catheter ablation for the treatment of AF has rapidly increased in the past 

decade. Multiple catheter delivery systems and strategies have been developed in 

this progressing field. The most common approach practiced today is to electrically 

isolate the pulmonary veins and thus disconnect them from the LA. (15) Success 

rates in appropriate patients are over 70%. (16,17) 

 

1.2.6 AV node ablation and Pacing 
 

It is possible to ablate the AV node and thus prevent the rapid conduction of AF to 

the ventricles. Although the specialized conduction system distal to the AV node can 

spontaneously depolarize, it is both unreliable and is at a rate too slow for efficient 

myocardial contraction. In order to facilitate an AV node ablation an artificial PPM is 

implanted.  This approach is known as a pace and ablate strategy and has been 

shown to improve exercise tolerance, cardiac function and quality of life. (18) 

 

1.2.7 Pacemakers and AF 
 

Cardiac pacing may lead to an increased incidence of AF, but interestingly also 

offers the potential for preventing it in patients with sinus rhythm and AV block. 

Physiological pacing where AV synchrony is maintained can prevent the 

development of mitral regurgitation and ventricular-atrial conduction, both of which 

could lead to atrial remodelling and an increased risk of AF. Atrial or dual chamber 

pacing, whereby AV synchrony is maintained, have been shown in numerous studies 

to have fewer AF episodes compared to ventricular pacing alone. (19–21) In a meta-
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analysis, atrial-based pacing was shown to have a 20% reduction in AF episodes. 

(22) It is hypothesized that right ventricular (RV) pacing itself can lead to increased 

AF even if AV synchrony is maintained in a dual chamber system. The beneficial 

effect of AV synchrony is negated by the increased burden of AF that RV pacing 

confers. (23)  

In studies where pacing algorithms have reduced the percentage of RV pacing, a 

reduction in AF is seen compared to conventional dual chamber pacing.  The SAVE 

PACE trial used such algorithms and a 40% reduction in AF was observed. (24) 

Atrial pacing theoretically could reduce AF by preventing potential triggers such as 

sinus pauses, bradycardia and atrial ectopics. These triggers alter atrial 

refractoriness and increase inter-atrial conduction times, both of which can result in 

AF. (25) Alternative sites to pace the right atrium (RA), including Bachmann’s bundle, 

high and low atrial septum and ostium of the coronary sinus have been investigated. 

Sites which shorten atrial activation times may reduce the susceptibility of AF. (25) 

Multisite atrial pacing has been investigated and works on the principle that if total 

atrial activation time is reduced, so is the susceptibility to AF. Two methods exist; 

biatrial pacing (LA and RA) and dual-site RA pacing. Both pacing models decrease 

atrial activation time,(26) however the only randomized trial of dual-site versus single 

RA site pacing did not show a statistically significant benefit. (27)  
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1.3.1 Cardiac Pacing 
 

An artificial PPM is a medical device that delivers an electrical impulse directly to the 

heart to cause depolarization of the myocardium and propagate the depolarization to 

the rest of the myocardium.   

The primary purpose of a pacemaker is to maintain an adequate heart rate, because 

there is dysfunction within the SA node, AV node or highly specialised conduction 

system. There are many indications for cardiac pacing and both the American and 

European Cardiac societies have published guidelines. (28,29)  

The pacing system consists of a generator that produces the electrical impulse and a 

set of leads that enable this to be delivered to the heart. The generator itself is a 

hermetically sealed device that consists of a battery, a sensing amplifier, a 

microprocessor and output circuitry. Modern pacing leads are delivered 

transvenously, but epicardial systems still can be used. 

Modern PPMs have the ability to sense the heart’s intrinsic electrical rhythm and will 

only deliver a pacing stimulus if they do not detect an atrial or ventricular 

depolarization. In this way, the PPM can respond appropriately on a beat-to-beat 

basis, pacing only when required.  

With many different manufacturers and models of PPM a generic code has been 

implemented giving the basic information about how the cardiac PPM functions. This 

NASPE/BPEG code is shown in table 3 and will be referred to throughout the thesis. 

The most common pacing modes used in medical practice are DDDR and VVIR.
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Table 3. NASPE code for pacing 

 

Table 3. NASPE code for pacing. 

I II III IV V 

Chamber

(s) paced 

Chamber(s) 

sensed 

Response to 

sensing 
Rate modulation 

Multisite 

pacing 

O = None O = None O = None O = None O = None 

A = 

Atrium 
A = Atrium T = Triggered 

R = Rate 

modulation 
A = Atrium 

V = 

Ventricle 
V = Ventricle I = Inhibited  

V = 

Ventricle 

D = Dual 

(A+V) 
D = Dual (A+V) D = Dual (T+I)  

D = Dual 

(A+V) 

 

I = First letter of code 

V = Fifth letter of code
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1.3.2 Right ventricular pacing 
 

Despite over 250,000 bradycardia devices being implanted across Europe each year, 

(30) the ideal site at which to pace the right ventricle (RV) is not clear.  Accordingly, 

the current ESC/EHRA guidelines do not comment on ventricular lead position. 

The most common practice is to place the lead in the right ventricular apical (RVA) 

position, where it is generally straightforward to implant, safe and effective at pacing. 

(31) This practice is mainly for historic reasons with original pacing leads having no 

active fixation method. (32) The next generation of passive fixation pacing leads also 

relied on tissue ingrowth for true fixation and thus also needed to be placed apically 

to prevent displacement. The latest generation of active fixation leads have a helical 

screw, which can be deployed directly into the endocardium. This allows unrestricted 

positioning of the lead. (33) Initial concerns of the increased risk of lead displacement 

with other sites has been disproven and specifically pacing on the RV septum is safe, 

efficacious, with no increases in displacement rates. (34) 

 

1.3.3 Early clinical trials and RV pacing 
 

The DAVID trial was the first multi-centre trial to demonstrate the detrimental effects 

of RV pacing and raise concerns over its long-term effects. (23) Patients who 

required an implantable cardioverter defibrillator (ICD) were randomized to be 

programmed to either VVI at 40bpm (a backup pacing mode) or DDDR at 70bpm. It 

showed that the 1-year survival free from death or heart failure hospitalization was 

83.9% for the VVI 40 and 73.3% for the DDDR 70 group. When a sub-group analysis 

was performed those patients with >40% ventricular pacing had the worst outcome. 
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In the MADIT II trial, patients who had a previous myocardial infarction and an 

ejection fraction (EF) <30% were randomized to receive an ICD or to remain on 

optimal medical therapy. (35) The ICD group showed greater survival, but patients 

had an increased incidence of heart failure hospitalization. When a sub-study 

analysis was performed, those with a high frequency of pacing had a significantly 

increased risk of new or deterioration of pre-existing heart failure (hazard ratio 1.93, 

p 0.002) and increased episodes of sustained ventricular arrhythmias requiring 

therapy only. (36) 

In the MOST trial, in patients with sinus node disease, it was shown that cumulative 

RV pacing was a strong predictor of heart failure hospitalization in both DDDR and 

VVIR groups and that the risk of developing AF increased linearly with increased 

cumulative pacing. (37) 

The patients in all 3 trials had underlying LV dysfunction and were paced from the 

right ventricular apex (RVA). 

 

1.3.4 Animal models of pacing 
 

Several pacing models in animals have been published, detailing changes in LV 

function associated with RV pacing. Mammalian hearts do all contain a His-Purkinje 

system for rapid electrical conduction but significant inter-species differences in their 

relative size and distribution exist. (38) 

Much of the understanding of normal electrical activation of the ventricles in humans 

comes from animal models. Impulse conduction in the purkinje system occurs quickly 

from base to apex and exits in the lower fourth of the RV and lower third of the LV 

wall in a canine heart. (39) This site corresponds to the earliest activation of 

ventricular myocardium in the heart. The activation of the myocardial septum, LV and 
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RV occurs mainly from apex to base, and from the endocardium to epicardium. The 

electrical impulse is approximately four times slower (0.3-1m/s) in normal myocardial 

tissue compared to the purkinje system. The QRS complex on an ECG corresponds 

to total ventricular activation, in humans this is 70-80ms, in canines it is 40-50ms. 

(40) 

Myerburg et al demonstrated in a canine model that electrical impulses coming from 

the myocardium only enters the purkinje system at the apex, the exit point during 

normal conduction. (39) Therefore the sequence of activation during ventricular 

pacing is via slow conduction though the myocardium from the pacing site. (40) 

Mapping of mechanical activation in canines paced from the RV apex (RVA), 

demonstrated that the septum is activated quickly, but there was a delay in activation 

of the LV free wall. When paced from the LV lateral wall, the opposite pattern is seen 

to RVA pacing. (41) Ventricular pacing usually results in a doubling of QRS duration 

of the surface ECG. In two studies it was shown that RVA pacing resulted in a 

shorter QRS than pacing from the LV at both the lateral and posterior basal walls. 

(40,42) 

Pacing closer to the specialized conducting tissue has been successfully attempted 

and indeed the QRS duration is shortened when the pacing site is located in the high 

ventricular septum. (43–45) Pacing the HIS bundle itself has also been achieved in 

animal studies and unsurprisingly results in the shortest QRS duration and a near 

normal QRS morphology on ECG. (46) 

The effect of altered electrical activation on LV mechanics has also been extensively 

modelled. Whilst two studies suggested global parameters such as torsion were 

minimally effected by ventricular pacing,(47,48) multiple studies have shown 

dramatic derangements at the regional level. In the dog heart when regional strain 

was measured proximally and distally from the pacing site, two distinct patterns were 
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seen. Proximal segments, which were activated early, had rapid early systolic 

shortening of muscle fibres (negative strain) with overall premature relaxation. Those 

fibres distal showed early pre-stretch (upto 15%) before systolic shortening and had 

overall delayed relaxation. (49–51) The time to delayed activation leads to regional 

differences in preload and this may account for the abnormal LV contraction pattern 

observed. Mechanical workload has been shown to dramatically differ between early 

and late activated myocardial segments,(49,52) with reduced workload in early 

segments and increased workload in late segments. Oxygen consumption and 

glucose uptake also have been shown to follow the same pattern. (50,52) 

It has been demonstrated that ventricular performance is influenced by both AV 

synchrony and ventricular synchrony. In sinus rhythm, the maintenance of AV 

synchrony improves cardiac output significantly in both animal and human models. 

(53,54) Both ventricular systolic and diastolic function are seen to be impaired during 

ventricular pacing. Indeed LVdP/dtmax and LVdP/dtmin, sensitive markers of 

contractility and relaxation respectively are both reduced in ventricular pacing. (42) 

The long-term effect of ventricular pacing and the asynchronous activation of the 

ventricles have been shown to result in adverse ventricular remodelling. Van 

Oosterhout et al showed in 8 dogs that after 6 months of asynchronous pacing from 

the LV base, the LV cavity dilated and the site of early-activated myocardium 

became thinner, whilst the late-activated myocardium became thicker. The 

hypertrophy was both as a result of myocyte growth and increased collagen. (55) 

Studies in dogs of pacing in the right ventricular outflow tract (RVOT) have shown 

better segmental activation and ventricular performance when compared to pacing 

from the RVA. (45,56) Interestingly the QRS duration on the ECG did not differ 

significantly between the two sites. 

LV pacing, in particular the LV apex consistently results in better ventricular 

performance when compared to RV pacing, in particular RVA pacing in normal 
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animal hearts. With the use of magnetic resonance imaging (MRI), MRI tagged 

sequences in a canine model showed less hypocontractile segments in LV pacing 

compared to RVA pacing. (49) The combination of LV apical and RV pacing appears 

to confer additional improved haemodynamic performance compared to LV pacing 

alone. (57) 

 

1.3.5 Acute RV pacing in humans 
 

Several studies in humans have shown that acute RV pacing, in particular at the 

RVA may lead to mechanical dyssynchrony and a reduction in global cardiac 

performance. 

Delgado et al studied the acute response of RVA pacing in 25 patients undergoing 

an electrophysiology study using speckle-tracking strain imaging. (58) A significant 

decrease in LV end-diastolic diameter and volume was observed (49±5ml sinus 

rhythm, 45±6, p=<0.001), with no change in LV end-systolic diameter or volume.  

Subsequently the EF (decreased from 56±8% to 48±9% (p=0.001). During apical 

pacing the time difference between the earliest and latest activated segments 

increased significantly from 21ms to 91ms (p<0.001) and in 9 patients a time 

difference of greater than 130ms was observed, signifying LV mechanical 

dyssynchrony. LV global longitudinal strain decreased during pacing from -

18.3±3.5% to 11.8±3.6% (p<0.001) and so did LV twist (12.4±3.7° to 9.7±2.6°, 

p=0.001). 

Using 3D-echocardiography, Liu et al also demonstrated a reduction in LV EF during 

apical pacing (54.4±7.7% compared to 56.7±7.9%, p=0.13) and increased septal to 

posterior wall motion delay (91.9±52.5ms vs 38.6±28.9ms, p<0.0001) in 35 patients 

undergoing a DDD PPM for sick sinus syndrome. (59) 
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In a study of 12 patients undergoing DDD implantation, gated cardiac blood pool 

imaging was performed using a radioactive tracer (technetium 99m) to measure 

global LV function. This showed not only that acute RVA pacing reduced LV EF 

(66.5±4.5% to 60.3±5.2%, p<0.0002), but also after 1 week the EF was further 

reduced to 52.9±8.3%. Interestingly, when the pacing was stopped, LV EF did 

recover over a period of 32 hours to an EF of 62.9±7.6%.  This suggested that 

despite immediate normalization of electrical activity within the heart, the 

myocardium retained electrical memory for the previous activation sequence or that 

cardiac remodelling had started to occur. (60) 

Acute RV apical pacing in the above studies showed intra-ventricular dyssynchrony 

(i.e. septal to lateral wall delay). In a study by Bank et al, in a group of 25 patients 

undergoing an EP study, they found that between-wall dyssynchrony (septal to 

lateral delay) was not significant in RVA pacing even when compared to biventricular 

and LV free wall pacing. RVA pacing however did lead to basal to apical 

dyssynchrony. (61) This is known as intramural dyssynchrony. The characteristic 

systolic pattern of contraction in the longitudinal direction is displacement base to 

apex. This motion contributes to around 60% of stroke volume in humans (62) and is 

required for the normal septal contribution to the EF. (63) In both RV apical and 

biventricular pacing it was observed that the apical segments of the septum and 

lateral wall were displaced in the wrong direction initially during contraction. LV free 

wall pacing in this study showed minimal intramural dyssynchrony. 

The pre-pacing LV function is likely to play a role in the subsequent development of 

pacing related LV dysfunction as demonstrated by Pastore et al. They studied 153 

patients paced for 24 hours. In those patients with a normal pre-pacing ejection 

fraction, 45% developed LV dyssynchrony, in those with moderate pre-pacing LV 

systolic dysfunction, 93% developed LV dyssynchrony, and in those with severe pre-

pacing LV dysfunction, 100% developed LV dyssynchrony. (64)   
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1.3.6 Longer-term effects of RV pacing in humans 
 

From the large pacing-mode selection trials described previously and observation 

studies, it became apparent that there was a deleterious effect of long-term RV 

apical pacing. (65) 

However, with such a heterogeneous population that receive a PPM, it is perhaps 

unsurprising that there are wide variations in the degree of adverse events reported 

long-term. Certainly not all patients experience adverse events. (66) 

In one retrospective study involving 286 patients undergoing a pace and ablate 

strategy, only 9% of patients had a significant reduction in LV EF during follow-

up.(67) Conversely in another retrospective study, this time in patients with high 

grade AV block, 26% of patients from a total of 304 developed new onset heart 

failure after a mean of 6.5 years. It is clear that humans are not all effected equally 

when paced. (68) 

It has been shown that ventricular dyssynchrony may be evident in up-to 50% of 

patients after long-term RV apical pacing. (69,70) 

In 58 patients treated with an AV node ablation, Tops et al showed with speckle 

tracking that after around 4 years of RVA pacing, speckle tracking revealed a 

difference of greater than 130ms between anterior and posterior wall segments in 

57% of patients. In those patients who developed LV dyssynchrony, time to peak 

radial strain was shorter in the anteroseptal segments and longer in the 

posterolateral segments compared to baseline. In those without LV dyssynchrony no 

significant difference was observed. (69) 

Fang et al found that in those that had developed significant mechanical 

dyssynchrony, ventricular size had increased and EF had decreased (64.2±4% vs 

52.6±6%) compared to those patients who had not developed dyssynchrony. (71) 
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Cumulative pacing from the RVA of greater than 40% over 6 months, a low normal 

EF (50%) and pre-existing LV hypertrophy were found to be predictors of developing 

dyssynchrony. Thambo et al found in 23 congenital heart block patients that after 10 

years of RV pacing, patients had higher values for intra-ventricular delay and septal 

to posterior wall motion delay and impaired longitudinal contraction compared to a 

control group. The cardiac output was reduced (3.8±0.6 vs 4.9±0.8 L/min, p<0.05) 

and lower exercise capacity was noted. (70)  

Whilst the presence of mechanical dyssynchrony has been shown consistently in 

several long-term studies, the form that this takes has been shown to vary. Top et al 

showed radial dyssynchrony was present, whilst Ng et al and Bank et al found no 

difference between RV paced patients and volunteers. (61,72) Bank et al did show 

that intramural septal dyssynchrony was characteristic of patients chronically paced 

from the RV apex. Interestingly when those patients with pacing-induced heart failure 

are compared to matched heart failure patients with a similar EF, the pattern of 

dyssynchrony differs. Those paced patients had a smaller LV volume and 

significantly greater septal intramural dyssynchrony. This suggests the mechanism of 

LV dysfunction and remodelling is distinct from other causes of heart failure e.g. 

ischaemic heart disease. (73) 

The normal basal and apical twisting motion of the myocardium serves as an 

important component in the LV ejection of blood. In normal circumstances the base 

and apex rotate in opposite directions with a differential twist of about 18 degrees. In 

patients with chronic RVA pacing, both basal and apical twists are reduced, as is the 

differential twist. In approximately 1/3 of patients apical rotation was in the opposite 

direction to normal and in the same direction as the base. (74) 

Tse et al have evaluated the effect on long-term pacing on myocardial perfusion in 

43 patients with complete heart block. After 35 to 42 months of DDDR pacing from 
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the RVA, patients underwent thallium-201 exercise tests and radionuclide 

ventriculography studies. Perfusion defects were seen in 65% of patients, most 

frequently at the RV apex and regional wall abnormalities were seen in 65% of 

patients. Interestingly on coronary angiography only 19% of patients had epicardial 

coronary artery disease, suggesting the pacing itself was causing regional flow 

heterogeneity. This has also been seen in animal models and offers another potential 

mechanism for the development of abnormal contraction and LV remodelling. (75) 

Long-term RVA pacing has also been shown to result in asymmetrical changes in LV 

wall thickness. This is likely due to an altered dispersion of mechanical workload 

throughout the cardiac cycle. (70) Histologically, it has been shown that chronic RVA 

pacing results in changes in myofibre length, fat deposition, fibrosis, sclerosis and 

mitochondrial morphological changes. (76) 

 

1.3.7 Alternative pacing sites 
 

A growing number of studies have investigated the effect of alternative sites to pace 

the RV because there is now strong evidence that RVA pacing adversely affects 

cardiac function. This work forms the rationale for this study. It contributes to 

worsening heart failure in individuals with pre-existing structural heart disease and 

LV dysfunction (32,77,78) and also causes ventricular remodelling and a reduction in 

ejection fractions in those with structurally normal hearts. (70) 

The inevitable consequence of RVA pacing is left bundle branch block which in itself 

is an independent predictor of mortality and morbidity. (79) Accordingly RVA pacing 

induces electrical and mechanical dyssynchrony. (80,81) Collectively these insights 

have led to the investigation of alternative pacing sites – most notably the RV septum 

(RVS) or outflow tract (RVOT), as well as biventricular pacing. 
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1.3.8 Biventricular pacing versus RV apical pacing 
 

A number of studies have investigated whether biventricular pacing (also known as 

cardiac resynchronization therapy- CRT) has benefits over standard RVA pacing for 

non-heart failure patients. Currently CRT is recommended only for those patients 

with significant LV dysfunction, a QRS complex on the surface ECG of greater than 

120ms, whom remain in class II-IV heart failure despite optimal medical therapy. In 

the HOBIPACE trial, a randomized crossover study of 30 patients with AV block and 

LV dysfunction compared CRT to DDD pacing. CRT after only 3 months was 

superior in terms of LV EF and the patients functional status. (82) In the BLOCK-HF 

trial, 691 patients with an EF of less than 50% were randomized to CRT or RVA 

pacing. In this cohort, the primary outcome of death from any cause, heart failure 

admission requiring intravenous therapy or a greater than 15% increase in left 

ventricular end-systolic volumes (LVESV) were lower in the CRT group. (83) 

Yu et al followed 177 patients with normal LV systolic function after being 

randomized to RVA or CRT pacing. Although, EF was better preserved after one 

year of pacing, no difference in functional status, nor heart failure was observed, 

even when the follow-up was extended for another one year. (84,85) 

Five clinical trials randomizing a total of 641 patients with permanent AF to RVA 

pacing or CRT have been carried out (PAVE, MUSTIC AF, OPSITE, Brignole et al 

group and PREVENT-HF). (86–90)  The first three did show some functional patient 

benefit in favour of CRT with respect of improved six-minute walking distances, and 

the PAVE study did show the EF to be significantly greater after 6 months in the CRT 

arm of the study (46%vs 40.7%). Brignole et al showed heart failure hospitalization 

and death were significantly greater in the RVA group. (89) However in the 

PREVENT-HF study, after 12 months of pacing no significant volume changes were 
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seen between the pacing sites, nor were there significant differences in heart failure 

events.(90)  

Whilst CRT appears beneficial in those with reduced baseline function, in those with 

normal function the evidence is not as strong requiring further work in this area 

and/or implying a small effect size.  

 

1.3.9 Alternative right ventricular sites 
 

With the increasing evidence that RV apical pacing leads to electrical and 

mechanical dyssynchrony with the resultant reduction in ventricular function and 

increased risk of developing heart failure, alternative pacing lead locations have been 

studied. A summary of the pertinent literature is shown in table 4.  

 

His pacing 
 

Para-hisian pacing whereby the specialized conduction tissue is in part stimulated, 

perhaps produces ventricular activation most analogous to normal physiology. It 

appears feasible and has been shown to produce near normal LV activation patterns 

(91) and in the acute setting result in less dyssynchrony and superior LV function 

compared to RVA pacing. (92) A 3 month cross-over study comparing HIS and RVA 

pacing did show reduced LV dyssynchrony using tissue doppler imaging (TDI) and 

less mitral regurgitation in the HIS group. (93) Over a longer follow up, HIS pacing 

was shown to improve LV EF and reduce LV end-diastolic diameter in patients with 

severe LV systolic impairment. (94) 
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Both intra-ventricular and inter-ventricular dyssynchrony have been shown to be 

reduced with Para-hisian pacing. (93,95) HIS bundle pacing is technically and 

logistically challenging requiring a specialized electrophysiology lab setup to achieve 

it. Practically it is not an option for the majority of PPM implants. 

 

Right ventricular outflow tract  
 

The RVOT is a common alternative site to RVA pacing and several studies have 

investigated its effect on ventricular function. Initial concerns over lead stability have 

proved unfounded and RVOT leads perform as well as RV apical leads in the short, 

intermediate and long term in terms of safety and feasibility. (96–98) 

Studies have demonstrated in acute pacing models, improvements in LV function 

and dyssynchrony when compared to RVA pacing. Using speckle tracking echo, one 

study in 20 patients showed that RVOT pacing resulted in less radial dyssynchrony 

than RVA pacing. Coronary perfusion was also less affected. (99) Giudici showed 

that RVOT increased cardiac output by over 18% compared to RVA pacing, using 

Doppler echocardiography. (100) Longer-term studies have also shown a favourable 

outcome. Longitudinal function was shown to be superior in RVOT group in 58 

patient followed up over 2 ½ years. (101) An 18 month crossover study in 24 patients 

who were 100% paced, showed that no changes in perfusion or dyssynchrony could 

be detected between RVOT and RVA pacing after 6 months. However after 18 

months there were significant changes, with more perfusion defects and regional 

dyssynchrony in the RVA group. (102) 

Whilst these studies demonstrated a positive outcome for RVOT pacing, others have 

failed to show any benefit in terms of LV function and patients functional capacity. 

Victor et al in a small study of 16 patients, showed no difference in LV function, QRS 
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duration, or exercise capacity over a 3-month period. (34) Similarly in a larger multi-

centre randomized trial, it found no significant difference in EF or exercise capacity 

between RVA and RVOT sites. (103) Conflicting evidence exists regarding the 

mortality benefit, one study showing no difference,(104) a second showing improved 

mortality for the RVOT group. (105) 

 

RV septal pacing 
 

Septal pacing is another alternative site that has been investigated to determine if it 

offers superior outcomes to RVA pacing. Like RVOT pacing, pacing thresholds and 

lead stability are good, so this is a feasible method of pacing. (106) Acute studies 

have demonstrated, less ventricular dyssynchrony is present compared to RVA 

pacing (107,108) and the QRS duration is shorter and the EF is greater. (109) In the 

longer term, after 12 months one study showed upto 48% of RVA paced patients 

(n=46) had intraventricular dyssynchrony compared to only 19.4% of RVS patients 

(n=47). (110) Like RVOT pacing studies have been conflicting. One acute study 

showed no significant difference in dyssynchrony between the pacing sites, or LV 

EF. (111) In one randomized study with 98 patients (53 RVS, 45RVA) no differences 

were found in EF or exercise capacity after 18 months. (112) The most recently 

published study by Molina et al, randomized 142 patients with advanced AV block, to 

RV mid septal or RVA pacing. (113) 50% of the patients during the 1 year follow up 

were excluded on the basis of less than 98% pacing, leaving 34 patients in the RVA 

arm and 37 in the RVS arm. At 1 year the 6-minute walk test improved significantly in 

both groups, but was greatest in the RVS group (15% vs 24% improvement), whilst 

the EF significantly improved in the RVS group (57 to 61%, p= 0.008) but not the 

RVA group (52 to 54%, NS). This was due to a reduction in the Left ventricular end 
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diastolic volume (LVEDD) in the apical group (70.6 to 61.9mls) compared to the 

slight increase in the RVS group (66.2 to 67.6mls).  

 

Conflicting results between alternate pacing sites 
 

There are several potential reasons why conflicting results have been found. Studies 

to date have been invariably small and therefore underpowered to detect small 

differences in cardiac output (which may nonetheless be clinically significant e.g. 

5%).  Furthermore the methodology to assess ventricular function has varied widely 

including echocardiography, radionucleotide techniques, and also thermodilution.  

The cohorts studied have also been disparate with some having individuals with 

normal LV function, some reduced LV function, some with ischaemic heart disease 

(IHD), some with no evidence of IHD. As important is a lack of consistency in the 

definition of both RVS and RVOT pacing sites and the additional variation this can 

introduce. (97) Mond, an expert in RVOT pacing suggests that it is RVOT septal 

pacing that is superior rather than just RVOT pacing and that many studies have not 

used this precise location. (114) The length of studies is clearly important, and at 

present there is a paucity of good quality long-term trials.   

The majority of studies attempting to answer this important clinical question have 

employed echocardiography to determine LV function.  Such studies have shown 

only a small difference between ejection fractions between pacing sites, in the order 

of 10%. (34,97,115) Due to the significant test-retest variability paired with mediocre 

inter- and intra- observer variability of echocardiography it is not possible to robustly 

measure change of this magnitude.  Estimates of the ability of echo to reliably detect 

inter-study change, are in the order of 13.2% for EF. (116) Given the small sample 

sizes, the small magnitude in EF changes (< 10% in most positive trials) and its 
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variability between studies, combined with the sensitivity of echocardiography to 

detect relatively small change, the reliability of such observations can be reasonably 

called into question.  Conversely, cardiac magnetic resonance imaging (CMR or 

CMRI) enables the most accurate assessment of ventricular function with an ability to 

reliably detect a change in EF in the magnitude of 6% or more. (117,118) It is only 

now that MRI can be performed in those with cardiac devices and this will be 

discussed later. 

The use of measures of dyssynchrony is also challenging since there are over 19 

measures described in the literature. This makes comparing one study to another 

difficult if they have used differing indices.  
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Table 4. Studies com
paring alternative site pacing. 

Study 
Pacing sites 

D
esign 

D
uration of 

follow
 up 

Sum
m

ary of findings 

 B
enchim

ol et al 1966 
(119) 

 R
VO

T, R
V inflow

, 

R
V septum

 

 6 pts 

O
bservational 

Invasive haem
odynam

ics 

 Acute 

 N
o difference in cardiac index, 

stoke index, m
ean arterial 

pressure. 

B
arold et al 1969 

(120) 
R

VO
T, R

V inflow
 

52 pts  

O
bservational 

Invasive haem
odynam

ics 

Acute 
N

o difference seen. 

C
ow

ell et al 1994 
(121) 

R
VA 

R
VS 

15 pts 

O
bservational 

Invasive haem
odynam

ics 

Acute 
Increased C

O
 in R

VS. 
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 G
iudici et al 1997 

(100) 

 R
VA 

R
VO

T 

 89 pts 

R
andom

ised 

Echocardiography 

 Acute 

 

 C
O

 increased 18%
 w

ith R
VO

T. 

B
uckingham

 et al 
1997 (115) 

R
VA 

R
VO

T 

11 pts 

R
andom

ised, 

Echocardiography 

Acute 
Trend tow

ards higher C
O

 w
ith 

R
VO

T. 

K
arpaw

ick and M
ital 

1997 (122) 
R

A 

R
VA 

R
VS 

22 pts 

R
andom

ised  

Invasive haem
odynam

ics 

Acute 
Significant decrease in LV dp/dt 

w
ith R

VA. 

B
uckingham

 et al 
1998 (123) 

R
VO

T 

R
VA 

14 pts, EF <40%
 

R
andom

ised 

Invasive haem
odynam

ics 

Echocardiography  

Acute 
D

iastolic and systolic function 

sm
all im

provem
ent w

ith R
VO

T. 
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 D
e C

ock et al 1998 
(124) 

 R
VA 

R
VO

T 

 17 pts 

R
andom

ised 

Invasive haem
odynam

ics 

Echocardiography  

 Acute 

 R
VO

T pacing higher cardiac 

index than R
VA. 

Alboni et al 1998 
(125) 

R
VA 

R
VS  

R
VO

T 

21 pts 

O
bservational 

Acute 
 

M
era et al 1999 (126) 

R
VS 

R
VA 

12 pts 

R
andom

ized crossover 

C
hronic AF and AVN

 ablation 

M
ild to m

oderate LVSD
 

Echocardiography  

R
adionuclide ventriculography 

2 m
onths each 

arm
. 

Increased LVEF and fractional 

shortening in R
VS
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 Victor et al 1999 (34) 

 R
VA 

R
VO

T 

 16 pts 

Prospective random
ized crossover 

C
hronic atrial tachycardia and com

plete 

AV block 

EF >40%
 in 10 pts 

Echocardiography  

 4 m
onths then 3 

m
onths 

 N
o difference in LVEF or C

O
. 

Schw
aab et al 1999 

(109) 
R

VA 

R
VS 

14 pts 

R
andom

ized 

R
adionucleotide ventriculography 

Acute 

 

N
arrow

er Q
R

S w
ith R

VS and 

better C
O

. 

K
olettis et al 2000 

(127) 
R

VA 

R
VO

T 

20 pts, random
ized 

Invasive haem
odynam

ics 

Echocardiography  

Acute (5 m
ins) 

N
o significant difference in 

systolic function. 

D
iastolic function im

proved w
ith 

R
VO

T but not significant 
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 Tse et al, 2002 (102) 

 R
VA 

R
VO

T 

 24 pts 

R
andom

ized (12 each) 

M
yocardial scintigraphy 

R
adionuclide ventriculography 

 6 m
 and 18m

 

 Increased regional m
yocardial 

perfusion defects in R
VA group. 

Increased R
egional w

all 

abnorm
alities in R

VA and low
er 

EF. 

Stam
bler et al (the 

R
O

VA2003) (103) 
R

VA 

R
VO

T, dual site 

103 pts. 

LVEF<40%
 

C
hronic AF 

C
rossover at 6 m

onths 

Echocardiography  

6M
W

T 

12m
 

N
o significant difference in 

6M
W

T, EF or Q
O

L 
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 D
eshm

unkh et al 
2004 (128) 

 R
VA 

H
is 

 54 pts 

EF 23%
 

Invasive haem
odynam

ics, 

Echocardiography 

C
PEX

 

 6m
 to 9yrs 

 Increased EF and 

C
ardiopulm

onary fitness in H
is 

group. 

O
cchetta et al 2006 

(95) 
R

VA 

Par-H
isian 

16 pts 

C
hronic AF and AVN

 ablation 

C
rossover- 6 m

onths each 

Echocardiography  

1 year  
Im

proved 6M
W

T and less inter-

ventricular delay w
ith H

is. 

Increased LVEF w
ith H

IS but 

not significant. 

Victor et al (129) 

2006 

R
VS vs R

VA
 

28 pts 

C
hronic AF 

C
rossover 3 m

onths 

 
N

o difference in pts w
ith 

baseline LVEF > 45%
. 

Significant difference in those 

w
ith baseline EF <45%
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 R
es et al, 2007 (96) 

 R
VA vs bifocal 

R
VA/R

VO
T 

 42 pts, EF <35%
 

Blind, random
ized crossover, 3 m

onths 

each arm
 

Echocardiography  

6M
W

T 

Q
O

L 

 7 m
 

 Bifocal pacing superior EF, 

6M
W

T and Q
O

L. 

Ten C
ate et al, 2008 

(130) 
R

VA 

R
VO

T 

14 pts (7 R
VO

T, 7 R
VA)  

N
orm

al EF 

Echocardiography  

Acute 
N

o difference betw
een sites 

w
ith respect to longitudinal 

strain and w
all m

otion score. 

Vanerio et al, 2008 
(105) 

R
VA 

R
VO

T 

150 pts random
ized 

AF and com
plete heart block 

(spontaneous or ablation) 

C
om

pare all cause m
ortality 

M
ean 3 years 

R
VO

T im
proves m

edium
 and 

long-term
 survival 
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 M
olina et al, 2014 

(113) 

 R
VA 

R
VS 

 34 R
VA, 37R

VS 

R
andom

ized 

Echocardiography  

6M
W

T 

 Acute and 1 year 

 R
VS had significant 

im
provem

ent in E
F (57 to 61%

, 

p= 0.008) 

6M
W

T increased in both groups 

but N
S. 

Protect PAC
E 2015 

(131) 
R

VA 

H
igh R

VS 

240 pts. 

120 each arm
. 

H
igh degree AV block 

EF >50%
 

2 years 
R

VA LVEF reduced from
 56±9 

to 55±9%
 

R
VH

S 56±10 to 54±10%
. 

N
o significant difference in heart 

failure, AF burden, m
ortality or 

BN
P levels. 

N
o significant difference in intra-

patient change in LV
EF 

betw
een pacing groups. 

  



  57 

 

1.4 RVOT anatomy 
 

The RVOT has been historically poorly defined, with the term being used to describe 

the true outflow tract, the mid septum and the anterior portion superior to the 

apex.(132) 

Attempts have been made to standardize the nomenclature but defining the region is 

challenging. Anatomists, device implanters and electrophysiologists perhaps all have 

differing point of view with respect to this region.  

Giudici, Karpawich and Lieberman have described the anatomical basis of the non-

apical pacing sites including the RVOT, with Mond et al elaborating further on this. 

(132–134) In 2007, Mond et al published a review of the RVOT in terms of anatomy, 

radiographic views and the 12 lead ECG appearances, related to lead positioning. 

Table 5 gives the classification suggested by the 3 authors above, figures 2 and 3 

illustrating the anatomy.   
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Table 5. Anatom
y of the R

VO
T- D

iffering definitions. 

G
iudici and K

arpaw
ich 1999(133) 

Lieberm
an et al 2004(134) 

M
ond et al 2007(132) 

R
V inlet septal: 

Above, on or below
 the annulus of the 

septal/anterior tricuspid valve leaflet. N
orm

al 

Q
R

S m
orphology and axis. 

Low
er R

VO
T border: 

Line extending from
 the tricuspid valve apex 

to the border of the R
V. 

R
VO

T: 

Pulm
onary valve superiorly and the superior 

aspect of the tricuspid apparatus inferiorly. 

M
ond describes 4 com

ponents, septum
, 

anterior w
all, free w

all and posterior w
all. 

R
V infundibular septal pacing: 

Proxim
al to pulm

onary valve, distal to crista 

supraventricularis. LBBB w
ith Left axis 

deviation. 

U
pper R

VO
T border: 

Pulm
onary valve 

R
VO

T septum
: 

Inferior portion below
 the crista 

supraventricularis and left of septom
arginal 

trabeculation lies true septum
. 

R
V outflow

 septal: 

N
ear the septal/m

oderator band insertion at 

m
id-position of the R

V septum
. 

H
igh Septal: 

Above a line m
id w

ay betw
een P

V and low
er 

R
VO

T border 

R
VO

T anterior 
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LBBB w
ith left axis deviation. 

To the left of a vertical line betw
een P

V and 

R
VO

T low
er border 

R
V apical septal: 

Proxim
al to septal m

oderator band. 

LBBB w
ith left/right/norm

al axis 

Low
 septal: 

Below
 a line m

id w
ay betw

een P
V and low

er 

R
VO

T border                                                        

To the left of a vertical line betw
een P

V and 

R
VO

T low
er border 

R
VO

T posterior w
all 

 
H

igh free w
all: 

Above a line m
id w

ay betw
een P

V and low
er 

R
VO

T border.                                                    

To the right of a vertical line betw
een P

V and 

R
VO

T low
er border 

R
VO

T free w
all 

 
Low

 free w
all: 

Below
 a line m

id w
ay betw

een P
V and low

er 

R
VO

T border                                                

To the right of a vertical line betw
een P

V and 

R
VO

T low
er border 
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Figure 2. RVOT anatomy 
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Figure 3. Cross sectional anatomy of the RVOT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LA- Left atrium 

RA-Right atrium 

LVOT- Left ventricular outflow tract 

RVOT- Right ventricular outflow tract 
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1.5.1 Cardiac dyssynchrony and imaging methods to measure it. 
 

Cardiac dyssynchrony is described in one of three forms. Inter-ventricular 

dyssynchrony is a delay between RV and LV systolic contraction, intra-ventricular 

dyssynchrony is a delay between individual segments of the LV and atrio-ventricular 

(AV) dyssynchrony is a discordance of the normal sequential AV filling. 

AV sequential filling is maintained in dual chamber pacing and atrial-based single 

chamber pacing and is often referred to as physiological pacing when correctly 

programmed.  The cohort of patients in this thesis all have permanent AF and thus 

AV synchrony is not present. Therefore only methods of measuring inter-ventricular 

and intra-ventricular dyssynchrony are described. 

 

 

1.5.2 Inter-ventricular dyssynchrony 
 

1.5.2.1 Echocardiography 
 

The majority of studies of inter-ventricular dyssynchrony have utilized 

echocardiography-based measurements.  Visual assessment by the human eye 

alone cannot reliably detect differences of less than 70milliseconds and so 

predefined measurements and the protocols to achieve them are required. (135) 

Measurements using Doppler and TDI echo techniques have been described in the 

literature. 

 

Pulsed wave Doppler 
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Pulsed wave Doppler in the pulmonary and aortic outflow tracts can be used to 

measure pre-ejection times. The time is taken from the start of the QRS complex 

taken from the surface ECG, to the start of both pulmonary and aortic flow. A delay in 

the time to pulmonary or aortic flows are called right and left ventricular pre-ejection 

delays respectively. A difference between left and right pre-ejection times gives us 

the inter-ventricular mechanical delay (IVMD). A value of greater than 40milliseconds 

is considered abnormal and was used as one of the selection criteria for the CARE-

HF trial. The larger the IVMD, the more likely dyssynchrony is present. This measure 

of dyssynchrony has shown to be one of the most reproducible measures. (136)   

 

Tissue Doppler Imaging 
 

TDI is a modification of conventional colour Doppler imaging, whereby the velocity of 

the myocardium is measured. TDI velocities can be displayed as a spectral pulse, m-

mode or colour coded in a 2D image. TDI allows the measurement of peak systolic 

velocities of the myocardium, providing an assessment of longitudinal function 

throughout the cardiac cycle. Peak systolic velocity of the myocardium can be 

assessed in relation to the surface ECG. TDI can be used to measure inter-

ventricular dyssynchrony by PW Doppler obtained in 2 segments, at the level of the 

tricuspid wall annulus and LV free wall.  

TDI does have some disadvantages. It can only measure one aspect of myocardial 

function, longitudinal function. It cannot accurately assess either radial or 

circumferential deformation. Whilst TDI has good temporal resolution it does suffer 

from a poor signal to noise (SNR) ratio. The spatial resolution is low, and if the heart 

is off axis, then both longitudinal and radial velocities are included, making 

interpretation difficult. Another limitation is that it cannot differentiate active and 

passive myocardial movement. Due to the effect of tethering an infarcted area of 
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myocardium may have velocity resulting from it being passively pulled by the 

adjacent healthy segment. Finally TDI appears highly operator dependent and 

suffers from poor reproducibility, even in experienced technicians hands. (137)  

 

1.5.3 Intra-ventricular dyssynchrony  
 

There are multiple measures of intraventricular dyssynchrony that have been 

described in the literature and several imaging modalities can be used.  

 

1.5.3.1 Echocardiography 
 

Echocardiography is the most widely described modality for measuring intra-

ventricular dyssynchrony.   

The simplest measure is the aortic pre-ejection time, measured from onset of the 

QRS complex to the start of Doppler flow within the aortic outflow tract. A time of 

greater than 140milliseconds indicates intra-ventricular dyssynchrony is likely to be 

present. (138) M-mode echocardiography can be used to measure septal to posterior 

wall delay in the parasternal short axis at the level of the papillary muscles. (139) It 

has been shown to have some use in predicting response to cardiac 

resynchronization therapy (139,140) but it is difficult to measure and has high inter-

observer variability. (141) One group found that in 38% of patients it could not be 

accurately measured. (142) 

Pulsed wave TDI obtained in the basal lateral and basal septum of the LV 4 chamber 

can be used to give a septal to lateral delay. A delay of greater than 60 milliseconds 

is considered to be significant and represent intra-ventricular dyssynchrony. (143) 
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This is a two-segment model, but with more advanced imaging systems multiple 

segment models can be utilized so all the LV myocardium can be assessed. A 12-

segment model was used by Yu and colleagues to create a dyssynchrony index. 

Using colour coded TDI, the time to peak systolic velocity in 12 segments obtained in 

2, 3 and 4 chamber views are measured and the standard deviation between the 

segments is calculated. A value less than 34 milliseconds suggests absence of 

dyssynchrony, whilst the higher the SD, the greater the likelihood of underlying 

dyssynchrony. (144)  

As previously mentioned TDI cannot distinguish between active and passive 

movement, so it will be less reliable when scar tissue is present. Strain imaging can 

potentially get around this by assessing the active myocardial deformation. Both the 

timing and amount of myocardial movement can be measured, with measurement 

expressed as a percentage change from the original length. Strain and strain rate 

obtained by TDI, however can be difficult to obtain and analyse. In particular, 

increased angle between the US beam and the myocardium can lead to an 

underestimation of strain. (145) 

Speckle tracking is another technique that can measure myocardial strain that can be 

measured offline on conventional 2D echo images. It is not angle dependent like 

tissue Doppler, but does deliver high frame rates and can produce more noise. 

Myocardial strain, myocardial strain rate and time to peak strain can all be used to 

measure dyssynchrony. 

Real-time 3-dimentional echo (RT3DE), allows multiple myocardial segments to be 

viewed at once and potentially allows longitudinal, radial and circumferential 

deformation to be measured. Although images are quick to acquire, temporal 

resolution is low. RT3DE allows the generation of volume time curves for the 

ventricle and it is a change in volume for each myocardial segment that can be used 
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to determine intra-ventricular dyssynchrony. The standard deviation of the time from 

QRS onset to minimum systolic volume can be been used for 6, 12 and 16 segment 

LV models.(146) Studies have shown concordance rates between RT3DE and TDI 

56% and 76% for detecting left ventricular mechanical delay (LVMD). (147)  
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Figure 4. Schematic representations of Inter-ventricular (A) and Intra-
ventricular (B) dyssynchrony during RV apical pacing assessed by doppler 
echocardiography. 

 

A- Both the RV and LV electromechanical delays are measured from the onset of the 

QRS complex (dashed line). The RV electromechanical delay is the time from the 

onset of QRS interval to the onset of pulmonary systolic flow (blue arrow). The LV 

electromechanical delay is the time from the onset of QRS complex to the onset of 

aortic systolic flow (red arrow). The inter-ventricular dyssynchrony can be calculated 

as the difference between the RV and the LV electromechanical delays (black 

arrow). 

B- Intra-ventricular dyssynchrony is represented by the delay in mechanical 

activation between different segments within the LV. The time from onset of the QRS 

complex to peak systolic strain for the septum (green arrow) and the posterior or 

lateral wall (red arrow) is indicated. The difference in time-to-peak strain for the 

various segments is the delay in mechanical activation, or LV intra-ventricular 

dyssynchrony (indicated by the black arrow).  

 

 

 

 

Reprinted from J Am Coll Cardiol, 54(9), Tops LF, Schalij MJ, Bax JJ. The effects of 
right ventricular apical pacing on ventricular function and dyssynchrony implications 
for therapy, 764-76, copyright 2009, with permission from Elsevier. 

A B 
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1.5.3.2 Nuclear Imaging 
 

Inter-ventricular and intra-ventricular dyssynchrony can be measured using 

equilibrium radionucleotide-gated blood pool angiography (ERNA). This technique 

showed good correspondence between the morphology of the QRS complex and 

detectable inter and intra-ventricular dyssynchrony. (148)  

 

 

1.5.3.3 Cardiovascular Magnetic Resonance Imaging 
 

CMRI is the gold standard for ventricular volumetric analysis and assessment of 

global LV function. This is due to its good spatial resolution, high test-retest 

reproducibility and the lack of geometric volume assumptions compared to standard 

echocardiography. (149) MRI cine is also excellent for regional assessment of 

myocardial function. Several MRI techniques have been developed for the 

assessment of LV mechanical dyssynchrony. These included myocardial tagging, 

Vector-velocity-encoding, radial segmentation and feature tracking. 

Myocardial tagging is a process whereby non-physical markers (lines or grids) are 

placed inside the myocardium using magnetizing pulses with a gradient. These 

markers, called Tags, have had their longitudinal magnetisation altered and appear 

in the acquired images as dark lines. They act as points of reference that deform with 

the myocardium to which they are linked. Analysis of the movement of these tags 

throughout the cardiac cycle can be used to calculate myocardial deformation and 

strain. The magnetisation pattern is called spatial modulation of magnetisation 

(SPAMM), which has subsequently been improved with complimentary SPAMM 

(CSPAMM).  
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SPAMM uses 2 radiofrequency pulses, separated by a gradient to generate the tag 

lines. (Figure 5) The tag lines gradually fade due to T1 relaxation of the tissue. Since 

the T1 relaxation approximates the length of an average cardiac cycle at 1.5 Tesla, 

the tag lines can fade towards the end of the cardiac cycle and information on 

myocardial deformation is incomplete in the later phases. (150) CSPAMM acquires 

two tagged lines that are 180 degrees out of phase with each other and then 

subtracts them. The tags last much longer throughout both systole and diastole, but 

acquisition time is increased.  

 

Figure 5. Tagging of the left ventricle in short axis in diastole and systole. 

 

There are several methods for analysing the tagged MR images to obtain 

deformational data. 

Harmonic phase analysis (HARP) measures the movement from tagged images by 

filtering certain regions in the frequency domain of the images called harmonic 

peaks.(151) This image is then decomposed into a magnitude and a harmonic 

phase. The magnitude relates to the underlying anatomy of the heart and the 

harmonic phase relates to the tag deformation. If one considers a segment of 
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myocardium with a vertical tag pattern, the number of tags per unit length of this 

segment is the frequency. When the myocardium contracts, the segment shortens 

and the tag lines become closer, so the tag frequency increases.  

In a study by Rutz et al, post processing using HARP allowed three different 

dyssynchrony measures to be compared between controls and patients with LBBB 

and post myocardial infarction. These were the standard deviation of the maximum 

time to mid wall contraction, the CURE index and the SDI. All three showed a 

significant difference in dyssynchrony between the control and the patients, with the 

CURE and SDI in particular having excellent correlation with each other r=0.93 

p=0.0001. (152) 

The Circumferential uniformity ratio estimate (CURE) index is a number between 1 

and 0 generated using fourier transformed circumferential strain data from 24 points 

around the short axis. Synchronous contraction gives a score of 1 and 

dyssynchronous gives a score of 0. (153) 

The systolic dyssynchrony index (SDI) gives a global estimate of dyssynchrony using 

data derived from mid wall circumferential shortening. (152) 

Velocity-encoded MRI assesses LV dyssynchrony by measuring differences in 

regional time to peak myocardial velocities, similar to TDI in echocardiography. The 

time difference between the peak systolic velocity of the septum and the lateral walls 

is used, with a bigger delay indicating dyssynchrony. (154)
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Figure 6. Example of LV dyssynchrony assessment in a patient 

 (A) The color-coded tissue Doppler images four-chamber view. The velocity graphs 

are presented in the right panel of A. There is extensive LV dyssynchrony with a 

septal-to-lateral delay in peak systolic velocities of 115 ms (arrows). The 

accompanying velocity encoded magnetic resonance imaging and velocity graphs 

are presented in panels B and C, respectively, confirming extensive LV 

dyssynchrony with a septal-to-lateral delay of 116 ms. 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from J Am Coll Cardiol, 47(10), Westenberg J, Lamb H, Van der Geest et 
al. Assessment of left ventricular dyssynchrony with conduction delay and idiopathic 
dilated cardiomyopathy: head to head comparison between tissue doppler imaging 
and velocity-encoded magnetic resonance imaging, 2042-2048, copyright 2006, with 
permission from Elsevier.
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Radial motion and radial thickness of the myocardium can be used to measure 

dyssynchrony. The standard deviation of the time to peak radial motion and 

thickness in 16 or more LV segments can be used as a marker of mechanical 

dyssynchrony. (155) 

Another novel method of assessing dyssynchrony using radial motion is the CMR-

Tissue Resynchronisation Index (CMR-TSI). This assesses the dispersion of time to 

peak radial motion and has been shown to be an independent risk factor for 

cardiovascular mortality in heart failure patients. (156) 

Diogenes® CMR Feature tracking (CMR-FT) software (TomTec Imaging Systems, 

Munich, Germany) is a vector-based analysis tool based on a hierarchical algorithm 

that operates at multiple levels using a combination of 1-dimensional and 2-

dimensional FT techniques. A contour is drawn around the LV endocardial border in 

one frame and the software automatically propagates the contour and follows its 

features throughout the remainder of the cardiac cycle. Features tracked in each 

voxel by the software include brightness gradient at the tissue-cavity interface, 

dishomogeneities of the tissue and geometrical “roughness” of the tissue edges. The 

information produced allows the software to derive circumferential, longitudinal, and 

radial tissue velocity, displacement and strain/strain rate.  It has been validated in 

phantom models and patients. (157)  

Onishi et al used CMR-FT to measure radial dyssynchrony, defined as a difference 

between the anteroseptal and posterior wall segmental peak strain and the standard 

deviation of time to peak strain. This did show agreement with speckle tracking 

echocardiography for those hearts with electrical dyssynchrony. The advantage 

CMR-FT has over tagging is that it does not require any extra acquisitions, only 

standard cine sequences are required. (158)
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1.6 Cardiac MRI and pacemakers 
 

Recent (EnRhythm) and on-going safety and image quality studies (ADVISA) in MR 

conditional PPM patients undergoing MRI (including CMR) have demonstrated the 

excellent safety profile of the devices. (159) 

I have published a review article on the use of CMR imaging (CMRI) and implantable 

devices and will form the basis of this chapter. (160)  

 

1.6.1 Implantable pulse generators in the MR environment 
 

Implantable pulse generators (IPGs) and defibrillators have traditionally been 

considered contraindications to MRI However, recent data has challenged this 

paradigm and demonstrated that patients with newer generation devices can safely 

undergo MRI, including cardiac MRI, provided basic precautions are taken.  

Reflecting its unparalleled soft tissue contrast and absence of ionising radiation, MRI 

has seen a substantial expansion over the last 15 years, with more than 60 million 

MRI scans currently performed annually worldwide. (159) CMRI has emerged as a 

cost effective cardiac imaging modality that provides important diagnostic, and 

increasingly prognostic information that significantly impacts on patient management. 

(161) Whilst CMR currently represents only a small proportion of all MRI scans, the 

number of CMR scans being performed is increasingly rapidly. (162)  

 

An estimated 250,000 patients have implantable pulse generators (IPGs) and 

implantable cardioverter defibrillators (ICDs) in the UK, with 50,000 patients 

undergoing implantation in 2011. (163) The probability that a patient with an IPG will 
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require MRI over the lifetime of their device is estimated at 50-75% and with most 

hospitals now offering MRI, including some 60 providing CMR in the UK, the issue of 

MRI in patients with IPGs will be encountered with increasing frequency. (164) 

Serious adverse events during MRI of patients with cardiac devices, including 

asystole and ventricular fibrillation, have been reported, albeit rarely, and as such an 

awareness of the safety issues, the different types of IPGs (MR conditional versus 

non-MR conditional) and measures to facilitate safe scanning in these patients 

group. (164–166)  

 

1.6.2 MRI safety terminology 
 

The 2005 MRI task group of the American Society for Testing and Materials defined 

the following terminology with regards to implants and devices relative to the MRI 

environment:    

 

MR safe: An item that poses no known hazards in all MRI environments e.g. non-

conducting, non-magnetic items such as plastic cannula. 

 

MR conditional: An item that has been demonstrated to pose no known hazards in a 

specified MRI environment with specified conditions of use. Conditions include static 

magnetic field strength, spatial gradient, dB/dt (RF) fields, and specific absorption 

rate (SAR). Additional conditions may be required, including specific configurations of 

the item. 
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MR unsafe: An item that is known to pose hazards in all MRI environments. MR 

unsafe items include magnetic items such as a pair of ferromagnetic scissors or 

oxygen cylinders. (167) 

 

1.6.3 Safety issues concerning IPGs and ICDs in the MRI 
environment 
 

Whilst MRI is an inherently safe imaging modality, the MRI environment harbours the 

potential for even fatal accidents, particularly in patients with cardiac devices. Indeed 

of the small number of reported MRI-related fatalities, the majority relate to patients 

with IPGs in-situ (10 out of 15 deaths). (168–170) Risks associated with MRI in 

patients with IPGs generally arise from the static magnetic field, gradient magnetic 

fields and radiofrequency energy, which can act in isolation or in combination to 

adversely affect IPG function (Table 6). Complications may include lead tip and 

tissue heating, mechanical pull, inappropriate therapies (pacing and device 

discharge) and failure to pace. (171–176)  
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Table 6. Theoretical effects of static magnetic field, gradient magnetic filed and 
radiofrequency energy. 

 Static Gradient Radiofrequency 

Case heating  9 9 

Force and Torque 9   

Vibration 9 9  

Device 

Interactions 

9 9 9 

Lead Heating   9 

Stimulation  9 9 

 

 

1.6.3.1 Tissue heating 
 

Pacing leads can act as antennae, concentrating electromagnetic energy at the un-

insulated points of the lead cathode, anode or active fixation helix, which can lead to 

heating of the surrounding tissue where the energy is dissipated and potentially 

cause localised oedema and/or fibrosis. Theoretically this could result in increased in 

pacing thresholds, loss of pacing capture and cardiac perforation. (176–180) The 

potential for heating depends on the resonant frequency of the lead (dependent on 

lead length and diameter), the trajectory of the pacing leads, presence of lead loops, 

lead or insulation fractures, patient size and position within the scanner. (181–185)  

In-vitro studies without lead tip irrigation, have demonstrated lead temperature 

increases in excess of 60ᵒC during MRI scanning although such extreme 

temperature variations have not been observed in more sophisticated models with 
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lead tip irrigation. One in-vivo study in pigs found an increase of 20.4oC at the 

electrode tip in the setting of a SAR approaching 3.8W/kg, considerably higher than 

that in routine clinical scanning. (186) In another study a small rise in serum troponin 

was seen following 4 out of 114 scans performed at 1.5T in patients implanted with a 

variety of conventional (i.e. MR-unsafe) IPGs, which the authors hypothesised likely 

reflected tissue necrosis secondary to lead tip heating. (187) 

 

1.6.3.2 Force and Torque 
 

IPGs contain ferromagnetic materials, which are subject to force and torque induced 

by the static and gradient magnetic fields. (176,177,187) This can lead to movement 

and vibration of the device and leads. These forces are directly related to mass of 

ferromagnetic material, the strength of the magnetic field and the positioning within 

the static magnetic field. (188) Whilst there are anecdotal reports of pull/drag, 

modern (i.e. post 2000) IPGs appear safe with regards to force and torque at 1.5T 

beyond the first 6 weeks following implantation, after which time healing around the 

device and leads is thought to provide sufficient anchorage. (188–190)  

 

1.6.3.3 Inappropriate pacing, shocks, inhibition of therapies 
 

Radiofrequency energy pulses can lead to asynchronous pacing, programming 

changes or battery depletion or be wrongly interpreted as underlying electrical 

activity or arrhythmias and thus lead to inhibition of demand pacing or delivery of ICD 

therapy respectively. (187,190–193) In an Ex-vivo study by Erlebacher on 3 IPGs no 

longer in use, radiofrequency interference caused total inhibition of atrial and 

ventricular output or resulted in atrial pacing at a high rate. (173) No ICD induced 

defibrillation therapies in the MR environment have so far been reported, although 



  78 

this may relate to the inability of the capacitor to sufficiently charge in the static 

magnetic field. Nevertheless, repeated attempts by a defibrillator to charge itself 

could lead to battery depletion. (194) 

 

1.6.3.4 Electrical reset 
 

‘Electrical reset’, ‘power on reset’ and ‘factory reset’ are interchangeable terms for 

the emergency/backup mode that a device reverts to when its battery nears 

depletion. It is conventionally a VVI pacing mode at the lower rate limit with all 

advanced functions turned off. (178) For ICDs, power on reset is a safety 

mechanism, which prevents inappropriate shocks from a damaged device. It is a VVI 

back up mode with no therapies. It cannot be reprogrammed and the device has to 

be changed. It should not be confused with the normal magnet response of ICDs. 

This is fixed rate pacing with therapies disabled, but functions return on removal of 

the magnet. Publications have quoted an MRI-related incidence of electrical reset as 

high as 6.1% in conventional (i.e. MR unsafe) IPGs. (188) The conversion of 

asynchronous or fixed-rate pacing to VVI mode in a IPG-dependent patient without 

an underlying ventricular rhythm, in combination with radiofrequency energy pulses 

being wrongly interpreted as intrinsic electric activity is potentially life-threatening and 

several MRI-related deaths in IPG patients have been attributed to this mechanism.    

 

1.6.3.5 Reed switches 
 

Magnetic-operated reed switches were originally incorporated into IPGs to allow 

device interrogation.  Magnet application activates the reed switch which inhibits 

demand functions and most commonly, but not consistently, sets an IPG to an 

asynchronous mode. (165,187) The position of the reed switch has been shown to 
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be inconsistent within the MRI environment leading to potential malfunction. (190) 

Variable reed switch responses to MRI have been demonstrated across different IPG 

models including asynchronous pacing, transient loss of pacing or continuous loss of 

pacing. (187,190,195) Loss of pacing in a pacing-dependent patient could have 

significant consequences, whilst asynchronous pacing in individuals with a 

underlying rhythm could heighten the theoretical risk of R on T phenomenon and 

induce ventricular arrhythmias. In ICDs, activation of the reed switch commonly leads 

to deactivation of therapies whilst not affecting backup pacing. (196) 

 

 

1.6.4 MRI in conventional (i.e. MR unsafe) systems 
 

Whilst the majority of older studies assessing non-thoracic MRI in patients with MR-

unsafe IPGs have reported no adverse events, isolated incidents of asystole, 

ventricular fibrillation and death have been described, (194) although such work is 

limited by small study size and lack of consistency in reporting type of IPG and leads.  

More recently Nazarian et al performed 555 MRI scans (40% brain, 22% spine, 16% 

heart, 13% abdominal, 9% extremities) on 438 patients with either a IPG (54%) or 

ICD (46%) of various manufacturers. (197) Three patients experienced electrical 

reset during scanning but there was no device dysfunction on long-term (up to 5 

years) follow up. Minor changes in ventricular and atrial lead impedances (<0.5% 

acute change) were noted, but no significant differences in threshold occurred. 

Specifically thoracic imaging was noted to be associated with decreased acute and 

chronic (> 3months) R wave amplitudes and battery voltage compared to non-

thoracic scans suggesting that whilst non-thoracic MRI can be performed safely, 

thoracic scans may present a higher risk. 
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Whilst on a smaller scale Junttila et al performed 3 MR scans on each of 10 patients 

over a period of 12 months. (198) Reassuringly no adverse patient events occurred 

with a variety of non-MR conditional ICDs and no significant changes were reported 

in lead threshold, lead impedance or battery voltage. This suggests serial scans may 

pose no greater risk than single scans.  

The Magnasafe registry is a multi-centre prospective study investigating the 

frequency of major adverse clinical events and device parameter changes for 

patients with conventional (MR-unsafe) IPGs who undergo clinically indicated non-

thoracic MRI at 1.5T. (199) So far over 600 scans across 12 sites have been 

performed without the occurrence of loss of pacing capture, device failure or death.  

Decreases in battery voltage, R and P wave amplitudes did occur and the frequency 

of one or more clinically relevant device changes occurred in 13% of IPGs and 31% 

of ICDS. This implies that whilst technically safe it is essential to perform a full device 

interrogation pre and post scan. (200) 

 

1.6.5 MR conditional devices 
 

In recent years the device industry has invested significant effort into developing MR-

conditional systems to address the discussed safety issues. Many new design 

features of both hardware and software have been incorporated into these devices to 

allow them to perform more reliably in a specified MRI environment (i.e. 1.5T field 

strength). 

Hardware modifications have been made to both the generator and leads whereby 

some of these changes are manufacturer-specific. (Tables 7 and 8), 

Software changes include the incorporation of a dedicated MRI pacing mode that can 

be activated for the duration of the scan.  In most instances this requires a trained 
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individual, commonly a pacing technician or electrophysiologist, to activate and 

deactivate this mode. There are novel alternatives, with St Jude providing a hand 

held activator to perform this task before and after the scan, and Boston Scientific’s 

Ingenio and Advantio devices having an MRI time-out mode negating the need to 

deactivate the safe mode manually post-scanning. Nevertheless current 

recommendations are that a full IPG interrogation is carried out pre- and post-MRI. 

(197) 
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Table 7. Common design features of MR conditional devices 

 

Generator design 

 

x Ferromagnetic content reduced 

x Replacement of reed switch with solid state technology e.g. Hall sensor 

x Bandstop filter (64Mhz) in casing to shield circuitry  

 

 

Lead design  

 

x Lead pitch of the inner coil redesigned to alter resonant frequency of 

the lead 

x Lead diameter altered 

x Bandstop filter (64Mhz) at lead tip (St Jude Tendril lead) 
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Table 8. C
urrent M

R
 conditional IPG

s on the m
arket. 

 
St Jude  

M
edtronic  

B
oston Scientific 

B
iotronik 

Sorin 

D
evice 

Accent M
R

I 
Advisa M

R
I 

Enrhythm
 M

R
I 

Ensura M
R

I 

Ingenio M
R

I 

Advantio M
R

I 

Evia M
R

I 

Estella M
R

I 

R
eply M

R
I 

Leads 
Tendril M

R
I 

C
apsureFix M

R
I 

C
apsure sense 

Fineline II 
Safio/Solia 

Filtrea 

Lead fixation 
Active  

Active and passive 
Active and passive  

Active and passive 
Active 

Lead diam
eter 

6.6F 
5.4F 

5.1F 
5.6F 

6.5F 

Thorax exclusion 
N

o 
N

o 
N

o 
Yes 

N
o 

Scan tim
e lim

it 
N

o 
N

o 
N

o 
Yes 

N
o 

SAR
 lim

it (w
/kg) 

4 
2 

2 
2 

4 

M
anual program

m
ing 

required post M
R

I 
(activator operated) 

Yes 
N

o (autom
atic tim

er) 
Yes 

N
o 
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Activation of the “MR Safe” mode switches off advanced functions and the IPG paces 

in an asynchronous fashion (i.e. no sensing) to reduce the risk of electromagnetic 

interference being misinterpreted as an intrinsic rhythm with the potential of 

supressed pacing. In some models the pulse amplitude and pulse duration are also 

both increased (e.g. 5V and 1mS in the St Jude Accent), which increases the pacing 

stimulus and minimises the risk of loss of capture. 

In the original EnRhythm trial with the Medtronic Surescan pacing system®, 258 

implanted patients underwent 14 non-clinically indicated brain and lumbar spine 

sequences 9-12 weeks post implant in a 1.5T scanner. Pacing parameters were 

compared with a control group (206 implants) immediately, 1 week and 1 month post 

MRI.  No MRI related complications occurred and changes to pacing parameters 

were minimal. (181) Thoracic scans were excluded in this trial, but in the more 

recently published ADVISA study, a prospective randomised non-blinded multi-centre 

trial in 263 patients, thoracic/cardiac sequences were included. The ADVISA MRI 

IPG and Capsure-fix safety lead system when scanned in a 1.5T environment with a 

SAR limit of 2W/Kg resulted in no power on reset, electrical stimulation or pacing 

threshold changes. (201) The removal of scan area restriction is highly desirable as 

excluding the thoracic region may negate the performance of up to clinically indicated 

40% of MRI scans, including thoracic spinal cord imaging and CMR. To facilitate the 

recognition of MR-conditional devices on a plain film radiograph, radiopaque markers 

are found on both the generator and lead, although these are neither standardised 

nor intuitive and their identification can be a challenge in clinical practice (Figures 7).  
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Figure 7. Radiopaque markers on a St Jude Medical, Medtronic and Boston 
Scientific MR conditional pacemakers and leads. 

 

 

 

1.6.6 Scanning an IPG patient 
 

When presented with a patient with an IPG in-situ a number of considerations are 

pertinent (Table 9).  
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Table 9. Safety considerations pre-scan 

 

Is there an alternative image modality that can answer the clinical question 

posed? 

Duration of device implant. 

Manufacturer and model of device. 

What is the MR safety label? 

What are restrictions associated with device (zonal, SAR)? 

Has device been used in safety studies? 

Presence of lead loops or lead fractures. 

Proximity of the device to region being scanned (thoracic versus extra-

thoracic). 

What is the likelihood of a non-diagnostic scan 2nd to susceptibility artefacts 

(left versus right sided implant, device position over thorax?). 

Presence of additional hardware e.g. abandoned leads, adapters. 

Risk/benefit ratio for specific patient circumstances (e.g. is patient pacing 

dependent versus good underlying rhythm). 

Is diagnosis likely to impact significantly on patient management and/or QOL 

or outcome? 
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Established clinical protocols and algorithms have been proposed with physician led 

scans and pacing support readily available. (177,194) It is good clinical practice to 

perform device interrogation before and after scanning to assess for battery 

depletion, programming changes or electrical reset. Patient monitoring throughout 

the scan period should include monitoring of pulse oximetry, ECG, blood pressure 

and verbal responsiveness. (197) A suggested algorithm is given in figure 8. 

6 weeks is the recommended interval between implant and MR scan from published 

studies. Lead dislodgment is more frequent in the first 6 weeks following an implant, 

and thus studies did not want to subject patients to MR scans and the theoretical risk 

of force and torque on the leads, whilst tissue encapsulation is not fully established. 

No studies exist that address scanning at shorter time intervals.  In emergencies, 

particular spinal cord lesions, the benefit of an MR scan even within a week of 

implant may outweigh potential risks.  
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Figure 8. Algorithm for safe scanning of an IPG patient. 
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1.6.7 CMR Imaging 
 

The development of MR conditional devices allows this previously excluded cohort to 

benefit from CMR imaging, however device-related artefacts can impact significantly 

on image quality. Image distortion appears dependent on the size of the device 

(larger devices are associated with more artefact), position of the implant, the 

imaging plane and the scanning protocol. (202) The major field distortion is often 

limited to an area of approximately 15cm around the device. Artefacts are often more 

pronounced in the ventricular short axis plane compared to long axis planes, and 

more so in anterior LV segments. (202) Steady state free precession (SSFP) cine 

imaging is associated with more susceptibility artefact than spoiled gradient echo 

imaging (Figure 9 a, b). In the study by Sasaki et al susceptibility artefacts were more 

pronounced on Late Gadolinium contrast acquisitions than other imaging sequences 

and were particularly common in the anterior segments. Strategies to optimise 

imaging sequences and post processing are currently being researched.(203) 

Despite the presence of artefacts, one study with conventional (MR-unsafe) devices 

showed that 100% of SSFP cine images in 15 PPM patients and 86% in 56 ICD 

patients remained diagnostic for LV assessment. (202) In the recent Advisa image 

quality sub-study, good quality SSFP CMR images assessing cardiac anatomy and 

biventricular function were obtained in over 90% of patients. Quality was assessed 

for the LV and RV on a 7 and 5 point scale respectively, whereby grade 1 (excellent 

image quality) required the absence of both lead and IPG artefacts preventing the 

interpretation of regional wall motion as defined by systolic wall thickening and 

endocardial inward movement.  

The experience of my research unit is that MR conditional pacing systems still exhibit 

significant artefacts around the generator (figure 9 c, d), although commonly this 
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does not prevent LV and RV wall motion assessment, especially when being able to 

switch to spoiled gradient cine imaging. In our experience lead related artefacts are 

minimal and do not impact significantly on wall motion assessment and do not 

prevent of the computations of strain and strain derived indices from tagged images 

or endocardial feature tracking software packages (e.g. Diogenes®, TomTec) (figure 

9 f). It is important to recognise that cardiac devices equally affect CT imaging, 

whereby lead related artefacts can be particularly prominent.  It has been suggested 

that MRI is superior to assessing the myocardial interface, particularly relevant in 

ruling out myocardial perforation.(202) 
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Figure 9. Images of CMR in a patient with a cardiac device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) The SSFP sequence in 4ch view (B) SpGr sequence in 4ch view (C) SSFP 

sequence in Short axis view with nor artefact (D) Significant IPG related artefact of 

short axis slice of SSFP sequence (E) Tagging in the short axis vie (F) Feature 

tracking of 4 ch view using Tomtec software. 
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1.6.8 Issues concerning patient selection 
 

Whilst it has been demonstrated that MRI of non-MR conditional IPGs can be 

performed safely when certain logistic, safety and monitoring requirements are 

adhered to, concerns remain not only about the unpredictable nature of 

malfunctioning of such devices in the MR environment (especially in pacing 

dependent patients), but possibly more so about what potential effects the lowering 

of the acceptance threshold for scanning IPGs would have in real world clinical 

practice in the long term. The greatest concern would possibly be that the minimum 

required standards for proceeding “safely” with such exceptional scans could 

subsequently become eroded, exposing patients to avoidable risk.  
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CHAPTER 2: Methods 

 

2.0 Methods 
 

This thesis is based upon the MAPS trial- Effect of Septal versus Apical Pacing- a 

comparative study using Cardiac MRI. ClinicalTrials.gov Identifier: NCT01842243 

The methodology described in this chapter is that for the trial with the exception of 

the biomarker and echocardiography components, which do not form part of this 

thesis. 

 

2.1 Patient Selection 
 

The study, along with all the methodology described was approved by the South 

Manchester Local Research Ethics Committee (Manchester REC) and Research and 

Development department within University Hospital of South Manchester and 

University Hospital of Central Manchester.  

All the patients gave written informed consent prior to enrolment in the study. 

 

50 patients were recruited from the Northwest Cardiac Centre and the Manchester 

Heart Centre between February 2012 and May 2014 
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2.1.1 Inclusion Criteria 
 

Inclusion criteria Identified subjects aged 18 years and above who could give 

informed consent, that were in permanent AF, whom required a PPM to facilitate an 

AV node ablation or optimization of drug therapy. 

Left ventricular function of ≥ 40% on previous echocardiography within 12 months of 

study enrolment was required. 

 

2.1.2 Exclusion Criteria 
 

 

1) Patients with known EF <40%. 

2) Any contraindication to Magnetic Resonance imaging (see appendix for 

Contraindications for MRI). 

3) Patients indicated for an implantable cardioverter defibrillator or cardiac 

resynchronization therapy. 

4) Patients with a myocardial infarction within three months prior to 

enrollment. 

5) Patients that received bypass surgery within three months prior to 

enrollment or patients with a mechanical right heart valve. 

6) Patients where a RV lead cannot be placed e.g. complex congenital 

heart disease. 

7) Patients with hypertrophic obstructive cardiomyopathy. 

8) Patients with acute coronary syndrome, unstable angina, severe mitral 

regurgitation and/or haemodynamically significant aortic stenosis. 
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9) Previous implanted PPM or cardioverter defibrillator. 

10) Terminal conditions with a life expectancy less than 2 years. 

11) Participation in any other study that would confound the results of this 

study. 

12) Psychological or emotional problems that may interfere with the 

volunteer’s ability to provide full consent or fully understand the 

purposes of the study. 

13) Pregnant patients or patients who may become pregnant during the 

time-scale of the study. 

 

 

All the patients were deemed to require a PPM as part of their routine clinical care by 

the treating physicians and referred to myself for further evaluation. All patients 

received a detailed information sheet either in clinic or the post and a verbal 

explanation of the study over the phone or in person. All patients were given a period 

of at least 24 hours to decide if they would participate in the study. Full written 

informed consent was obtained prior to patient enrolment. 

 

 

 

 

 

 



  97 

2.2. Study Outline 
 

2.2.1. Study design 
 

The MAPS trial is a prospective longitudinal cohort crossover study of patients with 

AF undergoing implantation of a PPM with 2 ventricular leads. PPM implantation is 

followed by an AV node ablation a minimum of 6 weeks after the initial procedure.  

Patients are randomly selected to have apical or septal pacing for a period of 9 

months following implantation. A baseline CMR scan, transthoracic echocardiogram 

(TTE), cardiopulmonary exercise test (CPEX), quality of life questionnaire (QOL) and 

blood sample were performed. At 9 months these investigations are repeated and 

the pacing mode is switched to the other modality. After a further 9 months these 

investigations are repeated once more and the study comes to an end. Table 10 

gives the investigations as part of the MAPS trial and Figure 10 gives the study 

timeline. 
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Table 10. Investigations in the MAPS trial 

 0 months 9 months 18 months 

Cardiac MRI ✔ ✔ ✔ 

Echocardiogram ✔ ✔ ✔ 

Quality of life 

questionnaire  

✔ ✔ ✔ 

Blood sample 

(8mls) 

✔ ✔ ✔ 

Cardiopulmonary 

exercise test 

✔ ✔ ✔ 

6 minute walk test ✔ ✔ ✔ 

ECG ✔ ✔ ✔ 

 



 
 

99 

Figure 10. Study tim
eline for M

APS trial. 
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2.2.2 Consent procedures 
 

Patients who were attending the electrophysiology clinics were identified by the 

medical team as requiring a PPM as part of the management of AF. This was to 

facilitate an AVN ablation. Patients were given a study pack, which included an 

official invite letter, a stamp addressed reply slip and information leaflet in clinic. 

Following this they had the opportunity to discuss the trial. Full consent for the study 

was obtained on the day of PPM implantation. Copies of the consent form were kept 

in the research file onsite, patient case notes and also by the patient. (Appendix)  

 

2.2.3 Withdrawal of patients 
 

Patients were given the option to withdraw at anytime from the study.  

This did not affect future medical treatment. This was explicitly explained in the oral 

and written information provided. 

 

2.2.4 Sample size 
 

A cross over study with 50 patients will have 80% power to detect effect sizes of 0.4 

or more, and 90% power to detect effect sizes of 0.47 or more between treatment 

regimes.  

Effect size = mean difference between regimes/standard deviation of differences. 
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2.2.5 Potential risks to patient 
 

PPM implantation ± AVN ablation were part of standard care, and as such the 

procedural risks were not considered to be different for the study. The addition of a 

second ventricular lead was not felt to increase the risk of complications significantly. 

(126) The risks to the patient for a PPM implantation were quoted as 1%, including 

vascular damage, bleeding, pneumothorax and cardiac perforation. The Medical 

Physics department at Christie Hospital, Manchester, also carried out a radiation risk 

assessment.  (Appendix) 

 

2.2.6. Adverse event and Serious Adverse Event reporting 
 

All adverse events were reported and recorded in the site file on case report forms.  

Serious adverse events (SAE) were considered to be: 

� Death during the study. 

� Hospitalization due to a cardiovascular cause. 

 

SAE’s were reported to the Research and Development office at UHSM within 24 

hours of the research team being notified. Report forms were completed and filed in 

the research file onsite. 
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2.2.7 Data Collection and record keeping 
 

All data was collected and retained in accordance with the data protection Act. Paper 

files were kept in a locked filing cabinet in a room with a key code. All computer data 

was stored on encrypted memory sticks or password protected trust computers. 

Patient details were anonymised by giving each patient a unique identification 

number. 
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2.3 Pacemaker implantation 
 

2.3.1 Pacemaker implantation 
 

Every study patient was implanted with a ST Jude MRI conditional pacing system. 

This consisted of an St Jude Accent MR conditional PPM and two ST Jude Tendril 

MR leads. 

PPM implantation techniques are well described in the literature and standard 

practice protocols were adhered to. (33,204) 

All procedures were undertaken in a dedicated catheter lab under strict aseptic 

conditions, with full monitoring of the patients blood pressure, oxygen saturations and 

ECG. As part of the standard pre-procedure protocol, each patient received a single 

dose of intravenous antibiotic. This was 1g Flucloxacillin or 400mg Teicoplanin if 

penicillin allergic as per hospital policy. 

To assess venous anatomy including the presence of subclavian stenosis or a 

persistent left sided subclavian vein, a venogram was performed in each case.  This 

was performed via a large vein in the ipsilateral antecubital fossa. 

Subclavian, axillary and cephalic approaches were all utilized for venous access 

during the study. This was dependent on venous anatomy observed following the 

venogram and the increasing experience of the primary implanter, including myself. 

A standard technique was employed in creating a pre-pectoral pocket for the PPM, 

using both blunt dissection and or/diathermy. 

 

Once venous access was obtained, two 8 French sheaths were inserted to facilitate 

delivery of the PPM leads to the RV. 
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Two 58cm active fixation tendril MR leads were deployed in the RV, one at the RVA 

and the other on the RVOT septum. The leads were tested and secured in position 

with non-absorbable sutures, before generator implantation. Following implantation a 

standard PA chest x-ray was performed to confirm final lead positions and check for 

pneumothoracies. 

 

2.3.2 Lead positioning 
 

In order to get consistent lead positioning at the RVA and RVOT septum, a series of 

images were acquired on fluoroscopy.  

The RVA position was determined using a postero-anterior (PA) and right anterior-

oblique view (RAO). RVOT and septal lead positioning has been discussed in detail 

by Mond and this study used the protocol outlined in Mond’s review of septal 

pacing.(132)  

The pacing lead is placed in the pulmonary artery and a Mond stylet (figure 11) 

introduced to the lead under fluoroscopy.  The lead is slowly pulled back into the 

RVOT until it is seen to jump onto the septum or point towards the septum. The left 

anterior oblique (LAO) view is used to determine a septal position, with the lead 

pointing towards the spine. Figures 11-15 demonstrate the views used to determine 

lead positioning.



  105 

Figure 11. Mond stylet. A secondary curve is posteriorly directed to get onto 
the RVOT septum. 

 

 

 

 

 

 

 

 

 

Figure 12. Fluoroscopy PA view- Lower RVOT border marked. Lead is placed 
within the RVOT in the PA view. 
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Figure 13. LAO 40-degree view. The Septum and Pulmonary valve are marked. 
Using the Mond stylet the RVOT lead is pulled down into a suitable septal 
position 

 

 

 

 

 

 

 

 

 

Figure 14. RAO 40 degree view. This is used to confirm apical lead position. 
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Figure 15. Pacemaker generator at fluoroscopy in PA projection. 

 

 

 

 

 

 

 

 

 

Figure 16. PA CXR illustrating RVOT and Apical lead positions in a study 
patient. 
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2.4 AV node ablation 
 

The AV node ablation was performed 6 weeks following PPM implantation. This was 

to ensure an adequate safety margin for any possible lead complications. The AV 

node ablation was performed in a dedicated electrophysiology lab. A right femoral 

approach was used in all procedures.  

The AV node ablation was performed under conscious sedation in all patients using 

midazolam and fentanyl individually titrated. 

The majority of procedures employed an antegrade approach via the right femoral 

vein. A retrograde approach via the right femoral artery was used only if repeated 

attempts at ablation on the right side failed to achieve complete AV block. 

 

2.4.1 Antegrade approach (Right-sided approach) 
 

A single 7F sheath was inserted into the femoral vein using a Seldinger technique. 

A coolflow steerable 4mm tip ablation catheter was introduced via the sheath and 

positioned across the superior tricuspid annulus. The catheter was slowly withdrawn 

until a clear His signal was visible.  The atrial signal should be ideally a similar size to 

the ventricular signal with a clear and early HIS signal that is stable (Figure 17). This 

should correspond to the apex of the triangle of Koch where the compact AV node is 

located (Figure 18). Once located energy was delivered for 30-60 seconds at a 

temperature of 60-70oC (controlled by thermistor). 

Signs of successful ablation were an initial acceleration of the nodal rhythm followed 

by AV block.  If after a period of 20 minutes complete AV block was still present, the 

procedure was deemed successful.  
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If unsuccessful a repeat attempt was made both in an inferior or anterior position. 

If AV block was still difficult to achieve then a retrograde approach (left sided) 

approach was used. 

 

2.4.2 Retrograde (Left sided) approach 
 

The position of the His bundle is located via the right sided approach first. 

The femoral artery is cannulated with a seldinger technique and a 6F sheath 

inserted. A 4mm tip ablation catheter is passed across the aortic valve and 

positioned close to the septum to obtain both a large His signal and the largest 

possible atrial signal. The energies used for ablation were similar to the right-sided 

approach. 

 

Figure 17. Intracardiac signals seen on the Map distal catheter when planning 
an AVN ablation 

 

 

 

 

 

 

 

     Atrial              His           Ventricle 
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Figure 18. Triangle of Koch with compact AV node at apex. 

 

 

 

 

 

 

 

 

 

 

 

 

IVC- Inferior vena cava   CS- Coronary Sinus   AVN- Atrioventricular node 

Areas 1, 2 and 3 are shown with the corresponding intracardic electrical trace. 

Area 2 is the usual starting point for Av nodal ablation. 
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 2.5. Medical outcomes study Short Form 36 (SF36) health survey 

 
The SF36 is a measure of the extent to which an individual is affected by disease, 

symptoms and disability in the performance of usual and desired functions and 

activities. (205) It is a 36-item questionnaire that measures multiple dimensions of 

health, including physical, social and mental functioning, general health perception, 

pain and vitality. It has been widely used in cardiovascular patients including those in 

clinical trials. (4) It is reliable, valid and responsive to small changes. (205,207) For 

each dimension, scores are summated and transformed onto a scale from 0 to 100, 

with zero being worst and one hundred being the best. Two component sub-scales, 

physical (PCS) and mental (MCS), incorporate the 8 health concepts in the survey.  

It was given to the patients at baseline, following AV node ablation and every 4.5 

months throughout the study. It is both quick and simple to use and patients were 

able to complete it within 15 minutes. The SF36 used is given in the appendix.  
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2.6. Cardiac Magnetic resonance 
 

Patients were scanned using a 1.5 Tesla scanner (Avanto, Siemens, Germany) using 

a 32-channel phased array coil system.  Each patient has three CMR scans during 

the study and scans were performed in each pacing mode on each occasion. The 

protocol used is outline in appendix. 

Multiple measures were used to assess morphology and function of the left and right 

ventricle. These included: 

x LV volume indices and ejection fractions 

x LV strain and strain rate 

x LV twist, normalised twist and torsion 

x RV tricuspid annular systolic plane excursion (TAPSE)  

x LV dyssynchrony indices 

x Generalised and localised LV myocardial fibrosis 

o T1 mapping, late gadolinium 

x Aortic and Pulmonary flow assessment  
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2.6.1. LV Volumes and function 
 

Analysis was made using CMR tools® off-line.  The epicardial border is manually 

traced at end-diastole in successive short-axis slices. A second contour is placed 

within the myocardium on the short-axis slices at end-diastole and systole allowing 

the signal intensity between the two contours (i.e. the signal intensity of myocardium) 

to be automatically determined. Detailed, semi-automated tracing of the endocardium 

at end-diastole and end-systole is then performed using a signal intensity ‘thresh-

holding’ tool, such that papillary muscles and trabeculae are included in mass and 

excluded from volumetric measurements. The mitral and aortic valve positions at 

end-diastole and systole are manually identified on the 3 long-axis images, allowing 

the valve planes to be tracked through the cardiac cycle. This is integrated into the 

SA stack analysis allowing automated identification of the LV base and outflow tract. 

Finally, end-systole is automatically determined as being the frame with the smallest 

cavity volume, by calculating cavity volume at each frame. 
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2.6.2. LV Strain and strain rate  
 

Myocardial strain assessments were used with Tomtec Diogenes® software (based 

on feature tracking) and InTag® software (based on tagged sequences), applied as a 

plug in using OsiriX®. 

Diogenes® CMR Feature tracking (FT) software (TomTec Imaging Systems, Munich, 

Germany) is a vector-based analysis tool based on a hierarchical algorithm that 

operates at multiple levels using a combination of 1-dimensional and 2-dimensional 

FT techniques. A contour is drawn around the LV endocardial border in one frame 

and the software automatically propagates the contour and follows its features 

throughout the remainder of the cardiac cycle. Features tracked in each voxel by the 

software include brightness gradient at the tissue-cavity interface, dishomogeneities 

of the tissue and geometrical “roughness” of the tissue edges. The information 

produced allows the software to derive circumferential, longitudinal, and radial tissue 

velocity; displacement; and strain/strain rate. It has been validated in phantom 

models and patients. (157)  

InTag® software uses CMR images with a tagging pattern to calculate myocardial 

strains and mechanics. Motion estimation is based on sine wave modelling, with 

detection of local spatial phase shift and spatial frequency in images. InTag was 

used within the open source image processing software OsiriX.  Using this, 

concentric circles of the inner and outer contours of the left ventricle at end-systole 

were drawn and the software automatically plots the area of the ventricle, producing 

a colour coded strain map. InTag compares well with the current gold standard of 

deformation analysis HARP. (208)  
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2.6.3. LV twist, normalised twist and torsion 
 

Torsion is a fundamental part of LV mechanics and its assessment provides 

important information on myocardial performance. (209)  

In the normal heart, the base rotates clockwise though its axis whilst the apex rotates 

anti-clockwise during systole. (210) This is due to the oppositely orientated oblique 

fibres within the myocardial wall. (211) This torsion builds up a lot off elastic energy, 

which when the ventricle relaxes in early diastole is released and facilitates rapid 

diastolic filling at the start of diastole. (212) The analogy of wringing out a wet cloth is 

often made. 

Torsion is very sensitive to changes in myocardial contraction and LV remodelling 

processes, which is reflected by it change in a number of cardiovascular pathologies. 

(213,214) There appears to be a direct correlation between torsion and LV EF. (215)  

Different definitions of LV torsion exist within the literature and at times twist, torsion 

and shear are used incorrectly.  

Twist is defined as the difference in rotation between the base and apex. (213) 

Normalised twist or twist per unit length, is the twist angle divided by the distance 

between the base and apex. (216) This is a more robust measure than twist but is 

not comparable between different size hearts. 

Left ventricular torsion is the shear deformation of the myocardium and is related to 

the sheer torsional angle created by circumferential and longitudinal contraction. A 

2D approximation of torsion is given by the formula below: (217) 
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r= radius 

D= distance between base and apex 

Θ= angle 

 

Figure 19. LV torsion. Circumferential shear angle. 
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In order to calculate torsion a number of methods were utilized. Two excel in-house 

developed programs were used to generate data from different programs. One used 

data generated from tagged images using an OsiriX plugin (Intag®) and the other 

SSFP cine images using FT software (Tomtec) analysis tools. Both SSFP and 

tagged images of the LV short axis stack were used to generate data regarding twist 

angle, radius and distance between base and apex.  More details regarding the 

program are given in the sub-study chapter. 

 

2.7.4. RV TAPSE 
 

The RV free wall on a 4-chamber cine was used to assess TASPE in a similar 

fashion to the method used in echocardiography and has been precisely validated by 

our group. (218) 

 

2.7.5. Dyssynchrony indices 
 

A number of measures were used to determine left ventricular dyssynchrony. 

These were:  

x CMR-adapted Yu index 

x Opposing wall delay in long axis views  

x Time to peak radial motion 

x Time to peak longitudinal strain 
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The Yu index was originally used in echocardiography. (140) It is the standard 

deviation of 12 time to peak velocities. The 12 points are of the opposing basal and 

mid segments of the three long axis views (4Ch/3Ch/2Ch). 

 

Septal to lateral wall delay in peak systolic velocity is a marker of dyssynchrony used 

originally in echocardiography. (219) It has been shown to predict LV reverse 

remodelling in cardiac resynchronisation therapy. (219) 

From the SSFP short axis stack, basal, mid-ventricular, and apical slices were 

analysed. Epicardial and endocardial contours, excluding trabeculations and papillary 

muscles were drawn for all phases, using Diogenes® CMR FT software. A standard 

AHA 16-segment model was used to divide the basal and mid-ventricular slice into 6 

segments and the apex into 4 segments. For each segment, a radial wall thickness 

curve was automatically plotted and the time to peak strain was determined. The 

standard deviation of 16 segments was calculated as a marker of global LV 

dyssynchrony.  

In the 4ch view, epicardial and endocardial contours were drawn for all phases using 

the CMR FT software. The time to peak strain was calculated in all basal, mid and 

apical segments for both the septal and lateral walls.  

 

2.7.6. LV myocardial fibrosis 
 

A wide number of cardiovascular disease processes result in myocardial fibrosis. 

(220) In animal and human studies it is associated with worsening left ventricular 

systolic function and abnormal ventricular remodelling. (221,222)  
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Two methods were used to estimate the presence and extent of fibrosis in the study 

cohort. 

Both methods used the unique property of the contrast agent gadolinium, which 

distributes itself in the increased extracellular matrix associated with fibrotic tissue. 

(220) Gadolinium shortens the T1 relaxation time of adjacent myocardium and allows 

tissue characterization by virtue of altering signal intensity in a T1 weighted image. 

The gadolinium contrast agent used was dotarem at a dose of 0.2mmol/kg (double 

dose). Dotarem has an excellent safety profile and is regarded as safe down to 

eGFRs of 30mls/min/1.73m2. 

Dotarem behaves like magnevist (perhaps the most widely used agent worldwide) 

with a similar relaxivity, but is considered safer with no reported cases of 

nephrogenic systemic sclerosis.  

The first method used a conventional inversion-recovery gradient echo sequence, 

with a TI scout prior to Late Gadolinium enhancement (LGE) imaging at 15 minutes 

post contrast was used.  LGE was performed on a LV short axis stack. 

Gadolinium enhancement was assessed visually as being present or absent and its 

distribution recorded. A semi-quantitative method was employed using  

Standard LGE analysis as it is widely used in clinical practice since it provides 

excellent qualitative assessment of myocardial fibrosis, however it does have 

limitations. Signal intensity is measured on an arbitrary scale and thus directs signal 

quantification between studies is difficult. In addition LGE requires the image contrast 

to be generated by having both normal and fibrotic tissue and correctly setting the 

inversion time to correct for this. (223) Different methods have been described to 

define what late enhancement is and there is no clear consensus on parameters 

such as intensity settings for the detection of myocardial fibrosis. (220) LGE is also 
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difficult in the setting of diffuse fibrosis where a difference between normal and 

fibrotic tissue is not seen. 

Some of LGEs shortcomings can be addressed by using T1 mapping and this 

method was also used for determining the presence of diffuse myocardial fibrosis. T1 

mapping allows the direct measurement of the T1 relaxation time of the underlying 

tissue. This allows the signal intensity to be quantified on a standardized scale. A T1 

map of the myocardial tissue is a reconstructed image, using multiple inversion times 

and sampling the intensity of signal for each individual voxel. We used the most 

widely described T1 mapping sequence, the Modified Look-Locker Inversion-

recovery (MOLLI) sequence described by Messroghli et al. (224) The Siemens wip 

version 448 was used with 3 inversions pulses and a 3, 3, 5 sequence of 

acquisitions.  

T1 mapping was performed using the MOLLI sequence pre-contrast, 10 and 20 

minutes post contrast in the 4 chamber and mid short-axis views. Analysis was made 

using Siemens diagnostic software. 

 

2.7.7. Aortic and Pulmonary flow 
 

Blood flow was measured using phase contrast velocity mapping. This uses the 

principle that the flowing nuclei in blood will acquire a phase shift when travelling 

along a gradient magnetic field. The phase shift in a linear gradient is proportional to 

the velocity of the moving spin i.e. velocity of blood. Phase shift of stationary tissue 

i.e. vessel wall, connective tissue is compensated by using a bipolar gradient. (225) 

By repeating measurements with an inverted bipolar gradient and subtracting this 

from the first data set, the phase shift remaining is used to calculate voxel wise 

velocities. 
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Velocity encoding (Venc) is given in centimetres per second and determines the 

maximum and minimum velocities that can be encoded by pulse contrast. Velocities 

greater then these will produce aliasing. The initial Venc was set at 150 and if 

aliasing occurred it was increased to a non-aliasing velocity in 50 cm/sec increments. 

The data acquisition gives signal magnitude and phase of each voxel. The signal 

intensities are processed to produce a magnitude image, which corresponds to the 

anatomical image. The phase information is used to produce a velocity image. 

(Figure 20)  

The sequences are performed during free breathing and retrospective gating. 

Flow measurements were repeated both 3 times across the aorta and pulmonary 

artery. The imaging plane was through plane for both the aorta (AO) and pulmonary 

artery (PA). The planes were for the aorta at the level of the pulmonary bifurcation 

and for the PA half way between the pulmonary vein (PV) and the pulmonary 

bifurcation. 

The images were optimized to give the most circular AO and PA, since ovoid 

measurements are less accurate and indicate incorrect cuts. For each patient, care 

was taken to reproduce the same imaging planes between the MR scans.  

Analysis of flow velocities was made using Argus tools (Siemens). The vessel was 

manually traced to define the region of interest and this contour was propagated 

throughout the entire data series. (Figure 21) These were then corrected by using a 

combination of semi-automatic software algorithms and operator selection.  Flow 

quantification in millilitres and mean and peak flow velocities were generated. 

Results of phase contrast methods do correspond well to Doppler derived from 

echocardiography and invasive measurements based on thermodilution. (226,227) 
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Figure 20. Magnitude (left) and phase encoded (right) maps of aorta. 

 

 

Figure 21. Contour drawn around aorta for analysis. 
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2.8. Cardiopulmonary exercise testing (CPEX) 
 

All the tests were carried out using the same cardiopulmonary exercise system in the 

Respiratory department at Wythenshawe Hospital, Manchester, UK. Initially the 

exercise tests were going to use a bicycle ergometer CPEX system with respiratory 

gas exchange, as it is recognized that it is easier to manipulate the workload. (228) 

Due to issues relating to the rate response of the IPG, preliminary work was carried 

out comparing a bicycle and treadmill CPEX. This is described in the next chapter, 

but following this the study used a treadmill-based protocol. 

All patients were familiarised with the technique required to carry out the CPEX test 

before each test. 

A valid test is defined as increasing the ventilator exchange ratio (VCO2/VO2) by at 

least 0.15 or to an absolute value of >1 during exercise. 

All tests were to be carried out in the morning with the patients fasted to minimise 

any diurnal variation. Every test will be performed using the same equipment to 

ensure reproducibility. 

A breath-by-breath technique was used to analyse volume and gas concentrations. 

Carbon dioxide was measured with an infrared analyser and Oxygen was measured 

using a paramagnetic analyser. Oxygen and Carbon dioxide analysers were 

calibrated using a two-point calibration with gas supplied by the same manufacturer 

(British Oxygen Company- BOC gases) 
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2.8.1. Bicycle CPEX 
 

The exercise protocol involved the patient’s undergoing a three-minute warm up 

phase at 20 Watts followed by an incremental increase in workload of 10 watts per 

minute using a ramp protocol. The ECG was monitored throughout the test. The 

CPEX was performed until the patient had limiting shortness of breath or fatigue. 

2.8.2. Treadmill CPEX 
 

The exercise protocol used was the modified Bruce protocol. This has 2 warm-up 

stages, each lasting 3 minutes. The first is 1.7mph at 0% grade and the second is at 

1.7mph at 5% grade. Stage 3 is the same as stage 1 of the Bruce at 1.7mph at 10% 

grade. The modified Bruce protocol was chosen since the cohort of patients in the 

study included elderly and all had cardiovascular disease. The 7 stages are shown in 

the figure below. 

Figure 22. Modified Bruce protocol for CPEX testing. 
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2.8.3. Indications for termination of exercise testing 
 

The American College of Cardiology (ACC)/American Heart Association (AHA) 

guidelines specify indications for termination of exercise testing.  

Absolute indications for termination of testing included the following: 

• Subject’s desire to stop 

• Drop in systolic blood pressure (SBP) of more than 10 mm Hg from baseline, 

despite an increase in workload, when accompanied by other evidence of 

ischemia  

• Moderate-to-severe angina 

• Increasing nervous system symptoms (e.g., ataxia, dizziness, near-syncope) 

• Signs of poor perfusion (cyanosis or pallor) 

• Technical difficulties in monitoring ECG tracings or SBP 

• Sustained ventricular tachycardia 

• ST elevation (> 1 mm) in leads without diagnostic Q waves (other than V1 or aVR) 

 

2.9. Six minute walk testing 
 

The Six minute walk test (6MWT) is an objective measurement of functional capacity 

in individuals, which is easy to perform and better tolerated than formal exercise 

testing such as cardiopulmonary exercise testing.(229) 

It is a measure of submaximal exercise tolerance, rather than maximal exercise 

tolerance but it probably better reflects the functional level for activities of daily living 

because of this.(229) 
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It has been most extensively used in measuring the response to medical intervention 

in cardio-respiratory patients and can act as a predictor of morbidity and mortality. 

(229) 

A 20 m corridor with a flat hard surface marked out with two cones was used to 

perform the test. Patients were instructed to have appropriate foot wear and wear 

comfortable clothing for the test. No vigorous activity 2 hours prior to the test was to 

be performed. 

The pre-test period consisted of the patient sitting on a chair for 10 minutes, whilst 

pulse and Blood pressure were checked and instructions regarding the test were 

given. Patients were advised how to report their rating of perceived exertion using 

the Borg scale. (Appendix) A baseline dyspnoea was recorded prior to testing.  

The following instructions were given: 

“ The aim of the test is to see how far you can walk in 6 minutes to give an indication 

of your base fitness level. You will be required to walk along this corridor between the 

two cones. You should turn briskly around the cone and continue back along the 

corridor, repeating the same action at the other end without pausing. 6 minutes is a 

long time to walk, so you will be exerting yourself and may become short of breath. 

You can slow down, stop and even rest if necessary but as soon as you can you 

should resume walking. The timer continues even if you stop. Let me demonstrate a 

lap. If you are ready please begin.” 

A lap counter was used to record each lap and a stopwatch was used for timing. 

Tone encouragement was given as suggested in American Thoracic Society (ATS) 

guidelines. (229) The end-point was reached when the timer struck zero, upon which 

the patient was able to rest on a chair. The post-walk Borg scale was determined and 

pulse and blood pressure was recorded. The number of laps and total distance were 

recorded on a worksheet (Appendix) and then the data was inputted into a database. 
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Study 1. Aortic and pulmonary flow measurements 

validation 

 

3.1 Aortic and pulmonary flow measurements 

validation 

 

3.1.2 Aim 
 

To validate the method of velocity phase encoding used and the analysis software, 

which would be used in the main trial. 

 

3.1.3 Introduction 
 

It was important to determine the reproducibility of the measuring aortic and 

pulmonary flow and the inter- and intra-observer variability. This was important for 

the trial analysis as at the time of designing the trial there was no published literature 

on the potential effects of IPG related susceptibility artefacts on phase coded velocity 

mapping measures. For this reason we decided to assess aortic and pulmonic flows 

in those without an IPG first. 
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3.1.4 Method 
 

20 patients which had flows performed were analysed by the reporting physician and 

myself. 

The images generated were analysed using Argus software, Siemens. A contour was 

drawn around the phase contrast image of the aorta or pulmonary artery and 

propagated in slice throughout all images. Careful attention was paid to keep the 

contour within the vessel wall and this could be manually manipulated for each slice. 

The flows were analysed by myself on two separate occasions. 

 

3.1.5 Results  
 

The mean age of the patients was 51 ± 7 years.  The mean aortic flow measured for 

rater A was 71.4 ± 16mls and for rater B it was 71.7 ± 16.3mls and 71.1 ± 16mls. The 

mean pulmonary flow measured was 74.8 ± 17.8mls for rater 1 and for rater 2, 76.5 ± 

18mls and 77.4 ± 18mls.  

To assess both inter-observer and intra-observer variability, Bland Altman plots were 

used. (Figures 23-26) 

The 95% confidence interval of plus and minus 5 mls is clinically acceptable and the 

majority of the values fell between these when comparing inter and intra-rater 

measurements. 

The intraclass correlation coefficient (ICC) between raters was 0.989 for aortic flows 

and 0.92 for pulmonary flows. The ICC for intra-observer measurements was 0.989 

for aortic flow measurements and 0.989 for pulmonary measurements.  
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Figure 23. Bland Altman plot comparing rater A and B for aortic flow 
measurements. 

 

 

 

 

 

 

 

 

 

Figure 24. Bland Altman plot comparing rater A and B for pulmonary flow 
measurements. 
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Figure 25. Bland Altman plot comparing rater B on two occasions for aortic 
flow measurements. 

 

 

 

 

 

 

 

 

 

Figure 26. Bland Altman plot comparing rater B on two occasions for 
pulmonary flow measurements. 
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3.1.6 Discussion 
 

This small validation study confirmed that the methodology employed for measuring 

flows had excellent reproducibility, with both good inter- and intra-observer 

correlations. The 95% confidence interval of only 5 mls is relatively small and is 

clinically acceptable difference.  

A more detailed discussion regarding CMR derived flow measurements is covered in 

the phantom study. 
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Study 2. Which is the most suitable method for CPEX 

testing in a pacing dependent patient? 

 

3.2 Which is the most suitable method for CPEX 

testing in a pacing dependent patient? 

 

3.2.1 Aim 
 

To determine which form of exercise testing was most suitable for patients who were 

pacing dependent and rely on the rate response function of the PPM. 

 

3.2.2 Introduction 
 

It was observed during the initial CPEX test performed using the bicycle ergometer 

that the patient’s heart rate increased much less than predicted.  This cohort of 

patients, following the AVN ablation were dependent on the PPM for a chronotropic 

response. A nominal setting (factory setting) for rate response had been set for each 

patient following the PPM implantation and these were maintained during initial 

testing. 

The St Jude Accent PPM uses an accelerometer to detect movement of the patient 

and this leads to an increase in the paced heart rate. Whilst cycling, the thorax 

usually remains fixed and certainly on a static bike it will move very little. It was 

proposed that a bicycle test would not produce a significant heart rate response, 
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compared to that of a treadmill and as a result may not be the most effective way to 

measure VO2 max in this cohort.  

 

3.2.3 Hypothesis 
 

The heart rate will rise significantly more during a treadmill CPEX compared to a 

bicycle CPEX. This will lead to a higher VO2 max being measured in the treadmill 

group. 

 

3.2.4 Method 
 

Five patients enrolled into the MAPS trial were recruited to take part in this sub-

study. Each patient undertook a bicycle and treadmill CPEX test on the same day. 

One test was in the morning and the second was in the afternoon, with a minimum of 

3 hours rest period between. The order in which the tests were performed, were 

randomized to reduce the influence of a training bias and diurnal variation.  The 

clinical study protocol was performed as described in the methods chapter.   

 

3.2.5 Results 
 

The average age of the five patients was 65±7 years. Of the five patients, 3 were 

male and 2 female.  

The mean VO2 max on the bike was 13.8±3.2ml/min/kg and on the treadmill 

15.5±4.2ml/min/kg, p=0.035. The average increase in VO2 max on the treadmill was 
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11%. The mean increase in heart rate on the bike was 16±15% on the bike and 

35±16% on the treadmill, p=0.013.  

 

 

Table 11. Comparison of VO2 max and heart rate increase between treadmill 
and bicycle CPEX testing. 

 

 

Mean VO2 max 

ml/min/kg 

p Mean Increase in heat 

rate from baseline (%) 

p 

Bicycle Treadmill  Bicycle Treadmill  

13.8 ± 

3.2 

15.5 ± 

4.2 

0.03 16.4 ± 15.4 35.3 ± 16 0.01 
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3.2.6 Discussion 
 

A number of observations can be made from these results. Firstly the mean VO2 max 

values for both studies are all low suggesting all patients had poor exercise 

tolerance. The mean EF was 54±6% on echo, which is at the lower end of normal, 

bordering on mild LV systolic dysfunction. The LV EF alone cannot really explain the 

below normal results. A resting LV EF has been shown to not correlate with max 

VO2 max in patients with underlying IHD. (230) More important was peak LV EF and 

the LV exercise reserve (change in EF between rest and exercise). (230) The cause 

for exercise tolerance in this cohort of patients is likely to be multifactorial. These 

patients had co-existing medical conditions including hypertension, airways disease 

and ischaemic heart disease, which certainly would reduce exercise tolerance. 

Perhaps the biggest contributing factor was the fact that these patients had become 

very deconditioned as a result of the poorly controlled AF. This cohort of patients 

requiring the pace and ablate strategy are a sicker cohort of AF patients. In the 

RELAX trial, those patients with AF compared to those in sinus rhythm had a lower 

peak VO2 in both absolute and relative to age, sex, body-size and exercise mode 

adjusted predicted values.(231) Both an irregular rhythm (232) and loss of atrial kick 

to LV filling (233) are recognised to reduce cardiac output in AF patients. The RELAX 

study demonstrated a lower stroke volume during peak exercise and a steeper 

Ve/VCO2 slope suggesting pulmonary perfusion may also be impaired in the AF 

cohort. It has also been shown that in healthy subjects, diastolic parameters 

including transmitral filling velocities and ratio of early to late filling velocities strongly 

correlate with VO2 max. (234) This cohort of patients may have impaired diastolic 

filling and dysfunction contributing to the lower peak VO2 max observed.  This was 

demonstrated in the RELAX trial. (231) It is important to note that diastolic function 

was not directly measured in this study, so this can only be considered a speculative 

explanation. 



  138 

The second observation and the reason for this small sub-study was that the CPEX 

using a treadmill consistently produced higher VO2 max results when compared to 

using the bike. This did not reach statistical significance but may relate to the small 

sample size.  

The increase in heart rate achieved on the treadmill was much greater and 

statistically significant compared to the bike. Numerous studies have demonstrated 

the finding of an increased VO2 max using the treadmill, with a mean difference of 

7% being reported. (228)   

An explanation can be offered using the basic principles of exercise testing. Peak 

exercise tolerance is defined as “the maximum ability of the cardiovascular system to 

deliver oxygen to exercising muscles and of the exercising muscle to extract oxygen 

from the blood”. (235) Therefore exercise is determined by three components, 

pulmonary gas exchange, cardiovascular performance and skeletal muscle 

metabolism. Taking this one step further the Fick equation states that oxygen uptake 

(VO2) equals cardiac output times the arterial minus mixed venous oxygen content: 

VO2= (Stroke volume x Heart rate) x (Arterial O2 – mixed venous oxygen content) 

 

At maximal exercise the same equation states: 

 VO2max= (SV x HR) x (CAO2max – CVO2max) 

 

The maximum heart rate was lower during bicycle testing in this study and therefore 

if everything else was equal it would equate to a lower VO2max. Indeed in other 

studies the maximal heart rates were found to be consistently lower in maximal 

bicycle tests compared to treadmill tests, suggesting muscular fatigue occurs before 

the central CVS system is engaged. (228,236,237) A treadmill also offers an 
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increased workload due to more muscle groups working against gravity. In health 

subjects VO2 max has been shown to correlate with hear rate max (r=0.48). (234) 

It is possible that the bigger difference in VO2 max in this study compared to others is 

due to the larger difference in max heart rate achieved between the two modalities. 

In this study heart rate is completely controlled by the PPMs rate response algorithm. 

The rate response is determined by an accelerometer within the device. This 

consists of a mounted piezoelectric crystal that responds to movement. The more 

movement detected (i.e. during exercise) the more the crystal will be stimulated and 

the greater the paced heart rate becomes. All the patients had a limit of 150bpm, but 

this was never achieved. The design of the accelerometer is such that activities with 

more thoracic movement will result in more movement of the crystal and a greater 

programmed rate response. When on a static bicycle ergometer, the thorax remains 

relatively still and movement is minimal until higher workloads. Walking on a treadmill 

creates much more thoracic movement, enhanced by shoulder and arm movement. 

Therefore this study suggests that in a pacing dependent patient, with the 

chronotropic response to exercise being governed by the PPM, than a treadmill test 

will result in a greater max heart rate, compared to a bicycle test. For this reason, the 

original study design of using a bicycle was altered to using the treadmill instead.  

 

3.2.7 Conclusion 
 

The treadmill CPEX resulted in a higher VO2 max than the bicycle CPEX, which in 

part could be explained by a larger increase in heart rate observed. 

For a pacing dependent patient, the heart rate response is likely to be greater on a 

treadmill.   
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Study 3. Any training effect of CPEX testing 

 

3.3. Any training effect of CPEX testing 

 

3.3.1 Introduction 
 

To assess if there performing a CPEX itself improved the following CPEX results due 

to a training effect rather than a real improvement in patient fitness a small sub-study 

was conducted with five patients was performed.  

 

3.3.2 Method 
 

On 5 patients CPEX tests were carried out within one week of each other.  Both 

CPEX were done using the treadmill, using the modified Bruce protocol. 

 

3.3.3 Results 
 

The students paired T-test was used to compare the parameters obtained to assess 

for differences and a Bland Altman analysis was performed on the VO2 max values 

obtained. 

The mean age of the control population was 67.6± 5.3 years. Two patients were 

male. From the synopsis in table 12 the two CPEX tests carried at baseline confirm 

the results are reproducible. Selected cardiopulmonary and haemodynamic variables 
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demonstrate that there were no significant differences on the basis of a “training 

effect” or increased familiarity with the exercise equipment. The VO2 max 

demonstrated only a 4.9% difference between tests. The results of selected 

parameters are summarized in table 12. 

 

Table 12. Exercise and haemodynamic parameters on training effect study. 
N=5. 

N=5 CPEX Test 1 CPEX Test 2 % Change P value 

Resting HR 

(min -1) 

62.4±4.8 61.4±3.1 -1.9% 0.67 

Resting SBP 

(mmHg) 

130.8±5.8 130.8±6.5 0% 1 

Peak SBP 142.8±5.8 140.4±3.8 -1.7% 0.21 

Peak HR (min 

-1) 

97±12.2 88.6±13 -8.7% 0.6 

RQ 1.13±0.12 1.12±0.14 -0.7% 0.55 

VO2 max 

(mls/kg/min) 

13.36±4.3 14.04±3.6 4.9% 0.4 

 

 

Using the Bland Altman test with VO2 max, one can see that all the mean differences 

in VO2 max were within 2 standard deviations of the mean difference. (Figure 27) 
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Figure 27. Bland Altman plot for VO2 max between the two CPEX tests 
performed. 

 

 

3.3.4 Discussion 
 

There was no apparent training effect demonstrated for the CPEX within the 

timescale of 1 week. This suggests that any differences in CPEX results between the 

time points of the study reflect changes in the exercise capacity of the participant.  

However, a major limitation was that the sample size was small and so the non 

significant P values are potentially due to this, rather than to any true difference. The 

sample was only 5 because of economic and logistical constraints.  

 

-3

-2

-1

0

1

2

3

4

5

7 9 11 13 15 17 19

M
ea

n 
di

ffe
re

nc
e 

in
 V

o2
 M

ax

Mean VO2Max

Difference

Mean Difference

Mean Diff. ± 2SD



  143 

Study 4. Phantom studies 

 

3.4 Phantom studies  

 

A series of studies were performed using a gel phantom model. Before such studies 

could take place I had to conduct a methodological study into constructing a gel 

phantom.  

 

3.4a The Gel Phantom 

 

3.4a.1 Introduction 
 

Tissue equivalent materials are very useful to calibrate and check imaging 

equipment. They also form a vital part in experimental work in MRI, especially in 

sequence development. A number of materials can be used including, Vaseline, 

glycerol, animal hide gels, agarose gels and aqueous mixtures of copper, 

manganese or nickel ions. (238) None of these materials alone can match the unique 

T1 or T2 relaxation properties/times found in human tissue. Every tissue within the 

body has a unique T1 and T2 time, allowing contrast to be generated in the images. 

Human myocardium has a T1 value ranging from 800 to 1200ms with normal 

myocardium believed to have T1 varying from 880 to 960ms with most MOLLI 

variants, and T2 values measured with a range of 48-58ms. (239)  
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Studies have suggested that a mixture of a paramagnetic ion salt and agar can be 

used to generate a wide range of T1 and T2 values by manipulating the 

concentration of the ion and agar. Mitchell et al have shown that agarose gel with the 

addition of copper sulphate can be used to produce a phantom with tissue equivalent 

T1 and T2 values. (238)  

 

3.4a.2 Aim 
 

To validate the method described by Mitchell et al in our lab to produce a gel 

phantom with similar relaxation properties to normal myocardium. 

 

3.4a.3 Methods 
 

Agarose (Sigma chemical corp) at a concentration of 4% weight per volume (w/v) 

and Copper Sulphate pentahydrate (Cu2SO4) at a concentration of 0.1% w/v were 

made for stock for the experiments. Both dry agarose and copper sulphate were 

weighed out in plastic receptacles and then separately dissolved in distilled, 

deionized water. Both solutions were placed on magnetic stirrers to facilitate this 

process.  At room temperature the agarose (4% w/v) takes 5-10 minutes to dissolve. 

On a hotplate with magnetic stirring, the agarose solution was heated until it turned 

from cloudy to clear. This signifies the transition from the solid state to molecular 

solution. This occurs at the solutions boiling point and took approximately 20 

minutes. After the transition, the solution was heated for a further 10 minutes to 

ensure the process was complete. The hot agarose was placed in separate vials 

containing varying quantities of Cu2SO4 solution and distilled/deionized water to 

produce varying agar concentrations. The results from Mitchell et al were used to 
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make a prediction to what T1 and T2 values would be produced by altering the 

concentration of agarose and Cu2SO4. Six test phantoms were made initially with 

differing agarose concentrations but the same Cu2SO4 concentration. (See table 13) 

According to the paper T1 mostly is determined by the copper concentration and T2 

depends mostly on the agar concentration. 

The vials were vigorously mixed and left to cool at room temperature within the lab. 

Once the gel mixture was set, the phantoms were placed in the room containing the 

MRI scanner to equilibrate with this room temperature. 

The phantoms were scanned on a 1.5T MRI scanner (Siemens Avanto) to obtain 

their true T1 and T2 values.  

The T1 was calculated using a spin echo, inversion recovery technique (TE 8.1ms, 

TR 10000ms) with inversion times of 50, 70, 110, 160, 230, 320, 500, 1500, 3000 

and 5000ms. This data was used to generate a T1 recovery curve. The T1 time was 

extrapolated from this curve as the point when the T1 had recovered 66.66% of its 

value. 

The T2 was calculated using spin echo with a TR of 5000ms and varying TE times of 

10, 20, 30, 50, 100, 150 and 200ms. A T2 relaxation curve can be generated and the 

T2 time is the time to decay to 33.3% of its original value. 
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Table 13. The constituent parts of the initial six phantoms. 

Phantom T2 

aim 

(ms) 

T1 

aim 

(ms) 

Phantom 

volume 

Agarose 

(w/v) 

Copper 

(w/v) 

Volume 

agarose 

(ml) 

Volume 

copper 

(ml) 

Volume 

water 

(mls) 

1 40 950 50 2.2 0.0149 27.5 7.5 15.1 

2 50 950 50 2 0.0149 25 7.5 17.6 

3 60 950 50 1.9 0.0149 23.8 7.5 18.8 

4 70 950 50 1.8 0.0149 22.5 7.5 20.1 

5 80 950 50 1.7 0.0149 21.3 7.5 21.3 

6 90 950 50 1.6 0.0149 20 7.5 22.6 

 

 

In the first set of phantoms made it was apparent that the gel was not uniform and 

that there were several discrete layers present where the constituents had separated 

out. Therefore it was not surprising that the T1 and T2 values were not as predicted 

(Table 14). 
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Table 14. Initial six phantoms measured T1 and T2 values compared to 
predicted value. 

Phantom T2 

aim 

(ms) 

T1 

aim 

(ms) 

Measured 

T2 (ms) 

Measured 

T1 (ms) 

1 40 950 54.5 777 

2 50 950 142 1215 

3 60 950 60.22 1001 

4 70 950 103 1164 

5 80 950 136 1051 

6 90 950 101 1176 

 

 

It was noted that when adding the hot agarose solution to the vials containing copper 

sulphate/water, the agarose started to solidify on contact due to the temperature 

difference between the two mediums. To rectify this, the vials containing the copper 

sulphate/water were preheated in a water bath set to 800C.  The formation of layers 

during the setting process was likely the result of gravity during the cooling. To 

reduce this effect subsequent vials were mixed vigorously on a tube mixer and 

placed in a fridge to set quicker. 

The use of a heated plate was found to be very time consuming in making up the 

agarose mixture and due to the small size of our plate only a small quantity of 

agarose could be made. With the desire to make larger phantoms for other studies, it 
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was decided to experiment with the use of a microwave to heat the solution. The 

disadvantage of this approach was that the solution had to be stirred manually 

intermittently throughout the process. It proved very successful at heating large 

quantities of the agarose solution and was much faster than using the heating plate. 

The six phantoms were repeated with much better gel consistency with T1 and T2 

measurements (see results). Following on from these results a further phantoms 

were created with varying proportions on constituents (Table 15) to determine the 

ideal mixture that was similar to myocardium. These were scanned together in the 

MR scanner as shown in figure 28.  
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Table 15. The constituent parts of the 19 phantom
s. 

Phantom
 

T2 aim
 

(m
s) 

T1 aim
 

(m
s) 

Phantom
 

volum
e 

Agarose 

(w
/v) 

C
opper 

(w
/v) 

Volum
e 

agarose 

(m
l) 

Volum
e copper 

(m
l) 

Volum
e 

w
ater 

(m
ls) 

1 
40 

950 
50 

2.2 
0.0149 

27.5 
7.5 

15.1 

2 
50 

950 
50 

2 
0.0149 

25 
7.5 

17.6 

3 
60 

950 
50 

1.9 
0.0149 

23.8 
7.5 

18.8 

4 
70 

950 
50 

1.8 
0.0149 

22.5 
7.5 

20.1 

5 
80 

950 
50 

1.7 
0.0149 

21.3 
7.5 

21.3 

6 
90 

950 
50 

1.6 
0.0149 

20 
7.5 

22.6 

7 
55 

800 
50 

2 
0.024 

25 
12 

13 

8 
55 

850 
50 

2 
0.022 

25 
11 

14 

9 
55 

900 
50 

2 
0.02 

25 
10 

15 

10 
55 

950 
50 

2 
0.018 

25 
9 

16 
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Phantom
 

T2 aim
 

(m
s) 

T1 aim
 

(m
s) 

Phantom
 

volum
e 

Agarose 

(w
/v) 

C
opper 

(w
/v) 

Volum
e 

agarose 

(m
l) 

Volum
e copper 

(m
l) 

Volum
e 

w
ater 

(m
ls) 

11 
55 

1000 
50 

2 
0.016 

25 
8 

17 

12 
55 

1050 
50 

2 
0.014 

25 
7 

18 

13 
55 

1100 
50 

2 
0.012 

25 
6 

19 

14 
55 

1250 
50 

2 
0 

25 
0 

25 

15 
- 

- 
50 

2 
0 

50 
0 

0 

16 
- 

- 
50 

1 
0 

50 
0 

0 

17 
- 

- 
50 

4 
0 

50 
0 

0 

18 
- 

- 
50 

0 
0.1 

0 
50 

0 

19 
- 

- 
50 

0 
0 

0 
0 

50 
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Figure 28. The gel phantoms within the MR scanner. 
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3.4a.4 Results 
 

Nineteen gel phantoms were scanned and T1 and T2 values measured. A 

mathematical model derived from Mitchell’s paper was used to predict the effect of 

differing the concentrations of agarose and copper sulphate on T1 and T2. Table 16 

gives the predicted values and actual measures for the 19 gel phantoms. For the first 

6 phantoms where the agarose concentration was altered and the copper remained 

the same the mean difference was 4ms± 10 for T2 and 16.5±39 for T1, between the 

estimated value and the measured values.
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Table 16. Predicted and actual m
easures for 19 phantom

s. 

Phantom
 

T2 aim
 (m

s) 
T1 aim

 (m
s) 

M
easured T2 (m

s) 
M

easured T1 (m
s) 

D
ifference 

betw
een actual 

and predicted T1 

(m
s) 

D
ifference 

betw
een actual 

and predicted T2 

(m
s) 

1a 
40 

950 
49 

882 
+ 9 

- 68 

2a 
50 

950 
55 

909 
+ 5 

- 41 

3a 
60 

950 
58 

926 
- 2 

- 24 

4a 
70 

950 
63 

932 
- 7 

- 18 

5a 
80 

950 
68 

957 
- 12 

+ 7 

6a 
90 

950 
73 

995 
- 17 

+ 45 

7 
55 

800 
52 

680 
- 3 

- 120 

8 
55 

850 
57 

720 
+ 2 

- 130 

9 
55 

900 
85 

855 
+ 30 

- 45 

10 
55 

950 
83 

881 
+ 28 

-69 
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Phantom
 

T2 aim
 (m

s) 
T1 aim

 (m
s) 

M
easured T2 (m

s) 
M

easured T1 (m
s) 

D
ifference 

betw
een actual 

and predicted T1 

(m
s) 

D
ifference 

betw
een actual 

and predicted T2 

(m
s) 

11 
55 

1000 
74 

914 
+ 19 

- 86 

12 
55 

1050 
63 

1003 
+ 8 

- 47 

13 
55 

1100 
80 

1103 
+ 25 

+ 3 

14 
55 

1250 
90 

1166 
+ 35 

- 84 

15 (Agarose 1%
) 

- 
- 

114 
3003 

N
A

 
N

A 

16 (agarose 2%
) 

- 
- 

64 
2800 

N
A

 
N

A 

17 (agarose 4%
) 

- 
- 

30 
2180 

N
A

 
N

A 

18 (C
opper 

sulphate 0.1%
) 

- 
- 

328 
350 

N
A

 
N

A 

19 (W
ater) 

- 
- 

1791 
2938 

N
A

 
N

A 
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A Pearson product-moment correlation coefficient was calculated to assess the 

relationship between the concentration of agarose and the measured T2. There was 

a negative correlation between the two variables, r = -0.99 (-0.999 to -0.912), n = 6, p 

<0.01, two tails. Overall there was a very strong negative correlation between 

agarose concentration and the phantom T2. 

 A Pearson product-moment correlation coefficient was calculated to assess the 

relationship between the concentration of agarose and the measured T1. There was 

a negative correlation between the two variables, r = -0.97 (-0.997 to -0.73), n=6, 

p=0.002, two tails. Overall there was a very strong negative correlation between 

agarose concentration and the phantom T1. 

A scatter plot summarizes the results in figure 29. 

A Pearson product-moment correlation coefficient was calculated to assess the 

relationship between the concentration of copper and the measured T2. 

There was a negative correlation between the two variables, r = -0.66 (-0.93 to 0.08), 

n=8, p= 0.07 (two tails). Overall there was a strong negative correlation between 

copper concentration and the T2 of the phantom, but this did not reach statistical 

significance. 

A Pearson product-moment correlation coefficient was calculated to assess the 

relationship between the concentration of copper and the measured T1. There was a 

negative correlation between the two variables, r = -0.99 (-0.99 to -0.95), n = 8, p < 

0.001. Overall there was a very strong negative correlation between concentration of 

copper and the measured T1, which was statistically significant. A scatter plot 

summarizes the results in figure 20. 
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Figure 29. Scatterplot showing relationship between agarose concentrations 
and the measured T1 and T2 values in the gel phantom. 

 

 

 

 

Figure 30. Scatterplot showing relationship between Copper Sulphate 
concentration and the measured T1 and T2 values in the gel phantom. 

 

 



  157 

3.4a.5 Discussion 
 

This set of phantoms clearly demonstrated that a tissue equivalent T1 and T2 values 

(T1 950ms, T2 50ms) could be achieved using the combination of agarose, copper 

sulphate and deionized water.  

From our results it appeared that both components independently affect the T1 and 

T2 values. Consistent with Mitchell’s paper we found that altering the concentration 

of copper mainly effected the T1 value rather than the T2 value. However in 

Mitchell’s paper it was seen that agarose concentration mainly effected the T2 value 

rather than the T1 value. We found the opposite in our set of phantoms.  Obviously a 

limitation of this study was that only a limited number of concentrations of the 

components were used and thus one cannot make firm conclusions regarding the 

effect on the T1 and T2 values. More phantoms at different concentrations would 

have to be studied.  

The main aim of this study was to validate the method described by Mitchell and it 

does allow a wide range of T1/T2 values to be obtained. The difficulty in producing a 

gel phantom that mimics human myocardium is that the range of normal is very tight 

especially for T2 with a range between 45 and 60 ms. It appears that one has to 

make a lot of different phantoms using a range of agarose and copper sulphate 

concentrations to be able to select one that is close to human myocardium.  
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Study 4b. Effect of Metal Susceptibility artefact on T1 

mapping and velocity phase encoding using an 

agarose phantom model. 

 

 

3.4b.1 Introduction 
 

Metal susceptibility artefacts from the IPG are seen on the cine images generated in 

cardiac MR, but in the vast majority of cases this does not prevent a visual 

assessment of cardiac function. (203) 

The presence of a metallic object can create two forms of artefact. The first relates to 

the magnetic susceptibility of the object. Magnetic susceptibility corresponds to the 

internal magnetization of a tissue resulting from interactions within an external 

magnetic field. When two tissues or tissue and object with different magnetic 

susceptibilities are juxtaposed, local distortions in the magnetic field are created. This 

creates inhomogeneities in the static magnetic field, resulting in dephasing and 

frequency shifts of nearby spins.  Ferromagnetic metal creates significant magnetic 

field inhomogeneity, which results in a local signal void and often accompanied by an 

area of high signal intensity, with distortion of the surrounding area. Signal loss 

depends on the metal and on the pulse sequence used. The signal loss results from 

the local field inhomogeneities (T2*) that accelerates transverse relaxation and signal 

decay, and from magnetic distortion, which alters the precessional frequency shift. 

When the tissues precessional frequency is shifted, it may result in an absence of 

spin excitation during the slice selection resulting in loss of a signal, or when the 
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signal is acquired during the readout gradient the shift will result in a mis-registration 

of the spatial localization, leading to distortion.  

A second artefact is a result of eddy currents set up in conductors by the high 

frequency RF pulses. These create magnetic counter-fields, which alter the resulting 

amplitude of the RF pulse across the imaging region, leading to alteration in the spin-

echo signals.  

T1 mapping is a CMR technique that has been used extensively in research and 

shows great promise in the clinical setting. It is a method of providing a parametric 

map whereby each pixel represents a T1 value. The pixel intensity is directly related 

to the underlying T1 value. T1 maps are generated from a series of images acquired 

at different times of the T1 recovery curve, following an inversion magnetisation 

preparation pulse. (240,241) The pulse sequence most commonly used in T1 

mapping is the MOLLI sequence. (MOLLI). (224)   

Velocity-phase encoding gradient echo imaging (VENC) is an MR technique used for 

the quantification of blood flow and is widely used in clinical practice. The phase shift 

that occurs as protons move though a magnetic field allows the direction and velocity 

of blood flow to be calculated. In CMR this is used to quantify valvular lesions and 

intra-cardiac shunts.  

It is important to determine if T1 mapping and VENC can be performed in presence 

of an IPG and if so can the results be reliable to make clinical judgments. In order to 

investigate this we performed a series of MR scans on gel phantom models. 
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3.4b.2 Methods 
 

2 gel phantoms were studied on a 1.5 Tesla (Magnetom Avanto, Siemens Healthcare 

Sector, Erlangen, Germany) with a dedicated cardiac 32-element phased-array coil. 

 

3.4b.2.1 Phantom 
 

Two Perspex containers measuring 280x210x110mm were used to mimic the 

thoracic cavity. In phantom A, the container was filled with the agarose gel solution. 

In phantom B, an acrylic plastic rig was fitted to allow the placement of a dual 

chamber PPM (St Jude Medical Verity ADx XL DR) and two 58cm active fixation 

pacing leads (SJM Tendril MR) (Figure 31).  

To mimic human tissue, each container was filled with solution of agarose and 

copper sulphate (Figure 32). The same method outlined in section 4a.3 was used, 

but with up-scaled quantities of materials. Multiple small test batches were used to 

try and calculate the composition that would achieve T1 relaxation properties similar 

to myocardium.  
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Figure 31. Phantom B. PPM within container on rig. 
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Figure 32. Phantom A (right) and B (left) filled with agarose gel. 
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3.4b.2.2 T1 mapping 
 

T1 measurements were made using an ECG triggered single-shot MOLLI sequence 

as described by Messroghli.(224). Typical parameters were field of view 340×255 

mm, matrix 192×138, 8-mm slice thickness, flip angle 35°, parallel imaging factor 2 

with 24 reference lines, 6/8 partial Fourier k-space sampling, acquisition time 201 ms 

for a single image, and initial effective inversion time (TIeff) 100 ms with a TIeff 

increment of 80 ms. To sample T1 recovery, serial single-shot diastolic images were 

acquired every heart beat after 3 nonselective adiabatic inversion pulses (i.e., 3, 3, 

and 5 images after each inversion pulse, totalling 11 images), with 3 dummy heart 

beats before the second and third inversion pulses to allow T1 recovery (17 heart 

beat total acquisition duration). 

 

3.4b.2.3 Velocity phase encoding  
 

Flow was measured in all three orthogonal planes with the imaging plane centred at 

the magnetic iso-centre. In the axial and sagittal projections, the isocentre was 

moved 50mm towards and away from the PPM. A one-direction (through-plane) 

motion-encoded cine gradient echo was applied. Typical parameters were slice 

thickness 5mm, flip angle 20, TR 29.9, TE 2.18, 192 phase encoding steps over 30 

time frames. The Velocity encoding sensitivity (Venc) was 150cm/sec. 

 

3.4b.2.4 Experiments 
 

Eighteen scans were performed on each phantom over a 2-week period. A simulated 

RR interval of 1000ms was used for all scan sequences. 
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3.4b.2.5 Analysis 
 

T1 maps were analysed by placing a grid system on the images generated in the 

three orthogonal planes using OsiriX (©Pixmeo Sarl).  An example of the grid used in 

the coronal plane is shown in figure 33. 

The phase-encoded velocity sequences were analysed using CMR42 using regions 

of interest at differing distances from the PPM.  

 

Figure 33. Grid placed on coronal projection for T1 mapping analysis. 
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3.4b.3 Results 
 

3.4b.3.1 T1 Mapping 
 

The mean T1 of phantom A (no PPM) for the baseline scan was 844ms ± 21.6 and 

mean T1 of phantom B (PPM) was 878ms±138 in the coronal plane. A representative 

localizer and corresponding T1 map of the PPM phantom and a gel only phantom is 

shown in Figures 34 and 35.   

 

Figure 34. T1 map of the gel only phantom in coronal plane (phantom A). 
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Figure 35. Coronal localiser and corresponding T1 map in the PPM phantom. 
Marked artefact is observed see spreading out from the centre of the device. 

 

 

The gel only phantom (A) was relatively homogenous compared to the PPM phantom 

(B). The values obtained for each sector in the coronal plane grid for 1 scan are 

shown in figure 36a and b. 



 
 

167 

Figure 36. T1 values across the tw
o phantom

 m
odels. The gel only phantom

 (phantom
 A) is relatively hom

ogenous w
ith only a sm

all variation 

in T1 values across the phantom
 centrally (shaded). In phantom

 B the heterogeneity introduced by the device can be seen. 
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3.4b.3.2 T1 values over time in gel phantom 
 

The scans were performed 18 times over a 2-week period. Figure 37 shows the 

mean T1 value across the 18 scans. The mean T1 value was 849.9±16ms for the 1st 

scan and 819.4±9.6ms for the 18th scan. A one way repeated measure of variance 

was conducted to evaluate the null hypothesis that there is no change in the T1 value 

of the gel phantom over time. The results of the ANOVA using a multivariate analysis 

indicated a significant time effect, Wilks lambda = 0.08, F (17,24)= 167.95 p<0.01 η = 

0.99.  Follow up pairwise comparisons using paired student T-tests indicated that no 

significant differences existed between repeat measures performed on the same day 

for days 2-6. On day 1 the T1 value for the morning scan, 849.9±16ms and the 

midday scan, 850.2±21ms were significantly different from the evening scan, 

840.7±12ms, p<0.01.
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Figure 37. T1 time drift. T1 measured over a 2-week period. Every 3 scans 
represent a single day. 
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3.4b.3.3 Effect of Pacemaker on T1 mapping 
 

The artefact the PPM generates is clearly visible on the localisers and corresponding 

T1 maps (Figure 35). 

In all three orthogonal planes, regions of interest (ROIs) at increasing distances from 

the centre of the PPM were used and the corresponding T1 value measured. The 

measured T1 values against the distance from the PPM in the PPM phantom are 

shown in figures 38 to 43.  

Pearson correlation and linear regression were performed on for each orthogonal 

plane. 

For the coronal position (Figure 38) the measured T1 value had a negative 

correlation with distance from the PPM r = -0.588, p = <0.01 and the measured T1 

could be predicted by the following formula T1= -15.16*Dx from PPM + 1018.74, R2= 

0.345.  

For the sagittal position (Figure 39 and 40) the measured T1 value had a negative 

correlation with distance from the PPM r = -0.589, p = <0.01 and the measured T1 

could be predicted by the following formula T1= -11.85*Dx from PPM + 979.9, R2= 

0.347 

For the axial position (Figure 41) the measured T1 value had a positive correlation 

with distance from the PPM r = 0.637, p = <0.01 and the measured T1 could be 

predicted by the following formula T1= 4.52*Dx from PPM +768.76, R2= 0.406 

On review of the T1 maps it was evident that the axial plane was at the isocentre of 

the phantom and in a region of artefact, which gave low T1 values. This meant the 

starting point for the T1 values was low rather than high seen in the other orthogonal 

planes. The axial plane T1 map was repeated for 3 scans with an axial cut that 
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crossed the PPM and the results are plotted in figure 42 and 43. Here a high T1 was 

measured close to the device, with a corresponding reduction In T1 with distance. 

For this axial projection the measured T1 value had a negative correlation with 

distance from the PPM r = -0.857, p = <0.01 and the measured T1 could be predicted 

by the following formula T1= -22.64*Dx from PPM + 1030.9, R2= 0.734 

 

Figure 38. The relationship between the distance from the PPM and the 
measured T1 value in the coronal plane, using a scatter plot. 
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Figure 39. The relationship between the distance from the PPM and the 
measured T1 value in the sagittal plane, using a scatter plot. 
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Figure 40. Mean T1 values in PPM phantom compared to gel only phantom in 
the sagittal plane. The T1 value within the gel phantom remains constant. 

 

At 10 cm from the IPG the effect on T1 is negligible. 
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Figure 41. The relationship between the distance from the PPM and the 
measured value in the axial plane, using a scatter plot. 
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Figure 42. The relationship between the distance from the PPM and the 
measured T1 value in the axial plane adjusted to cross the PPM, using a 
scatter plot (see text for explanation) 
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Figure 43. The mean T1 values of PPM phantom compared to gel phantom in 
axial plane. 
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3.4b.3.4 Effect of pacemaker leads on T1 mapping 
 

Whilst the artefact surrounding the PPM was large, only a small artefact was seen 

around the pacing lead within the phantom. To analyse the effect that the pacing lead 

would have on the T1 value a grid consisting of 5x5mm squares was placed over one 

of the pacing lead body and lead tip.  

 

Figure 44. Plot of distance from lead body and mean T1 values in PPM 
phantom compared to the gel only phantom. 
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Figure 45. Plot of distance from lead tip and mean T1 values in PPM phantom 
compared to the gel only phantom. 

 

 

At 1 cm from lead tip, T1 is not affected. 
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For the lead tip the measured T1 value had a negative correlation with distance from 

the PPM r = -0.661, p =  <0.01 and the measured T1 could be predicted by the 

following formula T1= -21.35*Dx from PPM + 845.74, R2= 0.437. At 1cm from the 

lead tip the mean T1 was 798±11.5 in the PPM phantom compared to 801±2ms in 

the gel phantom, p = 0.4. 

For the lead body position the measured T1 value had a negative correlation with 

distance from the PPM r = - 0.449, p = <0.01 and the measured T1 could be 

predicted by the following formula T1= -6.84*Dx from PPM + 811.13, R2= 0.202. At 1 

cm the mean T1 in the PPM phantom was 799±11.2ms compared to 800±3ms in the 

gel phantom, p = 0.64. 

 

3.4b.3.5 Effect of metal susceptibility artefact on velocity phase encoding 
 

The gel phantom was solid, so any flows measured in the phantom would be related 

to the inherent phase offset error within the scanner. A clinically relevant phase offset 

would be considered to be greater than 5 mls.  

The mean total flow measured at isocentre was -3.8±0.4mls in the PPM phantom 

compared to -4±0mls in the gel only phantom, p = 0.08, for the axial projection. In the 

sagittal projection the means flows measured were 2.4±0.5mls versus 2±0mls, p = 

0.04.  

The effect of moving the imaging plane was assessed by scanning the phantom with 

the relative isocentre at 0mm, +50m and -50mm in the sagittal and axial projections. 

This in effect moved the ROI towards and away the PPM so its effect on the 

measured flow could be assessed. In the axial plane the mean total flow measured at 

+50mm was  -3.7±0.7mls for the PPM phantom and  -3.8±0.4mls for the gel only 
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phantom, p = 0.79. At -50mm it was  -3.8±0.42mls and -3.9±0.32mls respectively, p = 

0.33.  

In the sagittal projection the mean total flow measured at +50mm was 6.2±0.5mls in 

the PPM phantom and 6.5±0.51mls, p = 0.135 in the gel phantom. At -50mm it was -

9.4±0.7mls and -5.7±0.5mls, p =  <0.001. 

The flows for the 18 scans in the sagittal projection are shown in figure 46. 

Figure 46. Scatterplot showing the effect of moving the isocentre towards and 
away from the PPM on the flow measured in the phantoms, in the sagittal 
projection for 18 scans. 
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The effect of distance on the measured flow was further assessed by using 4 regions 

of interest (maximum CMR42 allows) at increasing distance from the PPM. Images at 

isocentre and +50mm and -50mm offset were used with the same 4 ROIs. Figure 47 

shows the relationship between the distance from the PPM and the measured flow in 

the axial plane. At 2cm from PPM the mean measured flow was -33±1.3mls in the 

PPM phantom compared with -2±0mls in the gel phantom, p = <0.001. At 4 cm the 

mean flow measured was -4mls±0 in both the PPM and gel phantoms. 

The sagittal plane produced both positive and negative flows depending on whether 

the isocentre was plus or minus 50mm in both phantoms because the phase ending 

direction was in the sagittal plane. Therefore a similar distance from the PPM could 

produce both positive or negative flow depending on if it was 0mm, +50mm or -50mm 

from isocentre. Figure 48 shows the measured flow for each ROI (1-4) in the sagittal 

plane at 0, +50 and -50mm. ROI 1 is closest to the PPM and 4 is furthest from the 

PPM.  

 

 

 

 

 

 

 

 



  182 

Figure 47. The effect of distance from the PPM on the total flow measured in 
the gel only and PPM phantom in the axial plane. 
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Figure 48. Total flow measured at four regions of interest at different 
isocentres for both phantoms. ROI closest and ROI 4 furthest from PPM. 
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3.4b.4 Discussion 
 

Whilst it was attempted to get a T1 value in the range of normal myocardium (approx 

950-1000ms) the mean T1 values of both phantoms were much lower than this. 

Although the same proportions of agarose, water and copper sulphate were used as 

in the test sample, which gave a T1 value of 950ms, the test sample was only 30mls. 

Over 5 litres of solution were required for these phantoms and when up-scaled, the 

proportions probably differed. The mean T1 value was higher in the PPM phantom 

due to the presence of the PPM, rather than the inherent property of the 

agarose/copper sulphate gel. In fact in areas distal to the PPM, the T1 values were 

actually lower in the PPM phantom. What is clear is that the gel phantom is relatively 

homogenous, whilst the PPM phantom is heterogeneous. The grid with individual T1 

values for each ROI illustrates this (Figure 36). 

 The value of mean T1 plotted for each scan for the gel only phantom (Figure 37), 

suggests that the gel phantom changed over the 2-week period. When analysed 

further it appears that only on day one did the T1 values differ significantly and that if 

you were to take out the day one results, then the T1 values did not in fact differ 

significantly within each day nor between subsequent days. On days 2-6, the 

variability was low suggesting that time of the day and perhaps any temperature 

changes had minimal impact on the value of T1 measured. The findings on day one 

are perhaps related to a physical change in the gel, related to when the gel was 

prepared. The phantoms were prepared the day before the first scan and whilst left 

overnight to solidify, the gel may not have not fully set for the first scan. If repeating 

the experiment, I would leave the gels to set for at least 48 hours. A second 

explanation could relate to the temperature of the phantom. The phantoms were kept 

in the lab in which they were made and taken to the scanner for the first scan the 

next day. Following the first scan, the phantoms were kept on a shelf within the 
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scanner room itself so they had time to aclimatise. Again if repeating the experiment 

the phantoms would be kept in the scanner room for at least 24 hours.  

The T1 maps generated for the PPM phantom clearly show the PPM has an effect on 

the T1 map generated and the subsequent T1 values. The artefact generated is 

consistent with other metal susceptibility artefacts, where the metal leads to a 

magnetic field distortion, which alters the precessional frequency shift. When the 

tissues precessional frequency is shifted, it may result in an absence of spin 

excitation during the slice selection resulting in loss of a signal, or when the signal is 

acquired during the readout gradient the shift will result in a mis-registration of the 

spatial localization, leading to distortion. On the T1 map, both hyper-intense regions 

(multiple colours) with high T1 values and areas of hypo- intense (black/signal void) 

with lower T1 values can be seen. The ROIs drawn were such that they would 

include both hyper-intense and hypo-intense regions to give the average effect on 

the T1 value. 

There was a moderate negative correlation between the distance from the PPM in 

both the coronal and sagittal planes. This can be seen visually on the T1 maps 

generated with the ringing artefact from the PPM decreasing with distance from the 

PPM. The results generated by the initial analysis of the axial plane illustrate the 

artefact and subsequent effect on the T1 value is heterogeneous. The T1 maps were 

generated using the centre of the phantom as reference point so the phantom would 

be scanned the same every time. By doing this, the axial plane did not cut across the 

PPM itself but the artefact generated by the PPM. On reviewing the T1 maps it can 

be seen that this artefact was an area of hypo-intense signal, much lower than the T1 

values around it. So for this axial cut it led to there being a positive correlation 

between the T1 value and distance from the PPM artefact. Following this discovery, 

the phantom was scanned on 3 more occasions with an axial cut across the PPM 

itself. When this was done, a strong negative correlation was seen between the T1 



  186 

value measured and the distance from the PPM. In all 3 planes it is clear that the 

further the ROI is from the PPM, the T1 value is more likely to represent the 

underlying tissue rather than the PPM artefact. When compared to the gel only 

phantom, the T1 values reached similar levels at approximately 12 cm. These results 

would suggest that in clinical imaging the T1 values for anything within 12 cm of the 

device are affected by metal susceptibility.  

The effect the leads had on the T1 values measured was low in comparison to the 

PPM. Metal susceptibility artefact relates to the relative size and mass of an object 

and thus the leads being much smaller than the PPM, the artefact is greatly reduced. 

The artefact from both the lead tip and lead body extended only a short distance and 

after approximately 1 cm the T1 values became similar to the rest of the gel 

phantom. The measured T1 at 1cm was clinically and statistically non-significant 

between the gel and PPM phantom. This result is consistent with Saki et al, who 

described artefact of 1cm around pacing leads also. (242) In clinical imaging, it would 

seem the leads alone would only effect a small area of adjacent myocardium. 

The results of the velocity phase encoding analysis shows that the presence of the 

PPM would influence the measurement of flow by velocity phase encoding. Since 

this was a static phantom, any positive or negative flow measured was due to phase-

offset errors. Phase offset errors occur in the magnetic field under normal 

circumstances because the magnetic field within the bore is not entirely 

homogenous, but these are considered insignificant in the clinical setting, during a 

single patient scan. (243) However concerns have been raised that temporal drift in 

the baseline offset can occur over a longer period. (243) This is one reason why the 

ROI should always be placed at the isocentre during clinical scanning. The phase-

offset errors were significantly greater in the PPM phantom and the error is related to 

the proximity of the ROI to the device. The flows measured in the sagittal plane in the 

gel phantom, illustrates the effect of the phase encoding direction. The change from 
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a positive to negative flow with the shifting of the isocentre 50mm in either direction, 

related to the phase encoding direction, not the gel, since the gel has been to shown 

to be relatively homogenous. This highlights that in clinical practice scans should be 

done at isocentre with the ROI central. In the sagittal projection using 4 ROIs (Figure 

48), it was evident that in the  -50mm plane, the effect of the PPM on the flow was 

greatest. This is because this projection was closer to the actual PPM. It is 

interesting to note that in ROI 1 and 2 (the 2 closest ROI’s to PPM) there was not 

only a difference in magnitude of the flow measured but also a directional change.  

This result shows that the PPM can influence both the magnitude and direction of 

phase-offset errors and that ROIs in close proximity to the PPM will produce 

erroneous results.  The phase encoding direction did not influence the direction of 

flows in the axial plane, so it allowed the ROI’s to be plotted as a distance from the 

PPM. In this plane, flows are likely to be erroneous within 5 cm of the device. 

The effect of the leads on the flows was not assessed because the software used to 

measure flows made it difficult to produce accurate ROI’s small enough. It can be 

inferred that the effect is likely to be small as seen with the T1 mapping.  

 

3.4b.5 Conclusion 
 

The presence of a PPM generates a significant artefact, which influences both T1 

mapping and velocity phase encoding. If the region of interest is located in close 

proximity to the device then the results are likely to be erroneous. In T1 mapping, 

regions of interest greater than 10-12cm from this PPM tested and 1cm from these 

leads will probably reflect the underlying tissue. These findings cannot be 

generalized to all cases since both the device and leads differ in terms of size and 

material between products on the market.
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Study 5. Image optimization in the presence of an 

Implantable pulse generator 

 

Study 5. Image optimization in the presence of an IPG. 

 

3.5.1 Introduction 
 

The magnetic field within the scanner is never completely homogenous over the 

heart in clinical practice. Most tissues create a magnetic field that opposes the 

applied magnetic filed and are thus diamagnetic. This results in inhomogeneities 

within the B0 field that can cause local frequency offsets, leading to off-resonance 

effects. This may result in signal loss or spatial distortion in the image. Medical 

devices are a source of metal susceptibility artefact and distort the magnetic field. In 

CMR the sequences most sensitive to magnetic field distortions are the bSSFP 

sequences, where as turbo spin-echo (TSE) sequences appear less affected.  

To determine which image sequences were affected by artefacts and whether the 

images could be optimized to improve quality, the PPM gel phantom was used. A 

greater time could be spent on attempting to optimize the images compared to a 

PPM in-vivo. 
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3.5.2 Method 
 

The PPM gel phantom was scanned in a 1.5T scanner using the following 

sequences: 

x bSSFP with centre frequencies 0, 25, 50, 75, 100, 125, 150, 175 and 200Hz 

x bSSFP with different bandwidths (251, 496, 744, 1488) 

x Spoiled gradient (SpGr) 

x T1 Black blood turbo spin echo (T1 BB TSE) 

x T2 Black blood turbo spin echo (T2 BB TSE) 

x Short T1 inversion recovery (STIR) 

 

These were performed in the three orthogonal planes.  

 

3.5.3 Results 
 

This was a qualitative rather than quantitative process. Figure 49 demonstrates the 

effect of 4 different sequences on the image in an axial plane. Figure 50 

demonstrates the effect of altering the local centre frequency on the bSSFP images 

in the axial plane. A demonstrable effect can be appreciated between the different 

frequencies.  

Figure 51 demonstrates the effect of altering the bandwidth on the bSSFP images in 

the axial plane. 
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Figure 49. A) SpGr B) SSFP C) T1 BB TSE D) T2 BB TSE images in the axial 
projection for the PPM phantom. 
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Figure 50. SSFP sequences in the axial projection with the following local 
centre frequency shifts A) 0Hz B) 25Hz C) 50Hz D) 75Hz E) 100Hz F) 125Hz G) 
150Hz F) 175Hz. 
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Figure 51. bSSFP in axial plane with the following bandwidths A) 251 B) 496 C) 
744 and D) 1488Hz. 
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3.5.4 Discussion 
 

Consistent with the literature, bSSFP sequences showed marked signal loss and 

banding artefacts on the images generated. (244) The inhomogeneity artefacts are 

quite distinct with SSFP sequences and result in a series of dark bands. The signal 

response to inhomogeneity is illustrated in figure 52, where the signal remains 

constant for small frequency offsets, but falls to near zero with a resultant dark band 

on the corresponding image. This occurs at regularly spaced intervals, with the 

frequency of the dark bands (no signal) being inversely proportional to the repetition 

time (TR) of the sequence. Not unsurprisingly the more inhomogeneous the 

magnetic field the larger signal voids occur within the image. In the case of the PPM 

the signal voids appear as rings around the device.  

SpGr, T1 weighted and T2 images shown in figure 49 clearly demonstrate less 

artefact. In fact particularly in the T1 weighted image, hardly any artefact from the 

device or lead is visualized.  The short TR used for T1 weighted imaging and the fact 

it is a spin echo rather than gradient imaging technique make it far less susceptible to 

metal susceptibility artefact. T1 weighted imaging is however not used for 

commercial cine imaging.  

SpGr images have a lower signal to noise ratio than bSSFP images but because the 

transverse magnetisation at the end of each TR is spoiled rather than refocused by a 

gradient as in bSSFP, it is much less sensitive to field inhomogeneities and 

frequency-offset errors. As can be seen on the phantom, there is a signal void 

located where the device is, but there are no ring artefacts visible when compared to 

the corresponding bSSFP image. 

The images in figure 50 demonstrate the effect of manipulating the local centre 

frequency. It is clear that by altering the frequency, the location of the artefacts can 
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be shifted. However the images clearly demonstrate that the artefact just moves, 

rather than being removed from the image. The phantom scans also demonstrate 

that smaller changes in centre frequency shift 25-50Hz should be tried first when 

scanning patients in-vivo, since these demonstrated much clearer images. 

Increasing the bandwidth in bSSFP images has been shown to reduce the dark 

bands, although at the expense of increased scan time. Phantom scanning using 

four different bandwidths did demonstrate that the lowest bandwidth had the most 

artefact across the phantom. However beyond a bandwidth of 496, further increases 

did not appear to make a noticeable difference.  In-vivo scanning requires the scan 

duration to be as short as possible for patient comfort and scanner throughput. The 

images in figure 51 suggest that an optimal bandwidth can be achieved, without it 

being particularly high and so scan times can be kept to the minimum in-vivo.  

 

3.5.5 Conclusions 
 

The phantom scans confirmed that bSSFP imaging is highly affected by metal 

susceptibility artefact but by manipulating the centre frequency and bandwidth the 

images can be optimized for an in-vivo setting. The experience gained from the in-

vitro experiments was invaluable and carried forward to the in-vivo scans for the 

MAPS trial. 
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Figure 52. bSSFP and inhomogeneities in the magnetic field. 

 

A) signal voids are seen at multiples of a frequency offset of ±227Hz B) spherical 

phantom with homogenous magnetic field C) phantom with left to right gradient with 

resulting bands at frequency offsets of ±227Hz D) TR made twice as long, doubling 

the frequency of signal voids. Reproduced with open access permission. (244) 
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Study 6.Evaluation of left ventricular torsion using 

cardiac MRI. Validation of tagging and feature 

tracking. 
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Study 6. Evaluation of left ventricular torsion using 

cardiac MRI. Validation of tagging and feature 

tracking. 

 

 

3.6.1 Introduction 
 

LV torsion 
 

The assessment of Left ventricular torsion to various cardiovascular disease 

processes has generated much interest in the last few years. In particular it appears 

to be more sensitive in detecting pathology before the development of more 

traditional functional parameters and the development of symptoms. Left ventricular 

torsion is fundamental to normal LV mechanics. During systole the LV apex rotates 

anticlockwise (when viewed fro the apex) about its axis to a maximum of about 10 

degrees (245) whilst the base also initially rotate anti-clockwise (Clocks) before 

rotating clockwise. The analogy of wringing out a wet towel is often used. During the 

diastolic phase the ventricle untwists during iso-volumetric relaxation, releasing the 

elastic energy stored up. This facilitates rapid diastolic filling.  

Torsional deformation is an important measure of cardiac performance that 

complements standard indices such as EF. It appears very sensitive to changes in 

endocardial and epicardial contraction, as well as ventricular remodelling. (209) 

Torsion has been shown to be altered in a number of pathologies including 

hypertension (214) and left ventricular hypertrophy (213), even aging (246). 
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The current gold standard for evaluating torsion is CMR, but a wide variety of 

techniques exist and as yet the advantages and disadvantages are still to be 

determined. (209) 

Tissue tagging by using SPAMM is widely used (213) and has been reported to have 

excellent reproducibility for measuring ventricular twist. (215)  

The use of image feature tracking software offers an alternative method using 

standard bSSFP untagged images, (247) offering a potential benefit of shorter scan 

duration.  

Confusion exists in the definition of torsion in the literature, with studies using very 

different measures making comparisons almost impossible. Twist, length corrected 

twist, torsional shear angle and shear strain have all been used. 

Torsional shear angle is probably the best measure of true torsion currently, but even 

that can be calculated by several methods. (217,248) The formula by Aelen et al 

used in many studies offers a simple approximation of the torsional shear angle. 

(217) 

True torsion requires several parameters to be defined and no single commercially 

available software exists to incorporate all the required steps in an ordered fashion to 

calculate this. We have developed programs to calculate torsion using CMR derived 

measures using tagged sequences and standard bSSFP sequences.  

The purpose of the study was to compare CMR derived twist and torsion with two 

differing MR imaging sequences and to validate the software against reference 

values published in the literature.  

Dobutamine was used as inotropic and chronotropic agent to assess whether the 

software could reliably detect an increase in deformation parameters with increasing 

heart rate and contractility as the dose increased.  
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3.6.2 Study Population 
 

This validation study recruited 15 normal volunteers to undergo Cardiac MR. 

 

3.6.3 Hypothesis 
 

The primary hypothesis is that the twist, torsion and strain indices calculated from 

tagged and SSFP sequences will be comparable with high levels of agreement.  

The secondary aims are: 

Does dobutamine enhanced cardiac output reflect changes in twist, torsion and 

strain. 

 

3.6.4 Methods 
 

15 normal healthy volunteers were recruited from members of the public and staff at 

Wythenshawe hospital. All volunteers went through a screening process and if 

inclusion and exclusion criteria were met, they were given a detailed patient 

information sheet (Appendix). Normality was defined as no significant on going 

medical proabalems. All volunteers gave written informed consent at enrolment. 

(Appendix) 

All scans were performed on a 1.5 Tesla scanner (Avanto, Siemens). 

To increase the inotropic and chronotropic response of the heart, an infusion of 

dobutamine at 7.5mcg/kg/min and 15mcg/kg/min was used. All participants had a 

scan at baseline, 7.5mcg and 15mcg of dobutamine.  
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All analysis was done offline. LV volumes were calculated using Argus software 

(Siemens). Tagging was analysed using Intag as a plugin on OsiriX and feature 

tracking (TomTec, Diogenes) was used on SSFP sequences. In-house developed 

software CMR Torsion is an Excel-based macro programmed using Visual Basic that 

facilitates the calculation and graphical representation of principal strains, twist, 

torsion and circumferential longitudinal shear from processed tagged short axis slice 

images and bSSFP cine images obtained by our Siemens 1.5T Avanto CMR 

scanner. This was further refined to allow data derived from feature tracking software 

to be processed. 

 

Twist 
 

Rotational data within the InTag and feature tracking raw data files allowed the twist 

to be calculated. This is given by the formula: 

(1) TWISTt = ROTATION APEXt – ROTATION BASEt 
 

 

Normalised Twist 
 

To account for differing sizes of human hearts, the twist can be corrected for the 

length of the heart. In practical terms this is the distance from the basal short axis 

and the apical short axis slice in SSFP or tagged images. Basal and apical positions 

were manually entered into the in-house software to give a value for normalised 

twist. 

 

(1) TORSIONt =  TWISTt
End−diastolic distance between BASE SAX slice and APEX SAX slice
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Circumferential shear angle (Torsion) 
 

The most commonly used formula to derive the circumferential shear angle is that by 

Aelen. It is as follows: 

 

  θCL = (ϕapex – ϕbase)(r apex + r base) 

2D 

 

ϕ= average rotation of slice 

r = average radius of the cross-section 

D= distance between basal and apical slices. 

 

Or more simply: 

(1) CIRCUMFERENTIAL LONGITUDINAL SHEARt = TORSIONt ×
 {BASE RADIUSt+APEX RADIUSt

2 } 
 

 

Neither data set from Intag or feature tracking software contains the radius of the 

cross-sectional segments, but CMR Torsion-FT does contain circumferential distance 

data. The radius can be calculated from the area of a slice using the formula 

 

Area of a circle = π r2 
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It is not possible to derive area data from InTag sequences since the contours of the 

myocardium cannot clearly be delineated. Instead contours were drawn around the 

epicardium of the closest SSFP sequence of the short axis stack to obtain the cross-

sectional area across the cardiac cycle. From this the radius could be derived to 

calculate the torsion. 

CMR Torsion extracts relevant data from the relevant files and carries out the 

following calculations: 

 

(1) Normalises all time periods to estimated aortic valve closure (AVC) time from 

the R wave, as a percentage of RR duration. This is done to account for 

varying heart rates between acquisitions. 

(2) Creates a series of time intervals called “Spline Time” and carries out cubic 

spline interpolation to create a set of isochronal values for each variable 

entered into the equations above. This is necessary to cater for the different 

temporal resolutions of cine and tagged images. 

(3) Calculates and displays peak rotation, twist, torsion, circumferential 

longitudinal shear, and corresponding time-to-peak-values expressed as 

%AVC. 

(4) Runs a quality check on resultant data sets to highlight noisy or unexpected 

curves for further checking by the operator before accepting the final output. 
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Before the programs can be run, several variables are required to be uploaded and 

also manually entered. These included:  

 

x Aortic valve closure time for the bSSFP cine images in the 3ch, LVOT and Ao 

Short axis (Ao SAX) views. (Manual input) 

x The R-R interval for the bSSFP cine images in the 3ch, LVOT and Ao SAX 

views. (Manual input) 

x Cross-sectional area throughout the cardiac cycle of the base and apex. ROI 

export tool on OsiriX used to export data from epicardial contours. (Manual 

upload) 

x Deformational data from Intag or FT. (Manual upload) 
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3.6.5 Results 

 

The average age of the volunteers was 40.3 ± 16.6 years 

8 were female, 7 male. 

The average LV EF was 61.6 ± 3% and an end diastolic volume of 155.6 ± 

30.2 mls.  A second rater also analysed EF and LV volumes and the average 

was 62.5 ± 3.6 % and 155.6 ± 30.2 mls. 

Inter-observer variability is shown by a Bland Altman plot in figure 53. 

Figure 53. Bland Altman plot of left ventricular ejection fraction between two 
raters. 

 

Overall rater agreement was good with the majority of measurements within 2 

standards deviations of mean difference.  
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Effect of dobutamine on strain 

Radial and circumferential strain was measured by Intag and FT software, 

whilst longitudinal strain was measured by FT only. This is because a 4 

chamber tagged image was not used (due to time constraints for normal 

volunteer study). Measurements were at baseline, 7.5mcg and 15mcg 

dobutamine infusions. 

Figures 54, 55 and 56 show the strains measured using FT and figures 57 

and 58 show those measured by Intag software.  

Figure 54. Longitudinal strain in 4-chamber view at 0, 7.5 and 15mcg 
dobutamine measured by CMR-FT. 
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Figure 55. Circumferential strain for the mid-ventricular short axis slice, at 0, 
7.5 and 15mcg dobutamine concentrations measured by CMR-FT. 

 

Figure 56. Radial strain in short axis at 0, 7.5 and 15mcg dobutamine 
concentrations measured by CMR-FT. 
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Figure 57. Circumferential strain in short axis at 0, 7.5 and 15 mcg dobutamine 
concentrations measured by Intag. 

 

 

Figure 58. Radial strain in short axis at 0, 7.5 and 15mcg dobutamine 
concentrations measured by CMR-FT. 

 

A one-way repeated measures ANOVA was conducted to compare the effect 

of dobutamine on peak longitudinal strain, circumferential strain and radial 

strain for CMR-FT. (Table 17) 
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The data set for Intag derived measures was not complete because the 

software had difficulty in processing all the values. This meant a repeated 

measures ANOVA was not possible. A two-tailed paired T test was performed 

for the baseline and peak dobutamine doses.  
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Table 17. Strain m
easured using Intag and C

M
R

-FT. 

 
 

D
ose of dobutam

ine (m
cg) 

A
N

O
VA

 
T test 0 to 
15m

cg 
 

 
0 

7.5 
15 

F 
P

 
 

Peak Longitudinal 
strain (%

) 

 

C
M

R
-FT 

-18.4%
±4 

-22.1%
±4.5 

-25.4%
±4.5 

F (1.641, 22.98) = 18.63 
p<0.0001 

p<0.0001 

 Peak 
C

ircum
ferential 

strain (%
) 

 

C
M

R
-FT 

 

-28.1±4.1 

 

-31.3±4.3 

 

-35.3±3.4 

 

F(1.75, 24.56) =31.5 

 

p<0.0001. 

 

p<0.0001 

 
Intag 

 

-19.7±2.3 
-12.9±4.7 

-5.9±2.9 
* 

 
p<0.0001 

 Peak R
adial strain 

(%
) 

 

C
M

R
-FT 

 

25.7±11.3 

 

30.3±8.2 

 

40.9±23.5 

 

F(1.38, 19.34) = 3.8 

 

p=0.055 

 

p=0.04 

 
 

Intag 
5.6±2.3 

6.2±3.5 
8.6±4.4 

* 
 

p= 0.11 

 

* incom
plete data set so A

N
O

V
A not perform

ed 
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A Pearsons r correlation was performed on the strain indices and is shown in 

table 18.  

Table 18. Pearsons correlation on the strain measured with CMR-FT. 

  Pearsons correlation 
  n r P value 
 

Peak 
Longitudinal 

strain (%) 

 

 

CMR-FT 

 

45 

 

-0.565 

 

<0.01 

 

Peak 
Circumferential 

strain (%) 

 

 

CMR-FT 

 

45 

 

-0.6 

 

<0.01 
 

Intag 

 

40 

 

0.847 

 

<0.01 

 

Peak Radial 
strain (%) 

 

 

CMR-FT 

 

45 

 

0.375 

 

0.01 
 

Intag 

 

 

40 

 

0.343 

 

0.03 

  

The peak longitudinal strain and circumferential strain when measured by 

CMR-FT showed a strong negative correlation, which was significant. Since 

strain is a negative value, it means the higher the dose of dobutamine, the 

more negative the strain value is i.e. a greater strain. 

Peak radial strain showed a moderate positive relationship to dose of 

dobutamine for both CMR-FT and Intag measurements, which was significant. 
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Peak circumferential strain measured by InTag showed a strong positive 

relationship, which was significant. Since strain is a negative number, as the 

dobutamine increased the value of the strain measured by Intag decreased.  

This is the opposite of what was measured using CMR-FT.  Possible reasons 

for this are explored in the discussion section.  

 

The values obtained for circumferential strain differed between the two 

methods. A Bland Altman plot was performed for each dose of dobutamine, 

comparing the values obtained from Intag and CMR-FT. These are shown in 

figures 59, 60 and 61.  

 

Figure 59. Bland Altman plot of the peak circumferential strain measured by 
Intag compared to CMR-FT at 0mcg dobutamine. 
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Figure 60. Bland Altman plot of the peak circumferential strain measured by 
Intag compared to CMR-FT at 7.5mcg dobutamine. 

 

 

Figure 61. Bland Altman plot of the peak circumferential strain measured by 
Intag compared to CMR-FT at 15mcg dobutamine. 
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Effect of dobutamine on Twist and Torsion 
 

Using in-house software Twist and Torsion were both calculated from data derived 

from Intag and CMR-FT.  

The effect of increasing dobutamine is illustrated in figures 62-64 a-d.  

A one-way repeated measures ANOVA was conducted to compare the effect of 

dobutamine on Twist and torsion measured. A Pearson correlation was also 

calculated and shown in table 19. 
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Figure 62. Effect of increasing dobutamine concentration on twist measured by 
CMR-FT and Intag. 
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Figure 63. Effect of increasing dobutamine concentration on torsion measured 
by CMR-FT and Intag 
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Table 19. Pearsons correlation and AN
O

VA on the tw
ist and torsion m

easured . 

 
D

obutam
ine (m

cg) 
AN

O
VA

 
Pearson correlation 

0 
7.5 

15 
F 

p 
r 

p 

 

Tw
ist 

 

C
M

R
-FT 

 

11.53±4.9 

 

13.1±6.4 

 

22.7±11.5 

 

(1.56, 14.02) = 3.4 

 

0.07 

 

0.497 

 

0.001 

Intag 
11.45±3.4 

10.34±3.7 
5.5±3.5 

(1.66, 18.26) = 10.42 
0.002 

-0.563 
<0.01 

 

Torsion 

 

C
M

R
-FT 

 

5.3±2 

 

6.7±4.2 

 

7.7±3.5 

 

(1.36, 10.86) = 1.08 

 

0.35 

 

0.288 

 

0.075 

Intag 
8.1±3 

7.4±2.5 
4.05±2.2 

(1.68, 11.78) = 7.3 
0.01 

-0.494 
0.002 
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To determine the variation between the measurements derived from Intag and CMR-

FT Bland Altman plots were performed for the twist and torsion at each dobutamine 

dose. (Figures 66-71) 

 

  

Figure 64. Bland Altman for Twist at 0mcg dobutamine 

 

 

 

Figure 65. Bland Altman plot for twist at 7.5mcg dobutamine 
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Figure 66. Bland Altman plot for twist at 15mcg dobutamine 
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Figure 67. Bland Altman plot for torsion at 0mcg dobutamine 

 

 

 

 

Figure 68. Bland Altman plot for torsion at 7.5mcg dobutamine. 
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Figure 69. Bland Altman plot for torsion at 15mcg dobutamine. 
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3.6.6 Discussion 
 

This study on 15 healthy volunteers was important to carry out because validation of 

the two analysis packages was required when used in conjunction with our in-house 

developed software. 

The cohort was seen to have a normal EF 61.6 ± 3% with excellent inter-rater 

agreement, as illustrated by the Bland-Altman in figure 53. 

Dobutamine is a beta agonist acting on alpha-1, beta-1 and (receptors in heart- look 

up) leading to both a chronotropic and inotropic response. A chronotropic response 

was observed with a mean HR of 68±9bpm at baseline and 102±20bpm, p<0.01. 

Subjective visualization of the images showed increased force of contraction with 

increasing dobutamine concentrations. All 3 strain indices when measured using 

CMR-FT, showed a dose response relationship with dobutamine. As the dose of 

dobutamine increased, so did the magnitude of strain measured. A strong correlation 

was seen with longitudinal and circumferential strain and a moderate correlation with 

radial strain. Longitudinal and circumferential were negative correlations because 

strain is a negative number, so the strain becomes more negative with increasing 

dose, thus the strain is greater.  

When measured using InTag, both circumferential and radial strain showed the 

opposite relationship with increasing dobutamine dose. This appeared to go against 

what a normal physiological response would be and that observed with CMR-FT.  

One explanation could be that the construction of tag lines occurs in diastole and that 

during systole there is a dropout of these lines. With an increased heart rate, it is 

possible that increased drop out of tag lines means a lot of information of the 

underlying myocardium is lost. The more drop out, the greater the amount of 
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information would be lost and therefore the deformation may be recorded as much 

less than it really is. 

Comparison of the two methods for circumferential strain using BA plots showed that 

as dobutamine increased the mean differences between the plots increased. At 

baseline, the mean difference between InTag and CMR-FT was 8.4%, which was 

relatively consistent between the healthy volunteers. The way in which myocardial 

deformation is calculated using the two methods is different, CMR-FT tracking the 

endocardial surface where as tagging utilizes information from the myocardium. If 

there is a consistent difference between the two methods at baseline, if the same 

applies in a disease process as long as there is not a significant tachycardia then 

clinically the difference would be acceptable. 

Twist and torsion showed a similar dose relationship with dobutamine when 

comparing measures derived from InTag and CMR-FT. CMR-FT showed a strong 

positive correlation with increasing dose of dobutamine for twist and a weak positive 

correlation for torsion, p 0.001 and 0.075 respectively. Intag showed a strong 

negative correlation fro twist and torsion p<0.001 and 0.002 respectively. A possible 

explanation for this would on similar lines to that given for strain with tag lines 

disappearing during the more rapid onset of systole. The torsion data derived using 

InTag may be more susceptible to error than the CMR-FT because data from more 

programs is required.  Whilst the radius is taken directly from the CMR-FT software, 

the radius has to be extrapolated from contours drawn in OsiriX for the InTag derived 

torsion used in our in-house software. The level of the SSFP slice used to draw the 

contour may not be identical to the tagged slice either. These errors would contribute 

to differences but one would presume these would have a small effect and these 

alone would not explain the large differences noted. 
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At baseline there was little difference seen in twist and torsion measured by either 

method. In fact as the BA plots demonstrate the mean difference was close to 0 for 

twist with most values clustered around it, with narrow 95% confidence intervals. The 

mean twist was 11.53±4.9 compared to 11.45±3.4 for CMR-FT and Intag 

respectively, p = 0.96 (t-test).  The mean difference in torsion was only 2.9, with a 

mean torsion of 5.3±2 compared to 8.1±3, p = 0.002, for CMR-FT and Intag 

respectively. The value for torsion was greater using InTag than CMR-FT may relate 

to how the data was processed using the in-house software and the fact that to 

calculate torsion with InTag required data from OsiriX as well. The data sets 

generated by the 2 softwares were very different and completely different coded 

programs were required fro our in-house software. Although the same equations 

were used, the differing nature of the data may result in a systematic difference in 

torsion between the 2 methods.  

 

3.6.7 Conclusions 
 

CMR-FT was able to measure strain, twist and torsion, with the expected increase in 

these indices with dobutamine concentration.  

Intag is probably effected by increases in heart rate and becomes less accurate as 

the RR interval shortens.  

At baseline, twist was directly comparable between the 2 methods using the in-house 

software. Twist may be a more reliable measure currently with this software. 
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Chapter 4. Septal versus Apical pacing- Acute Study 

 

4.1 Patient Cohort 
 

A total of 50 patients were recruited and implanted with the dual ventricular site PPM. 

The average age of the patient’s was 67.4 ± 8 years, with 60% being male.  The 

demographics, past medical history and medications of the patient cohort are given 

in tables 20, 21 and 22. 

 

Table 20. Patient cohort enrolled into MAPS trial. 

   

Age (years)  67.4 ± 8 

   

Gender 

 

Male 

Female 

30 

20 

   

Ethnicity Caucasian 

Other 

50 

0 

   

BMI  30.8±5.2 

   

Smoking status 

 

Current 

Ex 

Never 

3 

17 

30 
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Table 21. Significant past medical history. 

Condition  Number  

   

Ischaemic heart disease  5 

   

Hypertension  30 

   

Diabetes Insulin 

Oral medication 

Diet controlled 

0 

7 

3 

   

Cerebrovascular disease  4 

   

Previous MI  0 
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Table 22. Medications taken by patients at enrolment. 

Drug Number 

  

Angiotensin converting enzyme 
Inhibitor 

22 

  

Beta-blocker 23 

  

Digoxin 11 

  

Calcium Channel blocker 18 

  

Amiodarone 2 

  

Loop diuretic 14 

  

Statin 20 

  

Aspirin 4 

  

Anticoagulant Warfarin 

Sinthrone 

New oral anticoagulant 

44 

1 

2 
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4.2 Baseline exercise capacity 
 

Baseline exercise capacity was assessed for all patients by means of a CPEX test 
and/or 6MWT. Some patients who were unable to do a CPEX just did the 6MWT. 
Baseline investigations took place following the AV node ablation, so the patients 
were dependent on the PPM. Due to logistical constraints it was not possible to 
perform the 6MWT and CPEX on the same day as well as the CMR scan. The 
6MWT took place at pacing clinic ± 1 week of the CMR scan. The CPEX was 
performed after the CMR scan. Table 23 and 24 give the mean values for these 
investigations.  

 

Table 23. 6MWT baseline. N=50. 

Parameter  

  

Metres covered (m) 366.5 ± 121 

  

Resting HR (BPM) 64 ± 6 

  

Heart rate max (BPM) 81 ± 15.7 

  

Borg score 13.3 ± 2.1 
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Table 24. CPEX baseline. N=37. 

Parameter  

  

VO2 Max (ml/kg/min) 18.41 ± 6.3 

  

Anaerobic threshold (L/min) 1.26 ± 0.51 

  

O2 pulse (mls/beat) 17.06 ± 5.2 

  

Resting Heart rate (BPM) 66.2 ± 3.3 

  

Heart rate max (BPM) 104.9 ± 24.3 

  

VE max (L/min) 69.1 ± 26.7 

  

Max Respiratory rate (breaths/min) 33.1 ± 5.65 

  

RQ max 1.08 ± 0.1 
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4.3 Quality of life 
 

Quality of life was assessed using the SF-36 questionnaire. Prior to the implant and 

AVN ablation all patients completed the questionnaire. The mean total mental health 

score was 62 ± 21 and physical health was 52 ± 225, with a mean total score of 58 ± 

21. Table 25 gives the full category breakdown.
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Table 25. Baseline quality of life using the SF-36 questionnaire. 

Category Out of 100 

  

Physical function 55 ± 29 

  

Role physical 37 ± 39 

  

Body pain 64 ± 28 

  

General health 60 ± 18 

  

Vitality 44 ± 23 

  

Social functioning 70 ± 24 

  

Role emotional 64 ± 40 

  

Mental health (subcategory) 73 ± 21 

  

Total Physical health 52 ± 22 

  

Total Mental health 62 ± 21 

  

Total SF36 58 ± 21 
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4.4 RV Lead positions.  
 

Whilst every attempt was made to place the pacing leads in the optimal position, 

namely RVOT septum and RV apex, the patient anatomy, lead stability and pacing 

parameters dictated the final positioning achieved. Using imaging data from 

fluoroscopy and CMR, I retrospectively determined the location of the right 

ventricular leads.  A grading system was used to determine how optimal each 

individual lead was and the combination of the lead pair.  

 

4.4.1 Fluoroscopy 
 

As described in the methods, three projections in the catheter lab were used to guide 

the positioning of the ventricular leads to the RVOT septum and RV apex.  Using the 

classification described in the paper by Mond, (132) the stored fluoroscopic views 

were analysed and the RV lead positions determined. In the 50 patients, 48 had a 

successful RVOT placement and 45 a successful true apical lead placement. Out of 

the 48 RVOT leads 28 were directed to the RVOT septum and 20 directed to the 

RVOT anterior wall. Table 26 summarises the lead positions based only on 

fluoroscopy. 
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Table 26. Lead positions determined by fluoroscopy. 

Superior Lead Inferior lead 

 

RVOT 

septum 

 

RVOT 

anterior 

wall 

 

High 

ventricular 

septum 

 

Mid 

ventricular 

septum 

 

Apex 

 

Ventricular 

septum 

 

Inferior 

wall 

28 20 1 1 45 2 3 

 

N=50 

 

 

4.4.2 Cardiac MRI 
 

The quality of lead placement was graded with the use four dedicated CMR SpGr 

cine sequences performed during each scan.  SpGr sequences were used because 

leads were more easily visualized on these views. A 4-chamber view and a RV 2-

chamber view were used to grade the apical lead position. A RVOT view and a RV 

in/out view were used for the RVOT lead position. A grading system of 1 to 3 was 

used (1 ideal position, 2 reasonable position, 3 not ideal position) for the four views. 

Figures 72 to 75 demonstrate the grading system in the four views with a 

corresponding SpGr image with a grade 1 position. 
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Figure 70. Right ventricular 2-chamber view (RV apical lead position) 1 ideal 
position, 2 reasonable position, 3 not ideal position. 

 

 

 

 

Figure 71. 4-chamber view (RV apical lead position). 
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Figure 72. Right ventricular in/out view (RVOT lead position). 

 

 

 

 

 

Figure 73. RVOT view (RVOT lead position). 
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The two scores for each lead were averaged to give a value between 1 and 3. (Table 

27). Analysis was performed by myself (MA) on two separate occasions and by a 

second experienced MR clinician (MS).  

A kappa analysis was performed to give both the intra-observer and the inter-

observer variability between myself (MA) and another experienced MR clinician (MS) 

for each of the scores.  For the apical lead intra-observer variability was 0.625, inter-

observer variability was 0.75. For the RVOT view the intra-observer agreement was 

0.674, and inter-observer agreement was 0.614. 

 

Table 27. Grading of RV lead positions by two observers. 

SCORE APICAL LEAD RVOT lead 

       

 Observer 
1  

Observer 
1 (repeat 
analysis) 

Observer 
2 

Observer 
1 

Observer 
1 (repeat 
analysis) 

Observer 
2 

       

1 35 38 38 17 17 21 

       

1.5 8 6 5 19 16 11 

       

2 5 4 6 12 17 18 

       

2.5 1 2 0 1 0 0 

       

3 1 0 1 0 0 0 
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Because the study was concerned with comparing one pacing position to another, I 

sought to identify the quality of the pairings of the leads. A composite score was 

generated, by adding the mean apical score to the mean RVOT score. The lowest 

score would be 2 for the perfect combination of leads, with a maximum score of 6 for 

the worst combination of leads.  

A score of ≤ 2.5 was considered excellent, > 2.5 and ≤ 4 satisfactory and > 4 

unsatisfactory. The distance between the lead tips was also measured on a PA CXR 

for all patients. The scores and mean distances in each group are shown in table 28. 

Although the distance is measured in 2D, those leads deemed to be an excellent 

combination are the furthest apart. 

 

 

Table 28. Combination of leads. 

Lead combination rating 
by CMR 

Number of patients Distance between leads 
(cm) on PA CXR 

   

Excellent 25 78.9 ± 22.2 

   

Satisfactory 22 62.2 ± 15.2 

   

Unsatisfactory 3 45.7 ± 5.5 
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4.5 ECG 
 

 

The 12 lead ECG was recorded for both lead positions in every patient. The mean 

QRS duration for the RVOT lead was 141.1 ± 10ms and the apical lead was 150.4 

±9.3ms, p<0.001. The cardiac axis was +4° in the RVOT group and -77° in the apical 

group, p<0.01. 

Using the CMR graded positions; the mean difference in QRS durations was 

determined for the excellent, satisfactory and unsatisfactory lead combinations. 

(Table 29) 

Table 29. Comparing QRS durations for each lead combination category. 

Lead 
combination 
rating 

RVOT APICAL Mean 
difference 
between 
RVOT and 
Apical QRS 

P value 

     

Excellent       
N=25 

141 ± 10.4 150.7 ± 9 9.3 <0.001 

     

Satisfactory 
N=22 

140.3 ± 10 148.6 ± 9 8.3 0.002 

     

Unsatisfactory 
N=3 

145 ± 5 155 ± 8.7 10 0.2 
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The QRS duration was consistently lower when the RVOT lead was pacing the 

ventricle. The duration was significantly lower for the excellent and satisfactory 

categories. 
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4.5.1 Can the ECG determine lead positions  
 

The direction of the QRS vector was recorded for leads I, II, III, avL, avR and avF, 

when the ventricle was paced from either lead. Each ECG was analysed and the 

QRS vector polarity in each of the six leads was determined. The results are shown 

in table 30. 

A negative QRS vector in lead III and AVF had a 100% sensitivity and 100% 

specificity for an apical lead position. 

Table 30. Polarity of QRS complex in apical and RVOT leads. 

 APICAL RVOT 

     

 Positive Negative Positive Negative 

Lead     

     

I 50 0 19 31 

     

II 1 49 50 0 

     

III 0 50 50 0 

     

AvL 50 0 5 45 

     

AvR 46 4 5 45 

     

AvF 0 50 50 0 
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The literature suggests that lead I predicts a septal RVOT lead position. (132) The 

RVOT ECGs were subdivided into an anterior or septal RVOT position using the 

fluoroscopic views.  On fluoroscopy 48 leads were within the RVOT. 

 

 

Table 31. Lead I in RVOT positions. 

 Septal Anterior 

   

Positive in I 8 10 

   

Negative in I 20 10 

   

 

 

For leads in the RVOT in this study a negative QRS in lead I has a sensitivity of 0.7 

and a specificity of 0.5, with a positive predictive value of 1.43 and a negative 

predictive value of 0.57. 
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4.6 Image quality  
 

 

The presence of image susceptibility artefact was determined in the short axis (SA), 

horizontal long axis (HLA) and vertical long axis planes (VLA) on cine CMR.  

CMR images of patients with a left sided system had more artefact effects on the SA 

plane of cine CMR compared with those with a right-sided system. 

 

Artefact was determined to be present or absent within each segment of the LV 

myocardium using a 16 segmental model. Artefact was further graded for each 

segment using a semi-quantitative approach into 0%, 1-25%, 26-50%, 51-75% and 

76 to 100% values.  

 

In the SA plane the basal segments have less artefact than either the mid or apical 

regions (Figure 76, 77 and 78).  Artefact was present in 54% of the basal segments, 

69% of the mid segments and 78% of the apical segments. Using the Cochrans Q 

test, the presence of artefact or no artefact was compared between the SA slices. 

(Table 32) The artefact between the basal segments and both mid and apical 

segments was statistically significant. 
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Table 32. Cochrans Q test. 

Basal SA artefact Mid SA Artefact Apical SA artefact Cochrans Q test 

    

54% 69%  <0.001 

    

54% - 78% <0.001 

    

- 69% 78% 0.1 

    

 

Figure 74. Quantification of artefact in the bSSFP short-axis basal slice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0
5

10
15
20
25
30
35
40
45
50

No artifact 1-25% 26-50% 51-75% 75-100%

%
 o

f S
eg

m
en

ts

Severity of artifact



  244 

Figure 75. Quantification of artefact in the bSSFP short-axis mid slice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 76. Quantification of artefact in the bSSFP short-axis apical slice. 
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For SSFP cine images at least one segment was affected by artefact in 90% of the 

MR scans. SpGr cine imaging in the 4-chamber view was performed allowing a 

comparison between the septal and lateral segments of the two imaging sequences 

(Figure 79).  

The artefact was significantly more pronounced on bSSFP sequences compared to 

SpGr sequences at basal (53% vs 11.5%, p<0.001), mid (67% vs 31%, p<0.001) and 

apical regions (65% vs 43%, p=0.001). 

 

Figure 77. Comparison of artefact observed on bSSFP and SpGr sequences in 
the 4-chamber view at basal, mid and apical levels. 
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The regions most commonly affected by the metal susceptibility artefact were the 

anterior and anterior-septal regions within the mid SA plane (Figure 80). In 90% of 

the MR scans performed, artefact was present in the mid anterior segment using a 

bSSFP cine sequence. Whilst significant artefacts were observed in many scans, 

both a qualitative and quantitative assessment of LV function was deemed possible 

by 2 independent observers applying previously published criteria. (203)  

 

Figure 78. Graph of the 16-segment model of the left ventricle illustrating the 
distribution of artefact in the bSSFP sequences. 
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Several different imaging sequences were utilized and the degree of metal 

susceptibility artefact differed between the modalities as illustrated in figure 81. The 

relevant distribution of the artefacts was consistent between the modalities. The 

regions closest to the PPM generator (anterior wall and septum) were affected the 

most and those regions furthest away (inferior and lateral walls) the least. Using the 

Cochrans Q test, SpGr and tagging sequences were significantly less affected by 

metal susceptibility artefact when compared to bSSFP sequences (Table 30). Both 

T1 and T2 mapping were significantly affected by metal susceptibility artefact from 

the PPM generator. Late gadolinium imaging was particularly affected in the anterior 

segment with over 75% of MRI scans performed having artefact in this region. 
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Table 33. Cochrans Q test between bSSFP and other imaging sequences. 

  Septal wall Anterior 
wall 

Lateral wall Inferior 
wall 

      

SSFP SpGR <0.001 <0.001 0.08 <0.001 

      

SSFP LGE 0.275 0.25 0.018 0.07 

      

SSFP T1mapping 0.083 0.317 1 0.166 

      

SSFP Tagging <0.001 <0.001 <0.001 <0.001 

      

SSFP T2 mapping 0.617 0.013 0.366 1 
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Figure 79. Comparison of artefact seen in the mid short-axis slice for the 
different imaging sequences. 
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Correlation between artefact and distance from device 

 

The mean distance between the PPM and the Left ventricle was 6.2cm ± 3.3cm, 
when measured on a PA CXR. This was measured between the most medial edge of 
the PPM generator and the right heart border of the left ventricle. 

There was a negative correlation between the distance of the PPM from the heart 
and the artefact on the bSSFP MR images, r= -0.561, n=50, p= <0.0001. A 
scatterplot summarises the results (Figure 82).  

The greater the distance from the generator the less artefact is present on the 
images. 

 

Figure 80. Scatterplot of distance of pacemaker from the left ventricle and the 
mean artefact on bSSFP images. 
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4.7 Acute Safety data 
 

 

There were no significant adverse events reported during scanning. One patient felt 

a dragging sensation near to the device during the scan. No loss of capture was 

seen.  

 

4.7.1 Pacing thresholds, impedance and battery voltage  
 

The mean pacing threshold for the RVOT lead at implant was 0.67± 0.22V and at the 

2-week check was 0.73± 0.21V. The mean pacing threshold for the apical lead at 

implant was 0.71± 0.29V and at the 2-week check was 0.74± 0.26V. The mean 

pacing impedance for the RVOT lead at implant was 739± 168Ω and at the 2-week 

check was 655± 251Ω. The mean pacing impedance for the apical lead at implant 

was 631± 130Ω and at the 2-week check was 616± 81Ω.  

The mean battery voltage at implant and at the 2-week check was 3V. 

The lead threshold, lead impedance and battery voltage were measured before each 

CMR scan, at the lead crossover stage mid-way through the scan and after the CMR 

scan (Table 34). 

There was no clinically or statistically significant change in the threshold before and 

after the CMR scan. The mean difference in the lead threshold before and after the 

scan was 0.03V, for the RVOT lead, p=0.34 and 0 V for the apical lead, p=1.   

The mean difference in impedance before and after the scan was 11Ω, p=0.009 and 

4Ω, p=0.003 for the RVOT and apical leads respectively 
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The mean battery voltage prior to the scan, between and following the scan 

remained at 2.99±0.03V. 

The trial cohort, by virtue of the AVN ablation would be deemed to be high-risk scan 

patients from a scan safety point of view.(160) This study reported no MR related 

adverse events in keeping with the results from the ADVISA study using a Medtronic 

system. (201)  

The small increase in pacing capture threshold before and after the 1st MRI scan was 

neither statistically or clinically significant. Given the pacing dependence of this 

patient cohort this was very reassuring. Other studies involving scanning of the 

lumbar spine and brain have also found small increases in pacing thresholds after 

MR scanning but again these were not clinically significant. (181) 

Interestingly the lead impedance was consistently lower following the MR scans for 

both ventricular leads and this change was statistically significant. The absolute 

measured differences in impedance were very small (max difference 80Ω) and are 

perceived as not being clinically significant. The magnetic fields may have led to an 

alteration in the impedance, but it is also possible that due to the long scan duration 

the differences reflected normal variations throughout the day. 
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Table 34. Lead threshold, lead im
pedance and battery voltage m

easured during acute study. 

Param
eter 

 
Pre AVN

 ablation 
 

C
M

R
 scan 

 
 

Im
plant 

2 w
eek check 

Prior to baseline 
scan 

At cross-over 
End of scan 

 
 

 
 

 
 

 

Lead threshold 
(Volts) 

APIC
AL 

0.71± 0.29V 
0.74± 0.26V 

0.69±0.17 
0.69±0.16 

0.69±0.16 

 
R

VO
T 

0.67± 0.22V 
0.73± 0.21V 

0.66±0.16 
0.66±0.16 

0.69±0.27 

 
 

 
 

 
 

 

Lead Im
pedance 

(O
hm

s) 

APIC
AL 

631±130Ω
 

616±81Ω
 

614±81Ω
 

612±80Ω
 

610±80Ω
 

 
R

VO
T 

739±168Ω
 

655±251Ω
 

602±117Ω
 

594±114Ω
 

591±109Ω
 

 
 

 
 

 
 

 

B
attery Voltage 

(Volts) 

 
3V 

3V 
2.99±0.0V 

2.99±0.0V 
2.99±0.0V 
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4.7.2 Specific absorption rate 
 

SAR is a measure of the rate at which energy is absorbed by human tissue when 

exposed to a radiofrequency electromagnetic field and is defined as the power 

absorbed per mass of tissue in Watts/Kg (W/Kg).  The max SAR permitted for the ST 

Jude Accent PPM is 4 W/Kg. First level scanning with a max of 4 W/Kg was never 

exceeded. Figure 83 illustrates the SAR for each of the scan sequences averaged 

from 10 baseline scans. 

Figure 81. Total body SAR measured for each image sequence. 
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4.8 Effect of acute pacing position on heamodynamics 
 

4.8.1 Blood pressure  
 

The mean arterial blood pressure (MAP) is the product of the cardiac output (CO) 

and systemic vascular resistance (SVR) plus the central venous pressure (CVP). 

During the alternative site pacing the SVR and CVP are likely to be constant so acute 

alterations in the MAP, are potentially the result of a change in the CO. Therefore the 

MAP may be an indirect measure of changes in the cardiac output in the acute 

setting.  

The MAP for the RVOT lead was 92 ± 20.8mmHG and for the Apical lead this was 

90.3 ± 21.1mmHg, p= 0.14 

When correcting for lead positioning, for the optimal lead combination the RVOT lead 

was 92 ± 10mmHg and the apical lead was 90 ± 12mmHg, p= 0.26 n=25. For 

acceptable lead positions, the RVOT lead was 92 ± 12mmHg and apical 91 ± 

12mmhg p= 0.31 n=22. Finally for the worst lead combination the RVOT lead was 90 

± 11mmHg and the apical lead was 89± 21mmHG p= 0.94 n=3. 

 

 

 

 

 

 



  256 

4.8.2 Aortic and Pulmonary flows 
 

Phase contrast velocity encoding allowed an estimate of aortic and pulmonary flow.  

The mean aortic flow was 71.5± 19mls for the RVOT lead and 70.4± 18.1mls for the 

apical lead, p=0.37. Pulmonary flow was 94.2± 33mls and 91.1± 26.6mls for the 

RVOT and apical positions respectively, p= 0.08 

 

When correcting for lead positioning, for the optimal lead combination, the aortic flow 

was 74.6mls ±22.4mls and 73.8 ± 21.8mls for the RVOT and apical positions 

respectively, p= 0.71.  For the pulmonary flow it was 100.5 ± 40.7mls and 96.9± 

31mls, p=0.24. 

Figure 82. Aortic and pulmonary flows for the RVOT septal and RV apical 
positions. N=50. 
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The pulmonary flow was consistently greater than the aortic flow when measured by 

CMR, with no obvious physiological explanation for this. Indeed one may have 

expected a lower pulmonary flow if the presence of 2 leads within the ventricle 

caused any significant tricuspid regurgitation.  

The most likely explanation is that the closer proximity of the pulmonary valve to the 

PPM resulted in a greater phase encoding offset error. Firstly the phantom studies 

performed illustrated the effect of the PPM on phase encoding errors and 

subsequent flow. Secondly patients within the study had focused echocardiograms, 

which included a velocity time integral assessment across the RVOT and the LVOT 

(Figure 85). The mean velocity time integral (VTI) for the RVOT lead was 21.6 ± 9.9 

across the aortic valve and 16 ± 6 across the pulmonary valve, p < 0.05. For the 

apical lead it was 21.8 ± 9.3 versus 14.9 ± 5.4, p<0.05. There was no statistical 

difference between the aortic VTI between the two pacing modes, whilst there was 

between the pulmonary VTI, p= 0.7 and 0.008 respectively. Since the 

echocardiograms are unaffected by metal susceptibility artefact, the VTI’s measured 

may be a more accurate representation of the flows. Physiologically the difference in 

VTI measured may represent the presence of tricuspid regurgitation. 
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Figure 83. Aortic and pulmonary VTI measured by echocardiography for RVOT 
septal and RV apical positions. 
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4.8.3 Cardiac dimensions, LV volumes and ejection fraction 
 

Using both CMR tools and Argus Siemens imaging software, the LV dimensions 

were recorded for each of the pacing sites. These are summarised along with the LV 

volumes, stroke volume and EF in table 35.  
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Table 35. C
ardiac dim

ensions, left ventricular volum
es and ejection fractions for acute R

VO
T and R

V apical pacing. N
=50. 

 
LA area 
(cm

2) 
D

iastolic 
m

ass  

(g) 

LVID
d 

(m
m

) 

LVID
s 

(m
m

) 

D
iastolic 

volum
e (m

l) 
Systolic 
volum

e (m
l) 

Stroke 
volum

e (m
l) 

EF (%
) 

 
 

 
 

 
 

 
 

 

R
VO

T 
Septal 

41±7.4 
158.5± 54 

49.5± 6.4 
33.2± 7.3 

146± 50 
63.8± 38.6 

82.2± 20.5 
58.4± 10.3 

 
 

 
 

 
 

 
 

 

Apical 
42±7 

160.1± 56 
50.2± 6.1 

33.8± 7.2 
146.2± 50 

65.5± 37.5 
80.6± 21.2 

56.9± 8.5 

 
 

 
 

 
 

 
 

 

P value 
N

S 
N

S 
0.14 

0.3 
0.9 

0.05 
0.2 

0.02 
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Table 36. C
ardiac dim

ensions, left ventricular volum
es and ejection fraction for acute R

VO
T and R

V apical pacing, corrected for 
optim

al lead position com
bination. N

=25. 

 
LVID

d 

(m
m

) 

LVID
s 

(m
m

) 

D
iastolic volum

e(m
l) 

Systolic volum
e 

(m
l) 

Stroke volum
e 

(m
l) 

EF (%
) 

 
 

 
 

 
 

 

R
VO

T septal 
50.8± 6.2 

34.5± 7.4 
157.8± 56.6 

71.9± 48.4 
85.9± 18.4 

57.3± 10.4 

 

Apical 

 

51.3± 6 

 

35.4± 7.5 

 

158.8± 57.8 

 

73.3± 47.3 

 

85.5± 22.5 

 

56.1± 9.4 

 
 

 
 

 
 

 

P value 
0.8 

0.4 
0.5 

0.2 
0.8 

0.12 
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Table 37. C
ardiac dim

ensions, left ventricular volum
es and ejection fraction for acute R

VO
T and R

V apical pacing, corrected for 
optim

al and acceptable lead position com
binations. N

=47. 

 
LVID

d 

(m
m

) 

LVID
s 

(m
m

) 

D
iastolic 

volum
e(m

l) 
Systolic volum

e 
(m

l) 
Stroke volum

e 
(m

l) 
EF (%

) 

 
 

 
 

 
 

 

R
VO

T Septal 
49.5± 6.6 

33.2± 7.6 
146.6± 51 

64± 39.8 
82.5± 20.4 

58.6± 10.5 

 

Apical 

 

50.2± 6.3 

 

33.8± 7.4 

 

146.8± 51.2 

 

65.6± 38.6 

 

81.1± 21.4 

 

57.1± 8.7 

 
 

 
 

 
 

 

P value 
0.15 

0.26 
0.86 

0.08 
0.3 

0.03 
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4.8.4 Right Ventricular function 
 

RV function was assessed using TAPSE on CMR and echo. The mean TAPSE was 

17.6± 4.4mm for the RVOT position and 16.4± 16.4mm for the apical position, p= 

0.05, on CMR. On echocardiography it was 18±8mm and 17±9mm, p=0.05.  

 

4.8.5. Left ventricular Strain 
 

Using CMR-FT software on bSSFP images, the longitudinal, radial and 

circumferential strain and strain rates were calculated for both lead positions. Global 

longitudinal strain was also assessed in the 4-chamber view on echocardiography 

using speckle tracking. The results are given in tables 38 to 44. 
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Table 38. Longitudinal strain measured by CMR. 

 Cardiac view APICAL RVOT P value 

 4 chamber -14.9± 4.97 

 

 

-16.6± 5.04 

 

 

0.007 

 

Longitudinal strain 
for all lead pairings 
(n=50) 

2 chamber -14.8± 4.5 

 

-15.5± 4.75 

 

0.33 

 

 3 chamber -15.2± 6.12 

 

-17.3± 5.8 

 

0.02 

 

 4 chamber -13.9± 4.6 

 

-15.9± 5.1 

 

0.01 

 

Optimal lead 
combination (N=25) 

2 chamber -13.9± 4.4 -15.6± 5.2 

 

0.08 

 

 3 chamber -14.4± 4.6 

 

-17.4± 6.1 

 

 

0.015 

 4 chamber -14.8± 4.98 

 

-16.5± 5.2 

 

0.005 

 

Optimal and 
acceptable lead 
pairing (N=47) 

2 chamber -14.5± 4.39 

 

-15.6± 4.82 

 

0.15 

 

 3 chamber -14.93± 5.9 

 

-117.2± 
5.97 

 

0.007 
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Table 39. Global longitudinal strain measured by speckle tracking on 
echocardiography. 

 Cardiac view APICAL RVOT P value 

 

Longitudinal strain 

for all lead pairings 

(n=50) 

 

 

4 chamber 

 

 

-10 ± 3.3 

 

 

 

 

-11.5 ± 3.6 

 

 

 

 

0.0005 
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Figure 84. Longitudinal strain measured for apical and RVOT lead. Note strain 
is a negative value but has been represented as positive for the graph. N=50. 

 

Figure 85. Longitudinal strain measured for apical and RVOT lead in 3 cardiac 
views, for optimal lead combination. N=25.. 
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Table 40. Longitudinal strain rate measured on CMR. 

 Cardiac 
view 

APICAL RVOT P 
value 

 4 chamber -1.1± 0.54 

 

-1.2± 0.51 

 

0.045 

 

All lead parings (n=50) 2 chamber -0.93± 
0.29 

 

-1.003± 
0.36 

 

0.11 

 

 3 chamber -1.015± 
0.44 

 

-1.19± 
0.44 

 

0.008 

 

 4 chamber -0.95± 0.4 

 

-1.15± 
0.54 

 

0.016 

 

Optimal lead pairings (N=25) 2 chamber -0.89± 
0.29 

 

-0.99± 
0.35 

 

0.07 

 

 3 chamber -0.96± 
0.34 

 

-1.2± 0.47 

 

0.016 

 

 

 

 4 chamber -1.07± 
0.56 

 

-1.2± 0.52 

 

0.067 

 

Optimal and acceptable lead 
pairing (N=47) 

2 chamber -0.92± 
0.28 

 

-1.01± 
0.37 

 

0.082 

 

 3 chamber -1.03± 
0.45 

 

-1.2± 0.45 

 

0.018 
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Table 41. Circum
ferential strain m

easured on C
M

R
. 

 
All lead pairings (n=50) 

O
ptim

al lead pairing (n=25) 
O

ptim
al and acceptable pairing 

(n=47) 

APIC
AL 

R
VO

T 
P value 

APIC
AL 

R
VO

T 
P value 

APIC
AL 

R
VO

T 
P value 

   C
ircum

ferential 
strain 

 
 

 
 

 
 

 
 

 
 

BASE
 

-18.4± 

4.23 

 

-17.3± 

4.01 

 

0.04 

 

-17.3± 

4.1 

 

-16.7± 

4.5 

 

0.39 

 

-18.3± 

4.4 

 

-17.3± 

4.1 

 

0.05 

 

M
ID

 
-20.6± 

4.1 

 

-19.7± 

4.28 

 

0.13 

 

-20.8± 

4.3 

 

-19.6± 

5.05 

 

0.09 

 

-20.4± 

4.2 

 

-19.7± 

4.4 

 

0.19 

 

APEX
 

-19± 

7.8 

-19.7± 

6.1 

 

0.45 

 

-17.8± 

6.4 

 

-19.3± 

6.5 

 

0.24 

 

-19.1± 

7.9 

 

-19.7± 

6.3 

 

0.52 
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Table 42. R
adial strain m

easured on C
M

R
. 

 
All lead pairings (n=50) 

O
ptim

al lead pairing (n=25) 
O

ptim
al and acceptable pairing 

(n=47) 

APIC
AL 

R
VO

T 
P value 

APIC
AL 

R
VO

T 
P value 

APIC
AL 

R
VO

T 
P value 

   R
adial strain 

 

BASE
 

 

28.3± 

12.4 

 

 

27.5± 

11.3 

 

 

0.82 

 

 

27.35± 

11.7 

 

 

27.2± 

13.5 

 

 

0.87 

 

 

28.3± 

12.8 

 

 

27.7± 

11.63 

 

 

0.76 

 

M
ID

 
34± 

14.4 

 

36± 

19.9 

 

0.42 

 

34.8± 

12.5 

 

35± 

12  

0.98 

 

34.2± 

14.6 

 

36.8± 

20.2 

 

0.31 

 

APEX
 

17± 

8.3 

 

17.8± 

8.2 

 

0.6  

19± 

8.9 

 

17.1± 

8.4 

 

0.43 

 

17.2± 

8.4 

 

17.7± 

8.4 

 

0.77 
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Table 43. C
ircum

ferential strain rate m
easured on C

M
R

. 

 
 

All lead pairings (n =50) 
O

ptim
al lead pairing (n=25) 

O
ptim

al and acceptable pairing 
(n=47) 

 

 
 

APIC
AL 

R
VO

T 
P value 

APIC
AL 

R
VO

T 
P value 

APIC
AL 

R
VO

T 
P value 

  

 

BASE
 

 

-1.2± 

0.35 

 

 

-1.1± 

0.31 

 

 

0.07 

 

 

-1.2± 

0.35 

 

 

-1.06± 

0.29 

 

 

0.04 

 

 

-1.21± 

0.36 

 

 

-1.13± 

0.32 

 

 

0.06 

 

C
ircum

ferential 
strain rate 

M
ID

 
-1.31± 

0.32 

 

-1.26± 

0.31 

 

0.25 

 

-1.32± 

0.39 

 

-1.24± 

0.33 

 

0.14 

 

-1.31± 

0.33 

 

-1.26± 

0.32 

0.21 

 

 
APEX

 
1.02± 

0.41 

 

1.11± 

0.46 

 

0.22 

 

1.1± 

0.4 

 

1.01± 

0.35 

 

0.52 

 

1.03± 

0.41 

 

1.1± 

0.45 

 

0.33 
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 Table 44. R
adial strain rate m

easured on C
M

R
. 

 
 

All lead pairings (n=50) 
O

ptim
al lead pairing (n=25) 

O
ptim

al and acceptable lead 
pairing (n=47) 

 

 
 

APIC
AL 

R
VO

T 
P value 

APIC
AL 

R
VO

T 
P value 

APIC
AL 

R
VO

T 
P value 

 
 BASE

 

 1.5± 

0.6 

 

 1.5± 

0.43 

 

 0.93 

 

 1.61± 

0.8 

 1.47± 

0.47 

 

 0.52 

 

 1.54± 

0.65 

 

 1.5± 

0.4 

 

 0.99 

 

R
adial strain rate 

M
ID

 
1.59± 

0.55 

 

1.62± 

0.59 

 

0.81 

 

1.6± 

0.51 

 

1.59± 

0.48 

 

0.64 

 

1.61± 

0.56 

 

1.64± 

0.6 

 

0.85 

 

 
APEX

 
-1.25± 

0.5 

 

-1.25± 

0.45 

 

0.98 

 

-1.08± 

0.47 

 

-1.15± 

0.41 

 

0.61 

 

-1.2± 

0.58 

 

-1.26± 

0.46 

 

0.94 
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4.8.6 Intra-ventricular dyssynchrony  
 

Intra-ventricular dyssynchrony was assessed using two methods a modified Yu index 

and the maximum opposing wall delay. 

 

The Yu index used a 16 segmental model, by calculating the standard deviation of 

the time to peak longitudinal strain (T2PLS) and time to peak longitudinal strain rate 

(T2PLSR). This used long-axis images.  

The mean standard deviation for the T2PLS was 167ms for apical pacing and 165ms 

for RVOT pacing, p= 0.84, n=50. For T2PLSR this was 90.2ms for apical pacing and 

88.9ms for RVOT pacing, p=0.81, n=50. When corrected for optimal lead pairing the 

mean SD for T2PLS was 177ms for apical pacing and 162ms for RVOT pacing, 

p=0.26, n= 25. When corrected for optimal position the mean SD for T2PLSR was 94 

ms for apical pacing and 84ms for septal pacing, p=0.06. 

 

The maximum opposing wall delay is most commonly performed on the septal and 

lateral walls in the 4-chamber view. The opposing wall delay was calculated for the 

basal, mid and apical segments.  Figure 88 and figure 89 shows the opposing wall 

delays for all study patients and those corrected for optimal lead positions. A paired t-

test was performed and the results are shown below (Table 45). 
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Table 45. T- Test for m
ax opposing w

all delays betw
een septal and lateral w

alls. 

 
 

B
ase 

M
id 

Apex 

 
 

Apical 
R

VO
T 

Apical 
R

VO
T 

Apical 
R

VO
T 

All lead pairing 
W

all delay 
(m

s) 
152± 176 

132± 141 
178± 168 

150± 158 
140± 164 

107± 121 

P value 
 

0.5 
 

0.4 
 

0.18 

O
ptim

al lead 
pairing 

W
all delay 
(m

s) 
200± 195 

128± 121 
236± 191 

195± 183 
163± 174 

98± 108 

P value 
 

0.16 
 

0.5 
 

0.14 
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Figure 86. Maximum opposing wall delay between the septal and lateral walls 
at basal, mid and apical ventricular levels. N=50. Error bars are +/- SEM. 

 

 

 

 

 

 

 

 

Figure 87. Maximum opposing wall delay between the septal and lateral walls 
at basal, mid and apical ventricular levels for optimal lead pairings . N=25. 
Error bars are +/- SEM. 
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4.8.7. Twist and Torsion 
 

Twist, twist corrected for length and torsion were calculated using data derived from 

both Intag and CMR-FT. Data for all pacing parings, optimal lead pairing and 

optimal/acceptable lead pairings are summarised in Table 46. A students paired t-

test was used.  

Whilst all parameters were greater with RVOT pacing, this did not reach statistical 

significance for the CMR-FT derived data. However when using Intag derived data, 

twist, twist corrected for length and torsion were all significantly greater during RVOT 

pacing. 

 



 
 

276 

Table 46. Tw
ist, tw

ist per unit length and torsion calculated using C
M

R
-FT and Intag. 

 
 

Tw
ist 

Tw
ist per unit length 

Torsion 

 
 

C
M

R
-FT 

Intag 
C

M
R

-FT 
Intag 

C
M

R
-FT 

Intag 

  All lead pairings 

APIC
AL 

9.1± 4.43 

 

6.1± 2.7 

 

0.24± 0.13 

 

0.16± 0.08 

 

5.1± 2.65 

 

4.9± 2.26 

 

R
VO

T 
9.4± 4 

 

6.8± 2.5 

 

0.31± 0.38 

 

0.19± 0.07 

 

5.48± 3.15 

 

5.7± 2.17 

 

P value 
0.96 

 

0.05 

 

0.23 

 

0.004 

 

0.42 

 

0.003 

 

  O
ptim

al lead 
pairings 

 APIC
AL 

 9.1± 4.71 

 

 5.73± 3.1 

 

 0.24± 0.13 

 

 0.16± 0.1 

 

 5.1± 2.6 

 

 4.7± 2.7 

 

R
VO

T 
9.82± 4.9 

 

6.73± 3.3 

 

0.28± 0.28 

 

0.2± 0.09 

 

5.4± 3.9 

 

5.9± 2.8 

P value 
0.8 

  

0.06 

 

0.44 

 

0.01 

 

0.75 

 

0.009 
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Tw
ist 

Tw
ist per unit length 

Torsion 

  O
ptim

al and 
acceptable lead 
pairings 

 APIC
AL 

 9.04± 4.16 

 

 6.1± 2.8 

 

 0.24± 0.12 

 

 0.17± 0.09 

 

 5.01± 2.3 

 

 4.9± 2.35 

 

R
VO

T 
9.95± 4.23 

 

6.84± 2.68 

 

0.31± 0.39 

 

0.19± 0.08 

 

5.39± 3.29 

 

5.86± 
2.29 

 

P value 
0.9 

 

0.04 

 

0.26 

 

0.003 

 

0.39 

 

0.001 
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4.9. Discussion  
 

4.9.1 Baseline demographics 
 

The mean age of the study cohort was 68 years old and is in keeping with the 

literature that 70% of the patients with AF are between 65 and 85 years of age. (249)  

The Pace and ablate populations tends to be older with more co-morbidities than the 

standard AF population whose average age at the time of standard ablative therapy 

is 55 years. (250) The male preponderance is in keeping with that seen in clinical 

practice. 

The baseline exercise tests and quality of life, revealed that the patients in the study 

population were physically deconditioned and had a reduced quality of life. This is to 

be expected given the older age group, presence of co-morbidities and that Pace 

and Ablate patients are offered this treatment to help with often refractory symptoms. 

 

4.9.2 Right ventricular lead positions 
 

Every attempt was made to place the ventricular leads in the RVOT (in particular the 

RVOT septum) and the apex with the aid of the three fluoroscopic views described in 

the methods. Those not placed in the RVOT or apex were due to clinical reasons 

where the lead stability or pacing parameters were not adequate. Even with the pre-

shaped MOND stylet, it was difficult to achieve an RVOT septal position as described 

by MOND, with only 56% of leads positioned there on review of the images from all 

implants.  True RVOT septal pacing has been described as superior to just RVOT 

pacing where there is a heterogeneous mix of septal and free wall pacing, (132) but 

in this study it was not easy to achieve. Since this was a real world study, it was not 
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felt to be appropriate to expose patients to longer procedure times with increased 

radiation doses and risk of infection to achieve a true RVOT septal position if it was 

not obtained within 3 attempts. The lead positions achieved in this study may 

represent what is achievable in routine clinical practice. Indeed it has been published 

that in studies comparing outflow tract and apical pacing that only 61% of leads were 

septal. (114) In fact it has been reported in at least two studies that only a 1/3 of the 

RVOT leads implanted were actually septal. (251,252) 

CMR imaging allowed a further grading of the relative lead positions. The intra and 

inter-observer agreements were good using a kappa analysis for both the apical and 

RVOT lead positions.  Due to the relatively complex anatomy of the RVOT, a grading 

system was used to indicate the proximity to true RVOT septal position. A perfect 

(grade 1) apical position was achieved in 76% of procedures where as a perfect 

RVOT septal position was seen in 34%. Practically, it is easier to position a lead in 

the apex compared to the septum. Despite only a small proportion being deemed 

“perfect”, over 72% of the RVOT leads were graded as a good position (score 1-1.5), 

which is higher than the rating given just on reviewing the fluoroscopic images. This 

is clearly reassuring but serves to illustrate that there are limitations on a practical 

level for operators relying just on fluoroscopic images to place the RVOT lead. Intra-

operative transoesophageal echocardiography (TOE), in particular 3D TOE would 

probably offer the most robust real time method of achieving accurate lead position. 

(253) Achievement of a septal RVOT position with good stability and pacing 

parameters is perhaps not achievable in all patients.  
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4.9.3 ECG parameters 
 

Both the QRS duration and the QRS axis were found to be statistically different 

between the RVOT and apically paced modes.  

The RVOT pacing axis was directed inferiorly, whilst that of apical pacing was 

superiorly directed. The septum and the rest of the ventricle are being activated from 

opposite positions, so it is not surprising that the summation of depolarisation vectors 

is found to be significantly different. The work of Molina et al in 2014 also showed 

this significant difference.   

For an RVOT lead position, it was found that an negative QRS in lead I has a 

sensitivity of 0.7 and a specificity of 0.5, with a positive predictive value of 0.66 and a 

negative predictive value of 0.57. A number of studies have looked at the QRS 

morphology. In the study by Balt, septal pacing was significantly more associated 

with a negative complex in lead I compered to anterior and free wall RVOT pacing. 

(254) They found that negative complex was not specific for septal pacing, with an 

iso-electric or negative complex in lead I being 48% sensitive and 74% specific for 

septal pacing. One study by McGavigan et al had lead I being positive in 54% of 

septal sites (252) but interesting in a second study by the same group it reported that 

an iso-electric or negative deflection to be 50% sensitive and 100% specific for septal 

pacing. (132)  

No algorithms have been successfully developed to correlate ECG parameters with 

lead position. One of the limitations of studies within the literature is that they have 

relied on fluoroscopic images where clear anatomical landmarks are not necessarily 

easy to define and as shown in this thesis is there were differences between 

fluoroscopic and MRI determined positions.  
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The mean QRS duration for the RVOT lead was on average 10 ms shorter than the 

apical lead, which suggests the RVOT position confers less electrically 

dyssynchrony. This finding is consistent with data published by Molina et al last year 

(113) and other studies. (34,103,255,256) 

The biggest difference in electrical dyssynchrony was seen with the combination of 

true RVOT septal and true apical lead positions.  It is possible that this study was 

able to show a significant difference because the lead positions were characterised 

by CMR for the analysis. Studies relying just on fluoroscopic images may include 

RVOT free wall positions, which have been shown to have longer QRS durations 

than septal or anterior RVOT positions. (254)   

 

4.9.4 Imaging artefacts 
 

Although the Accent PPM and tendril leads are MR conditional they still contain 

ferromagnetic materials and thus generated metal susceptibility artefact on the MR 

images. For SSFP cine images at least one segment was affected by artefact in 90% 

of the MR scans. When compared to SpGr cine images, there was significantly more 

artefact on SSFP sequences compared to SpGr sequences at basal (53% vs 11.5%, 

p<0.001), mid (67% vs 31%, p<0.001) and apical regions (65% vs 43%, p=0.001). In 

Balanced SSFP, the transverse magnetisation originating from several TR’s are 

combined, resulting in greater MR signal amplitudes compared to SpGr. However if 

there are inhomogeneities within the magnetic field, the transverse magnetisation 

from different TRs can cancel each other out rather than add together in areas of 

inhomogeneity. (257) This can create dark bands even in normal phantom models. 

(244) In the presence of an IPG, there is significant inhomogeneity resulting in 

increased artefact. 
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The regions most commonly affected by the metal susceptibility artefact were the 

anterior and anterior-septal regions within the mid SA plane (Figure 80). In 90% of 

the MR scans performed, artefact was present in the mid anterior segment on SSFP 

sequences. This finding is similar to that reported by Sasaki et al. (202) Whilst 

significant artefacts were observed in many scans, both a qualitative and quantitative 

assessment of LV function was deemed possible by 2 independent observers in all 

patients. This is in keeping with the findings of the ADVISA sub study of image 

quality, where only 5% of total scans were not deemed to give diagnostic quality 

images of the LV. (203) 

Certain imaging sequences were more adversely affected than others. In particular 

LGE imaging, T1 and T2 mapping showed significant artefacts. LGE uses an 

inversion recovery sequences with a longer echo time (TE) than gradient echo and 

spin echo, thus is associated with greater magnetic susceptibility artefacts. (202) T1 

mapping used the MOLLI sequence and this is based on an inversion recovery 

sequence and uses a bSSFP readout. Multiple inversions are used to acquire 

information at different inversion times. This sequence by virtue of multiple inversion 

times and using SSFP is going to make it susceptible to metal susceptibility artefacts. 

Given the degree of artefact seen in this study, it is unlikely that T1 or T2 mapping 

with have much clinical use in the patients with an IPG. 

The main determinant of artefact was the distance of the device from the heart with a 

negative correlation between the distance of the PPM from the heart and the artefact 

on the SSFP MR images, r= -0.561, n=50, p= <0.0001. These in-vivo results are 

consistent with the in-vitro data from the phantom studies previously discussed. The 

inverse relationship between artefact size and distance from the IPG was reported 

also by Sasaki et al. (202) 
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4.9.5 Safety data 
 

The manufacture of MR conditional devices was born out of the original safety 

concerns of scanning standard devices. (160) Apart from the major Medtronic trials, 

there is a paucity of safety data with regards to the other manufacturers. (159,201) 

There were no adverse events during the 50 CMR scans performed for the acute 

study. The study scan times were in excess of 90 minutes and thus much longer than 

in clinical practice. Despite this, there was no clinically or statistically significant 

change in the threshold before and after the CMR scan. The mean differences in 

threshold before and after the scan was 0.03V, p=0.34 for the RVOT lead and 0V, 

p=1 for the apical lead. There was a statistical significant difference for lead 

impedance before and after the scan, but the maximum difference was only 11Ω for 

the RVOT lead, which is clinically insignificant. Lead impedances show great 

variance throughout the day and are affected by multiple factors including body fluid 

status, concomitant drugs, particular antiarrhythmics and even different foods. (258)  

 This study clearly demonstrated the safety of prolonged CMR scanning of the St 

Jude Accent PPM. 
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4.9.6 Haemodynamics 
 

There were several ways the acute study attempted to measure the impact of pacing 

site on cardiac haemodynamics. The MAP was calculated using peripherally 

measured blood pressure (two measurement s and average taken) and was 

essentially the same between pacing modes 92mmHg vs 90mmHg, for RVOT and 

apical pacing respectively.  The use of non-continuous monitoring of blood pressure 

is a major limitation but even those studies where invasive measures were used to 

calculate the MAP have not shown a statistical significant difference between the two 

pacing sites. (119,124) The use of an automated pressure cuff within the MR 

scanner was used to measure the BP during the scans for each pacing mode. It is 

very possible that the time the BP was taken during the scan session influenced the 

measurement. The scans were of long duration so the normal circadian cycle of BP 

may contribute to the lack of significant differences seen. It is also possible that the 

patient’s level of stress during the scan may impact the measured BP. It was 

observed that some patients were very stressed at the beginning of the scan but 

became more relaxed as the scan went on, as they became used to being within the 

scanner. For some patients, the opposite was observed and they became 

progressively more stressed.  

 

The flow of blood across the aortic and pulmonary valves is an indirect measure of 

cardiac output from the left and right ventricle. When corrected for the optimal lead 

combination, both aortic and pulmonary flows were greater in the RVOT position 

when measured by CMR, but these were neither clinically or statistically significant 

different. A striking observation was that the pulmonary flow was consistently greater 

than the aortic flow when measured by CMR, with no obvious physiological 

explanation for this. Indeed one may have expected a pulmonary flow lower than that 
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of the aorta, if the presence of 2 leads within the ventricle caused any significant 

tricuspid regurgitation. The most likely explanation for this observation is that there is 

a greater phase encoding offset error caused by the pulmonary valve being in closer 

proximity to the PPM. Indeed the phantom studies performed illustrated the effect of 

the PPM on phase encoding errors and subsequent flow. The closer the ROIs to the 

PPM, the greater the phase offset error. Secondly the echo data showed the 

opposite flow pattern with the LVOT flow greater than the pulmonary flow, which 

perhaps represents the presence of tricuspid regurgitation. Since ultrasound is not 

affected by metal susceptibility, the assumption would be that the observed 

differences seen with CMR were the result of a phase offset error. This has very 

important clinical implications since it would suggest that flow assessments cannot 

be done accurately in the presence of a PPM.  

The LVOT flow was not significantly different between the pacing positions when 

measured by echocardiography. This is consistent with some studies (34,119) but 

not with others. (100,124)  

A greater stroke volume and EF was measured for the RVOT lead compared to the 

apical lead on CMR. The difference in stroke volume was 1.6mls and the EF 1.5%. 

The difference in EF was statistically significant with a P value of 0.02, but this is not 

a clinically significant difference. It is within the noise level that would be found in 

echocardiography. At baseline in the crossover study by Mera et al, the high septal 

position gave an EF of 57% versus an apical position of 53% measured by nuclear 

ventriculography. (126) Victor published 2 studies with a crossover design. The first 

was RVOT vs RVA pacing and no difference in EF was observed acutely. (259) The 

second was high RV septum vs RVA and this interestingly showed for those with an 

EF > 45%, there was no difference between the two pacing sites but for those with a 

reduced EF of < 45% there was a significant difference on echocardiography. (129) 

In the MAPS study cohort the mean EF was >55% at baseline and thus one 
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explanation for the small difference in EF seen between the pacing sites is that with a 

normal EF, acute alterations in ventricular activation do not result in large 

haemodynamic changes. In those with a normal EF, it is likely to take time for pacing 

induced ventricular remodelling to take place. Consistent with this would be the 

findings of Tse et al using a parallel study design.(102) It was only after 18 months 

that the RVA group showed a decreased LV function compared to the RVS group. 

 

4.9.7 Right ventricular function 
 

RV function was assessed using TAPSE on CMR and echo. The mean TAPSE was 

17.6 ± 4.4mm for the RVOT position and 16.4 ± 16.4mm for the apical position, p= 

0.05, on CMR. This is comparable to that measured by echocardiography with 18 ± 

8mm and 17 ± 9mm, for RVOT and RVA positions respectively p=0.05. The majority 

of studies in the literature focus only on the LV functional parameters rather than the 

RV which is the ventricle being paced. Whilst statistically significant, the difference in 

TAPSE is small and not clinically significant.  

 

4.9.8 Deformational measures of left ventricle- Strain, twist, torsion 
 

Myocardial strain, twist and torsion provide complementary information to standard 

pump function indices. They are more direct measures of the mechanical processes 

occurring during both contraction and relaxation. (209,260–262) This perhaps makes 

them more sensitive to change in left ventricular performance at an earlier stage of 

pathologies affecting the heart. 
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Global longitudinal strain was greater for RVOT pacing than apical pacing in all 3 

long axis orientations, measured by CMR feature tracking. This was statistically 

significant for both 3-chamber (-14.9 vs -7.2, p=0.007) and 4-chamber views (-14.8 

vs -16.5, p= 0.001). Echocardiography also showed a significant difference in 4-

chamber longitudinal strain between pacing positions (-10 vs -11.5, p= 0.0005). 

These findings are consistent with the recent sub-study of Protect Pace(131), which 

showed a global longitudinal strain of -13.9 ± 4.1 for RVA and  -15.5 ± 4.6 for the 

high RV septal position, p= 0.02. Global longitudinal strain (GLS) is a more subtle 

measure of myocardial dysfunction and it was observed in the Protect Pace sub 

study that whilst RVA pacing altered the GLS, it was not always accompanied by a 

change in the EF. (263) This finding is similar to the MAPS acute study where the 

difference in EF between the pacing positions was small.  

Circumferential and radial strain did not appear significantly different between the 

pacing modes, which was a finding of Protect-Pace also. As discussed by Saito et al, 

both radial and circumferential parameters are far less reproducible measures and 

difficult to measure. (263) One problem is that it is much more difficult to accurately 

define the base, mid and apex.  

The twisting motion of the heart is a characteristic of normal cardiac function. Twist 

accounts for rotational deformation at both the base and apex, so is perhaps a better 

measure of global rotational performance than circumferential and radial strain.  

Global twist was found to be greater for RVOT pacing when measured by both Intag 

and CMR-FT, compared to RVA pacing. Only the measurements by Intag were 

statistically different (6.1° vs 6.8°, p=0.05). The CMR-FT derived measures were 

larger than the Intag derived measures. The methods are fundamentally different. 

The generation of the tagged and Cine SSFP images is very different, the 

information encoded in the data is different and the post-processing software used 

also differs between the methods. Therefore it is difficult to directly compare the two 
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measures of rotational deformation. It is however reassuring that both methods 

showed RVOT pacing had a greater twist. It should be pointed out that although the 

phantom studies performed as part of the validation work showed that tagging 

appeared to become unreliable at elevated heart rates, at baseline the results were 

comparable. All scan were performed with a heart rate at 60bpm (paced) and 

therefore it seemed reasonable to use both CMR-FT and InTag for analysis. 

Delgado et al showed acute RVA pacing impaired LV twist significantly compared 

from 12.4±37° to 9.7±2.6°, P=0.001 on echocardiography. (58) Inoue et al also 

found a significant difference between RV apical pacing and RVS septal pacing in 

favour of the RV septal position (7±3° vs 14±5°, p <0.05) using speckle tracking 

echocardiography. Interestingly the rate of untwisting of the ventricle was also found 

to be significantly different, suggesting that both systolic and diastolic components 

are influenced by the pacing site. (264)  

 

Torsion is perhaps the best measure of myocardial performance since it 

encompasses both rotational and longitudinal deformation. Torsion was greater in 

the RVOT paced group compared to the apical group using both Intag and CMR-FT 

derived indices. However only the InTag results showed a significant difference 

between the groups 4.9± 2.26° vs 5.7± 2.17° p= 0.003.   
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4.9.9 Dyssynchrony 
 

Much of the work in pacing and particular the heart failure population has focussed 

on measures of myocardial dyssynchrony. As previously described in chapter 1, 

there are numerous measures with no consensus to a gold standard. A modified Yu 

index was used to calculate the standard deviation for both the T2PLS and T2PLSR. 

When uncorrected for all lead combinations, there was no significant difference 

between the two pacing sites. However when corrected for the optimal lead 

combination, the mean SD for the T2PLS showed a difference of 15ms in favour of 

the RVOT position (p=0.26) and 10ms for T2PLSR (p=0.06). The maximum wall 

delay for corrected lead combinations was 163±174ms and 98±108ms for apical and 

RVOT positions respectively but this did not reach statistical significance, p=0.14. 

Both measures, whilst not reaching statistical significance demonstrated a trend 

towards the RVOT position producing less dyssynchrony than the apical position. It is 

likely that a significant difference would have been found if there were more patients 

with the optimal lead position. This finding illustrates a point that has been made by 

Mond et al that a reason why many studies have not demonstrated any differences 

between RVOT and apical pacing is that lead placement is very heterogeneous, 

particularly in the RVOT. (132) 

Inoue et al demonstrated more greater dyssynchrony in the RVA group with multiple 

measures from echocardiography, including a basal septum to lateral wall delay, SD 

of the time to peak systolic velocity, a radial dyssynchrony index and the SD of time 

to peak longitudinal strain. (264) Not all studies have demonstrated this, Ng et al 

found RVS pacing was associated with more dyssynchrony, but this can be part 

explained by the fact the RVS positioning was noted to be very heterogeneous. (72) 
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5.1 Septal versus apical pacing- medium term study. 

 

Provisional data from the mid-point of the study is described here. Fourteen patients 

had a CMR scan nine months after the first scan. Eight were paced from the apex 

and six the RVOT septum. 

 

5.2 Safety data 
 

It is normal with lead maturation that clinical parameters change over time. For 

example it would only be considered clinically significant if the lead threshold 

doubled, over a 9-month period. In fact in this study both the lead and battery 

parameters over the 9-month period did not show any clinically significant alterations. 

The mean battery voltage decreased by only 0.02V from 2.98 to 2.96V, which one 

would be expect in any clinical setting for a bradycardia device. Similar to the 1st 

CMR scan, the changes in pacing parameters before, at the crossover point and 

after the 2nd scan were not clinically significant. The parameters are illustrated in 

table 47. 
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Table 47. Safety data over 9 m
onths. N

=18. 

 
 

C
M

R
 1  

(0 m
onths) 

C
M

R
 2 

(9 m
onths) 

 
 

Before scan 
C

ross-over 
After scan 

Before scan 
C

ross-over 
After scan 

 

Threshold (V) 

 

APIC
AL lead 

 

0.68±0.16 

 

0.68±0.17 

 

0.75±0.35 

 

0.83±0.62 

 

0.86±0.6 

 

0.86±0.6 

 
 

R
VO

T lead 

0.74±0.18 
0.75±0.17 

0.76±0.16 
0.81±0.28 

0.82±0.32 
0.82±0.33 

Im
pedance (Ω

) 
Apical 

555±112 
551±110 

552±110 
538±161 

548±194 
564±257 

 
R

VO
T 

594±69 
592±70 

597±70 
571±74 

569±73 
573±75 

 

Battery voltage 
(V)  

Battery lifespan 
(years) 

 
  

2.98 

  

2.98 

  

2.98 

  

2.96 

  

2.96 

  

2.96 

 
 

8.2±1.1 

 
 

8.2±1.1 

 

7.4±1.4 

 
 

7.4±1.4 
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5.2 Quality of life SF36 
 

The SF36 questionnaire was used at the 9-month interval. Table 48 gives the scores 

for each category. The total physical health score was 58 ± 25 and mental health 

score was 65 ± 25.  

 

Table 48. Summary of QOL scores at 9 month interval. N=18. 

Category Score out of 100 

Physical function 55 ± 30 
 
Role physical 

 
66 ± 43 

  
Body pain 60 ± 32 
  
General health 60 ± 18 
  
Vitality 50 ± 23 
  
Social functioning 78 ± 28 
  
Role emotional 67 ± 43 
  
Mental health (subcategory) 73 ± 26 
  
Total Physical health 58 ± 25 
  
Total Mental health 65 ± 25 
  
Total SF36 64 ± 27 
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Figure 90 shows the SF36 scores at 0 and 9 months. The physical health score went 
from 42.9 to 58.4, p = 0.003, the mental health score went from 56.1 to 65.5, p = 
0.02, and the overall SF36 score went from 50.4 to 63.6, p = 0.006. The quality of life 
scores increased across all categories. 

 

Figure 88. SF36 scores for 0 and 9 months following the AV node ablation. 
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5.4 Exercise capacity 
 

Exercise capacity was assessed at 0 and 9 months with a formal CPEX performed 

on the treadmill and the 6MWT. On CPEX testing the mean VO2 max rose from 16.1 

to 17ml/kg/min, p = 0.13. The mean distance covered on the 6MWT rose from 367m 

to 391m, p = 0.04. 

Figure 89. Exercise capacity assessed by CPEX at 0 and 9 months. 
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5.5 Left ventricular function 
 

Measures of left ventricular performance were measured as described in the acute 

study for both pacing modes at 9 months. LV volumes, EF, longitudinal strain, twist 

and torsion were calculated and the results are summarized, along with the baseline 

data in tables 49 and 50. A students paired T test was used to determine the 

statistical significance of the differences between RVOT and apical pacing sites.
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Table 49. LV heam
odynam

ics at 0 and 9 m
onths for R

VO
T and apical pacing. 

 
 

M
AP 

(m
m

H
g) 

AO
 

flow
 

(m
l) 

PA 
flow

 
(m

l) 

TAPSE 
(m

m
) 

ED
V 

(m
l) 

ESV 
(m

l) 
SV 
(m

l) 
EF (%

) 
Longitudinal 
strain in 4 
cham

ber 

Tw
ist (°) 

Torsion 
(°) 

W
all 

delay 4 
ch m

id. 
(m

s) 

 
 

 APIC
AL 

 0M
 

 92±8 

 73±24 

 89±32 

 16±4 

 134±49 

 56±20 

 78±32 

 58±7 

 -15±4.5 

 7.6±2.3 

 5.2±2.6 

 178±168 

 
 

 
 9M

 

 94±11 

 74±22 

 92±31 

 15±5 

 136±57 

 55±23 

 81±34 

 59.6±8.3 

 -16.4±3.9 

 8.1±3.1 

 6.1±3 

 170±155 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 R
VO

T 

 0M
 

 94±10 

 80±18 

 112±20 

 15±4 

 136±50 

 52±33 

 84±19 

 61.7±10 

 -20±4 

 10.4±5.3 

 7.5±5.7 

 150±158 

 
 

 
 9M

  

 

 97±12 

 82±21 

 111±23 

 15±4 

 137±49 

 49±36 

 88±22 

 64.2±11.8 

 -20.7±5.2 

 11.2±5 

 8.4±5.5 

 156±130 
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Table 50. D
ifferences betw

een baseline and 9 m
onth haem

odynam
ics. 

D
ifference 

betw
een 

apical and 
R

VO
T lead 

M
ap 

(m
m

H
g) 

AO
 

flow
 

(m
l) 

PA 
flow

 
(m

l) 

TAPSE 
(m

m
) 

ED
V 

(m
l) 

ESV 
(m

l) 
SV 
(m

l) 
EF 
(%

) 
Longitudinal 
strain in 4 
cham

ber 

Tw
ist 

(°) 

Torsion (°) 
W

all 
delay 4 
C

h m
id 

segm
ent 

 0 m
onths 

 2 

 7 

 23 

 -1 

 2 

 -4 

 6 

 

3.7 

 5 

 

2.8 

 

2.3 

 28 

 9 m
onths 

 3 

 8 

 19 

 0 

 1 

 -6 

 7 

 

4.8 

 

4.3 

 

3.1 

 

2.3 

 14 

 P value at 0 
m

onths 

 

 

N
S 

 

N
S 

 

<0.01 

 

N
S 

 

N
S 

 

N
S 

 

N
S 

 

0.05 

 

0.03 

 

0.14 

 

0.1 

 

0.4 

P value at 9 
m

onths 

 

N
S 

N
S 

<0.01 
N

S 
N

S 
0.1 

0.08 
0.03 

0.05 
0.12 

0.09 
0.53 
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5.6 Discussion 
 

14 patients reached the mid point of the study and were analysed for this thesis. Importantly 

there were no clinically significant changes in pacing parameters for each of the CMR scans. 

Despite having two CMR scans neither the lead nor the battery parameters would be 

considered to be different from that of a patient with no scans.  

The SF36 results clearly show that patient’s quality of life significantly improved after 9-

months of 100% ventricular pacing. This is keeping with other studies of patients with AF 

following an AVN ablation. (18,265,266) These patients are generally very symptomatic, with 

physical and psychological ailments, often as a result of palpitations or side effects from their 

medication. Finding an improvement in all quality of life parameters is thus very reassuring 

from a clinical perspective in this study. Quality of life parameters were not compared 

between the pacing modes since the numbers at this stage of the study was very small at 

the time of analysis. 

The exercise tolerance increased over the 9-month period, which again is consistent with the 

findings of Wood et al who performed a meta-analysis of data in 2000. (18) The 6MWT 

reached statistical significance, whilst the CPEX did not, with only a small rise in VO2max. 

Whilst the peak exercise capacity did not significantly increase, the significant difference 

found in the 6MWT should represent an increased ability of the patients to perform their 

activities of daily living. This would certainly be in keeping with the findings of the improved 

quality of life scores. 

Each patient acted as his or her own control, allowing a direct comparison of RVOT versus 

apical pacing at baseline and at the 9-month point.  A comparison was not made between 

the two leads over the 9-month period since the numbers in each group were small. At 

baseline, there was a trend across all the measures of left ventricular performance that 

RVOT was superior to apical pacing. Both the EF and longitudinal strain were statistically 
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significant and discussed fully in the acute pacing chapter. At the 9-month interval a similar 

trend was observed. When compared to baseline the measures of ventricular performance 

were seen to be greater including longitudinal strain and EF. This result would be in keeping 

with that found after 6 months of pacing by Molina et al. They found the EF increased from 

57 to 58% and 52 to 55% for the RV septal and RV apical groups respectively after a period 

of 6 months. (113) Interestingly it was not until 1 year that the septal and apical groups 

diverged, with the septal EF increasing further to 61% and the apical group falling slightly to 

54%. Unlike this study, I found that the EDV of the apical group increased rather than 

decreased, implying dilation of the ventricle and potentially negative remodelling was 

occurring. It is likely that LV remodelling will occur over a longer period than the 9-month 

crossover point of this study. Indeed studies by Hillock and Mond, and Tse et al suggest 

changes may occur after 12-18 months. (267,268) It is possible that at 9 months there was 

not enough time for significant remodelling to have occurred. In the Protect pace study there 

was a longer 2 year follow up and a small decrease in LV systolic function was observed for 

both RVOT and RVOT/high septal groups, suggesting that there was no significant 

difference between the sites. (269) However a sub analysis showed there was a significant 

difference in global longitudinal strain and dyssynchrony, both in favour of the RVOT/high 

septal position. (263) In keeping with Protect pace, I also found that longitudinal strain was 

greater in the RVOT group than the apical group at both baseline and 9 months. It can be 

hypothesized that the superior longitudinal strain for the RVOT group is the result of 

electrical activation of the heart that is more analogous to the normal physiological activation 

of the myocardium via the His-purkinje system.   

Twist and torsion were greater in the RVOT group at baseline and at the 9-month point, but 

neither achieved statistically significance. This in part is likely due to the small number 

patients at the crossover point available for analysis for this thesis. Likewise the intra-

ventricular dyssynchrony, as determined by the maximum opposing wall delay in the 4 
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chamber view at mid-level, was less for the RVOT lead at both baseline and at the 9 month 

crossover, but not statistically significant.  

The alternate pacing positions do lead to differing activation patterns of the myocardium, 

which is clearly demonstrated by the opposite cardiac axis on the surface ECG. Animal 

models have suggested that pacing lead positions alter myocyte fibre shortening, relaxation 

and strain at a regional level. (49,50) This may provide a mechanistic explanation to why the 

differences in longitudinal strain, twist, torsion and dyssynchrony were observed between the 

pacing sites.  

Whilst differences of LV myocardial performance have been demonstrated by this study, 

these do not appear to be clinically significant over the 9-month time course. There has been 

a great deal of debate over how long it takes remodelling to occur during pacing. Certainly 

the percentage of pacing will have an effect, and one explanation for the heterogeneity of 

results in this field is that this differs between studies. The Protect-pace study used those 

with high degree AV block, so the percentage of pacing was high. There appeared to be 

minimal differences in LV remodelling between the two groups, although as discussed the 

RVS strain was superior over the two year period. It is perhaps of no great surprise that 

despite using CMR, a more robust measure of LV volumetrics, that significant differences 

were not seen over the time course of the study reported. The results of the full cohort of 

patients at the 9 and 18-month intervals may expand on these findings.   
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6. Conclusions and future directions 

 

6.1 Conclusions 
 

There are a number of conclusions that can be drawn from this body of work undertaken as 

part of the MAPS trial. Firstly, cardiac imaging of those patients with IPG’s is likely to 

become an increasing requirement in modern day cardiology and this study demonstrates a 

good safety profile for scanning this device in the MR environment when set scanning 

protocols are adhered to. There is not an inconsiderable amount of metal susceptibility 

artefact that is generated and this is both affected by the distance of the IPG from the heart 

and MR sequence employed. Determining myocardial function can be performed reliably, 

but tissue characterization is problematic in those areas where artefact is observed. Both the 

phantom and clinical studies suggested that flows measurements were subject to phase 

offset errors and this related to the distance of the IPG from the region of interest.  Therefore 

valve analysis should be performed with extra caution. Sequence optimization is important in 

an IPG patient, and simple measures such as using spoiled gradient instead of SSFP 

sequences, or altering the centre frequency can be employed to good effect. 

Whilst scanning MR conditional devices is safe, this study illustrates that due to artefact 

limitations, not all clinical questions can be answered and that other imaging modalities may 

have to be considered.  

With regards to the AF cohort, the trial confirms that the Pace and ablate strategy can lead 

to both improved myocardial performance and functional status, with an increase in EF and 
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QOL both demonstrated. Regardless of the pacing site, both RVOT and RVA groups 

showed improvements in functional status and exercise capacity.  

The position of the leads in the correct location has been greatly debated in the literature 

and it has been speculated that the heterogeneity of positions within the RVOT and RVS has 

contributed to inconclusive results when compared to the apical position. In this study, the 

use of dedicated fluoroscopy views, combined with the pre-shaped Mond stylet, only 

conferred a 56% of successful RVOT implantation if fluoroscopy alone was used to 

determine position. When reviewed using dedicated MR images, the successful RVOT 

implantation rate was 72%. In the Protect pace trial only 66% of leads were on the high 

RVS/low RVOT, so this study was comparable. My study serves to illustrate that in clinical 

practice true RVOT septal positions may often be difficult.  

At baseline the RVOT site was seen to be superior to the apical, in terms of a higher EF, 

greater longitudinal strain, twist and torsion, and less dyssynchrony, especially when 

corrected for optimal lead position.  The EF was statistically different but a 1% difference has 

minimal clinical significance. It remains to be seen if over a longer period of time, more 

clinically significance differences arise. Certainly mechanistic differences between the two 

pacing sites were observed. 

Although it is perhaps disappointing that clinical differences were not observed the study 

does suggest that there is no reason why the RVOT position should not be chosen in 

preference if it can be achieved in a timely fashion with good pacing parameters.  
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6.2 Future directions 
 

Clearly the follow up of this cohort of patients over the 18-month period will shed more light 

on the question of RV lead placement. In fact, despite 100% V pacing 18 months may not be 

long enough to determine any significant clinical differences (if they do exist) and so the 

hope would be to follow up this cohort for an extended period say 5 years. 

 

Biomarker analysis of the entire cohort of patients will be very interesting to see if markers of 

myocardial dysfunction such as troponin and BNP, or markers of fibrosis such as MMP are 

altered as a direct result of pacing. The literature suggests pacing is not good for the heart 

and increasing the risk of heart failure. Despite the huge number of patients with cardiac 

devices there are not large numbers of them developing clinical heart failure. The use of 

biomarkers may help to predict those patients that may go on to develop heart failure and 

perhaps select patients for an upgrade to a biventricular device. 

 

Imaging of patients with IPGs is in its infancy and further work is required to determine what 

image sequences can be used in the clinical setting. Certainly the issue over whether 

velocity phase encoding can be used will be important to resolve since it is used frequently 

in valvular assessments. 

 

So far there are no biventricular cardiac devices on the market that are MR conditional and it 

is perhaps here where the future lies. There is already a huge body of work that uses CMR 
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prior to the implantation to determine scar distribution and burden that may influence LV lead 

placement and whether a defibrillator should be placed. The use of CMR in this cohort may 

provide further information regarding LV remodelling and perhaps more importantly assist in 

optimizing the device in non-responders. 

 

The block-HF trial suggested that individuals with a reduced LV function and high degree AV 

block that CRT was superior to RV only pacing. The RV group was heterogeneous in lead 

position and it would be worthwhile doing a trial of RVOT septal versus CRT in this group 

using CMR.  
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Appendix 

 

Borg Scale of perceived exertion 
 

The rating of perceived exertion (RPE) scale measures feelings of effort 
and/or fatigue experienced during both aerobic and anaerobic exertion. The 
perception of physical exertion is a subjective experience and reflects the 
interaction between physical and psychological elements. During exertion 
many physiological changes occur, including changes in ventilation, oxygen 
uptake, cellular metabolism and substrate utilisation. As ventilation increases 
so does perceived exertion.  

The RPE was developed by the Swedish psychologist Gunnar Borg as was 
originally graded 6-20. Each grade is roughly meant to correspond to how the 
heart rate increases if you multiply it by a factor of 10. For example at grade 6, 
the expected heart rate is 60bpm; at grade 10 it is 100bpm. The scale is valid 
in that it generally evidences a linear relation with both heart rate and oxygen 
uptake during aerobic exercise. The scale can be simplified to an 11-point 
version.  

Rating 0-20 Description Rating 1-10 

6 No exertion at all 0 

7  

Extremely light 

0.5 

8 

9 Very light 1 

10  

light 

 

2 11 

12 
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13 Somewhat hard 3 

14 4 

15 Hard (heavy) 5 

16 6 

17 Very hard 7 

18 8 

19 Extremely hard 9 

20 Maximal exertion 10 

 

 
(270) 
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Worksheet for 6MWT 
 

Study No: 

Visit No: 

 

  Start Finish 

Heart rate 
(bpm) 

  

Blood 
Pressure 
(mmHg) 

  

RPE   

Metres 
covered 
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Health Survey for Pacemaker Study Patients (SF36)             

          
Study number: 
Patient Identification Number for this study: 
 
Todays Date:___________ 
 

 

 

This survey asks for your views about your health.  This information will help keep track of 

how you feel and how well you are able to do your usual activities. 

 

Please answer these questions by putting a Cross in the box.  

Please select only one choice for each item. 

 

1- In general, would you say your health is: 

 

�  1. Excellent �  2. Very good �  3. Good �  4. Fair �  5. Poor 

 

 

2- Compared to ONE YEAR AGO, how would you rate your health in general NOW? 

�  1. MUCH BETTER than one year ago. 

�  2. Somewhat BETTER now than one year ago. 

�  3. About the SAME as one year ago. 

�  4. Somewhat WORSE now than one year ago. 
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�  5. MUCH WORSE now than one year ago. 

 

 

 

 

 

3- The following items are about activities you might do during a typical day.  Does your 
health now limit you in these activities? If so, how much? 

 

Activities 1. Yes, 
Limited 
A Lot 

2.  Yes, 
Limited  
A Little 

3.  No,  
Not Limited 
At All 

a) Vigorous activities, such as running, lifting heavy 

objects, participating in strenuous sports? 
�  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

b) Moderate activities, such as moving a table, 

pushing a vacuum cleaner, bowling, or playing golf? 
�  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

c) Lifting or carrying groceries? �  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

d) Climbing several flights of stairs? �  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

e) Climbing one flight of stairs? �  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

f) Bending, kneeing or stooping? �  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

g) Walking more than a mile? �  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

h) Walking several blocks? �  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

i) Walking one block? �  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 

j) Bathing or dressing yourself? �  1. Yes, 
limited a lot 

�  2. Yes, 
limited a little 

�  3. No, not 
limited at all 
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4- During the past 4 weeks, have you had any of the following problems with your work or 

other regular activities as a result of your physical health? 

 Yes No 

a) Cut down on the amount of time you spent on work or 

other activities? 
�  1. yes �  2. No 

b) Accomplished less than you would like? �  1. yes �  2. No 

c) Were limited in the kind of work or other activities? �  1. yes �  2. No 

d) Had difficulty performing the work or other activities 

(for example it took extra effort)? 
�  1. yes �  2. No 

 

 

 

5- During the past 4 weeks, have you had any of the following problems with your work or 

other regular daily activities as a result of any emotional problems (such as feeling 

depressed or anxious)? 

 Yes No 

a) Cut down on the amount of time you spent on work or 

other activities? 
�  1. yes �  2. No 

b) Accomplished less than you would like? �  1. yes �  2. No 

c) Didn’t do work or other activities as carefully as usual? �  1. yes �  2. No 

 

 

6. During the past 4 weeks, to what extent has your physical health or emotional problems 

interfered with your normal social activities with family, friends, neighbors, or groups? 

�  1. Not at all �  2. Slightly �  3. Moderately     �  4. Quite a bit     �  5. Extremely 
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7. How much bodily pain have you had during the past 4 weeks? 

�  1. None      �  2. Very mild     �  3. Mild     �  4. Moderate    �  5. Severe     �  6. Very 

severe 

 

8. During the past 4 weeks, how much did pain interfere with your normal work (including 

both work outside the home and housework)? 

�  1. Not at all �  2. A little bit �  3. Moderately     �  4. Quite a bit     �  5. Extremely 

9. These questions are about how you feel and how things have been with you during the 
past 4 weeks.  For each question, please give the one answer that comes closest to the 

way you have been feeling.  How much of the time during the past 4 week … 

 1. All of 

the time 

2. Most 

of the 

time 

3. A good 

bit of the 

time 

4. Some 

of the 

time 

5. A little 

of the time 

6. None of 

the time 

a) Did you feel full of pep? �  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

b) Have you been a very 

nervous person? 
�  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

c) Have you felt so down in 

the dumps that nothing could 

cheer you up?  

�  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

d) Have you felt calm and 

peaceful? 
�  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

e) Did you have a lot of 

energy? 
�  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

f) Have you felt downhearted 

and blue? 
�  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

g) Do you feel worn out? �  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

h) Have you been a happy 

person? 
�  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

i) Did you feel tired? �  1. All of 
the time 

�  2. Most 
of the time 

�  3. A good 
bit of the time 

�  4. Some 
of the time 

�  5. A little 
of the time 

�  6. None of 
the time 

 

 

10. During the past 4 weeks, how much of the time has your physical health or emotional 
problems interfered with your social activities (like visiting with friends, relatives, etc.)? 
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�  1. All of the time 

�  2. Most of the time. 

�  3. Some of the time 

�  4. A little of the time. 

�  5. None of the time. 

 

 

         

 

 

11. How TRUE or FALSE is each of the following statements for you? 

 1. 

Definitely 

true 

2. 

Mostly 

true 

3.  

Don’t 

know 

4. 

Mostly 

false 

5. 

Definitely 

false 

a) I seem to get sick a little 

easier than other people? 
�  1.  
Definitely true 

�  2. 
Mostly true 

�  3.  
Don’t know  

�  4.  
Mostly false 

�  5.  
Definitely false 

b) I am as healthy as anybody I 

know? 
�  1.  
Definitely true 

�  2. 
Mostly true 

�  3.  
Don’t know  

�  4.  
Mostly false 

�  5.  
Definitely false 

c) I expect my health to get 

worse? 
�  1.  
Definitely true 

�  2. 
Mostly true 

�  3.  
Don’t know  

�  4.  
Mostly false 

�  5.  
Definitely false 

d) My health is excellent? �  1.  
Definitely true 

�  2. 
Mostly true 

�  3.  
Don’t know  

�  4.  
Mostly false 

�  5.  
Definitely false 

   

 

Thank you!  
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Radiation dose risk assessment by medical physics  
 

 

 

Research Study Dose and Risk assessment 
 

Short Name MRI Pacemaker Study 

Full title Determining the difference between RVOT and Apical pacing using cardiac MR 

Local ref number NA 

Main site: Wythenshawe Hospital, University Hospital of South Manchester NHS Foundation Trust 
Additional sites: None 
 
 
Dose and risk information for Part B Section 3 of IRAS form 
 
A Radioactive materials 
 
Radionuclide procedures are not being performed as part of this study. This section of the IRAS form should 
not be completed. 
 
B Other ionizing radiation 
 
Procedure No. of 

procedures 
No. of 
standard care 

Estimated Procedure dose 

Chest X-ray 1 1 Effective dose of 0.02 mSv  
Fluoroscopy during pacemaker in-plant 1 1 Effective dose of 1.7 mSv 
 
C Combined dose and risk assessment 
 
Dose and risk assessment 

The total effective dose involved in the study (based on average sized patients) is estimated as 1.8 mSv, all of 
which could be considered standard care. This dose estimate is based on local audit data at the University of 
South Manchester NHS Foundation Trust indicating mean dose area product for a pacemaker implant of 8 Gy 
cm2. This is below the national dose reference level of 11 Gy cm2  as recommended by the Health Protection 
Agency. 

This level of dose is equivalent to less than a year of natural background radiation. For a participant in normal 
health, there would be an extra risk of cancer induction due to exposure to radiation. For a 30-40 year old 
adult, the estimated lifetime risk of fatal cancer associated with the total study dose is 1 in 11,000 (using fatal 
risk coefficient 5.0 x 10-5 per mSv ICRP103).  

This level of dose places this study in Category IIb (ICRP 62) considered to involve an intermediate level of 
risk and requiring an moderate level of societal benefit.  

 
 
Other IRMER issues 

Dose constraints Not required as all procedures are part of standard clinical care 

Patient Information sheet: IRMER requires that the risk associated with exposures associated with research 
studies are explained to the participants. The following statement is suggested 
for insertion into the PIS: 
Positioning of all pacemakers is monitored by X-ray imaging. The radiation 
dose associated with this procedure is less that you will receive from a year of 

 Page 1 of 2  
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 Page 2 of 2  

naturally occurring background radiation. You are not expected to be exposed 
to a higher radiation dose than normal because you are having this model of 
pacemaker. 

 
 
Lead MPE 
Prepared by: Anne Walker (Mrs) 
Post Consultant Medical Physicist 
Professional registration CS02359 
Organisation North Western Medical Physics 
Address Christie Hospital NHS Trust 

Wilmslow Road 
Withington  
Manchester 
 

Postcode M20 4BX 
Telephone/fax: 0161 446 3544/3545 
E-mail: anne.walker@physics.cr.man.ac.uk 
 
 
Appendix: ICRP 62 "Radiological Protection in Biomedical Research" Annals of the ICRP 22 (3) 1991 
Categories of risk and corresponding required levels of benefit 
 

Category and 
Level of risk 

Total risk of detrimental  
radiation effect 

Corresponding effective dose 
range (adults) (mSv) 

Level of social benefit 
required 

I     Trivial ~10-6 or less <0.1 Minor 

IIa  Minor  ~10-5 0.1-1 Intermediate 

IIb  Intermediate ~10-4 1-10 Moderate 

III   Moderate ~10-3 or more >10 Substantial 
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Consent form 
 
 
 
 
 
 
Study number: 
Patient Identification Number for this study: 

 
CONSENT FORM 

 
 

Effect of septal vs apical pacing- a comparative study using Cardiac MRI 
 
Name of Lead Researchers: Mark Ainslie, Ben Brown, Matthias Schmitt, Neil 
Davidson 

            
                      Please initial boxes 

1. I confirm that I have read and understood the information sheet for the above 
study and have had the opportunity to ask questions and these have been 
answered satisfactorily. 

2. I understand that my participation is voluntary and that I am free to withdraw at 
any time without giving any reason, without my medical care or legal rights being 
affected. 

 
3. I understand that relevant sections of my medical notes and data collected during 

the study may be looked at by responsible individuals from regulatory authorities 
or from the UHSM Trust, where it is relevant to my taking part in this research.  I 
give permission for these individuals to have access to my records. 
 

4. I agree to my GP being informed of my participation in the study 
 

5. I agree to take part in the above study. 
 

_________________________ _______________    ________________ 
Name of Patient   Date    Signature 

 

_________________________ _______________    ________________ 
Person Taking Consent   Date    Signature 
(if different from Researcher) 

 

_________________________ _______________     ________________ 
Researcher    Date    Signature 
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When completed, 1 for patient; 1 for researcher site file; 1 (original to be kept in 
medical notes 

 

Patient information sheet 
 

 

PATIENT INFORMATION SHEET 

 

Determining the best method of pacing using Cardiac Magnetic Resonance Imaging 

 

 

 

 

You are being invited to take part in a research study carried out here at Wythenshawe 

hospital. Before you decide to take part it is important for you to understand why the 

research is being done and what it will involve.  

 

Please read the following information carefully and discuss it with others if you wish. Ask us 

if there is anything that is not clear, or if you would like more information. Take time to decide 

whether or not you wish to take part.  

 

 

Why is the study being carried out? 

 

It is still not clear where the best position to put the pacemaker lead is within the heart. 

This study aims to look at this question by using cardiac MRI (Cardiovascular Magnetic 

Resonance Imaging). Standard pacemakers cannot go through an MRI scan, but as part of 

this study you will receive a new type of pacemaker that allows this type of scan. 
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Why have I been chosen? 

 

You have Atrial Fibrillation (AF) and as part of your treatment you require a procedure called 

an AV node ablation. The AV node receives electrical signals from the top of the heart and 

transfers it to the bottom of the heart.  Ablation (which is destroying the tissue so the signal 

cannot be transmitted) of the AV node can treat your AF.  Before having the AV node 

ablation you will have a pacemaker implanted.  This study looks at the pacemaker you will 

have as part of this treatment. 

 

 

Do I have to take part? 

 

Your participation is entirely voluntary and declining to take part will not alter your care.  

If you do decide to take part you will be asked to sign a consent form.  If you decide to take 

part you are free to withdraw at any time, without any changes to your subsequent care. The 

study will not affect any private medical insurance that you may have. 

 

 

What will happen to me if I take part? 

 

The Study is going to last 2 years, starting from the time you first have the pacemaker 

implanted.   

 

Rather than having a pacemaker with one lead going into the heart, in this study you will be 

fitted with a pacemaker that has two leads. Each lead will be in a different position in the 

heart, but only one lead will be working at any one time.  During the course of the study, we 

will change which lead your heart uses, to see if this changes the way your heart pumps. 

This will help us determine whether one position is better than the other. It may be that both 

are the same.  Changing which lead you are using does not involve any operation or 
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procedure – it is simply reprogrammed in a very similar way to how you would normally have 

a pacemaker check.  Having the extra pacemaker lead will add about 10 minutes onto the 

length of the pacemaker insertion.  

 

We will assess the effect of the two different positions on how well your heart is functioning 

by doing Cardiac MRI scans.  Cardiac MRI is a relatively new imaging technique. It uses a 

strong magnetic field to build up pictures based on differences in the water content of 

various body tissues. MRI scanning is extremely safe; indeed, it is described by the National 

Institute for Health and Clinical Excellence (NICE) as “one of the safest medical procedures 

currently available”. It does not involve x-rays (i.e. it does not use ionising radiation). 

 

Wythenshawe Hospital carries out hundreds of these scans every year.  The scanner is 

doughnut-shaped. You will be asked to lie still on a comfortable bed and the bed will move 

into the scanner. The scan will last for approximately 40 minutes. At times during the scan, 

you may be asked to hold your breath for up to 10-15 seconds.  It is not painful.  Before the 

scan we will put a needle into a vein in your arm and during the scan you will receive some 

dye called gadolinium contrast through this needle. Gadolinium contrast is used routinely in 

clinical cardiac MRI scanning.  You will have 3 of these cardiac MRI scans during the 2 

years and all will coincide with appointments that you would routinely have following a 

pacemaker. Therefore no extra visits are required. 

 

Before your pacemaker is fitted you will also have an echocardiogram (also called an echo, 

an ultrasound test of the heart), a fitness test, a blood test and you will be asked to complete 

a short “quality of life questionnaire”. These will be done every 6 months following the 

pacemaker and AV node ablation and coincide with your pacemaker checks and/or doctor 

appointments. Therefore you will not have to have extra visits. 

 

An echocardiogram involves having a probe with gel on it being placed on the chest. It is a 

very safe procedure but can occasionally cause mild discomfort when pressing on the chest 

wall.  It takes about 20 minutes to do. 
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The fitness test involves cycling on an exercise bike while breathing through a mouthpiece.  

This measures your heart and lung function and can tell how fit you are. It is safe and takes 

about 30 minutes.   

 

We will be taking a blood sample when you come for the visits. About 5mls of blood (less 

than a tablespoonsful) is required to fill one sample tube.  The blood will be used to measure 

chemical substances in your blood called “biomarkers”. These are measures of your body’s 

function and we want to know whether they change throughout the study.  The blood sample 

will be stored until we have lots of patients’ samples so we can run all the tests together. The 

samples are stored on site in a secure laboratory and are anonymised. 

 

Finally, a questionnaire regarding your general wellbeing will be used to see how you are. 

This will take about 15 minutes to complete and is the same each time you come. This will 

allow us to see if anything has changed over the 2 year period. 

 

A complete timeline of the study is attached at the back as an appendix. 

 

 

What are the possible disadvantages and risks of taking part? 

 

As we are implanting two leads rather than one lead there is a small increase in the risk of a 

lead becoming loose. However, as there are two leads and both will have been fully tested, 

the second lead can be used instead of the loose lead, without you needing to have another 

procedure to reposition the lead.  In the unlikely event of a lead becoming loose, however, 

we would not be able to include you in the remainder of the study. 

 

Positioning of all pacemakers is monitored by X-ray imaging. The radiation dose associated 

with this procedure is less than the amount that you receive from a year of naturally-

occurring background radiation. You are not expected to be exposed to a higher radiation 

dose than normal by having this MRI-safe pacemaker. 
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Cardiac MRI scanning is considered to be a safe procedure provided you do not have any 

contraindications to the procedure (i.e. reasons that would prohibit you from having a scan).  

All patients will be carefully screened and if there is a reason you could not have a cardiac 

MRI then you will not be allowed to take part in the study. Some people who are 

claustrophobic do not like being in the scanner, although the bore of the scanner (the ‘hole’ 

in the ‘doughnut’) is wide and you will be able to talk with the person taking the pictures (the 

radiographer) throughout. As such more than 98% of patients tolerate it. 

 

Some aspects of the scanning procedure can potentially be associated with the following 

disadvantages and risks: 

x Putting a needle into a vein in your arm – this can be mildly painful and can, on 

occasion, cause a bruise.  

x Gadolinium contrast – Gadolinium is very well tolerated. Allergic reaction occurs in 

less than 1 in 3000 patients, with symptoms such as nausea and a transient skin 

rash.  

Having MRI scans and exercise tests will make your visits to Wythenshawe longer but they 

will not increase the number of visits you have to make. 

 

 

What are the possible benefits of taking part? 

 

By taking part in this study you will have the most modern pacemaker that allows you to 

have MRI scans in the future (standard pacemakers are not allowed in MRI machines). This 

could be for something completely unrelated to the heart, eg if you needed an MRI scan of 

your knee.  You will be more closely observed than if you had not taken part in the study and 

thus potential problems may be discovered much sooner.  

The results of this research may improve the knowledge and care of patients like yourself in 

the future. 
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What if there is a problem? 

 

If you have a concern about any aspect of this study, you should ask to speak to one of the 

researchers who will do their best to answer your questions. Our contact number is 0161 

291 4940. If you remain unhappy and wish to complain formally, you can do this by 

contacting the Patient Liaison Service at Wythenshawe Hospital. The contact number for the 

Patient Liaison service is 0161 291 5600 and the email address is pls@uhsm.nhs.uk. 

 

In the event that something does go wrong and you are harmed during the research and this 

is due to someone’s negligence then you may have grounds for a legal action for 

compensation against University Hospital of South Manchester NHS Trust but you may have 

to pay your legal costs.  The normal National Health Service complaints mechanisms will still 

be available to you. 

 

 

Who has reviewed the study? 

 

The study has been reviewed by NRES committee North West- Greater Manchester South. 

The study has also been reviewed by the Pacing Manufacturer and has gone through their 

Scientific review panel. 

 

 

 

What happens when the research study stops? 

 

Once the study is complete, you will continue to be followed-up routinely as part of your 

normal ongoing care.  
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Will my taking part in this study be kept confidential? 

 

At the beginning of the study you will be given a study identification number.  All the 

information collected will be recorded using this number.  Your name and address or other 

information will not be passed on to any third party.  No information that could identify you as 

an individual would ever be published.  The data will be stored securely on a computer and 

the study will be compliant with the Data Protection Act 1998.  The data will ordinarily be 

accessible only to the research team but may be open to regulatory authorities and the Trust 

Research and Development Department for audit purposes if necessary.  With your consent 

we will inform your GP of your participation in the study. 

Who is organising and funding the research? 

 

The research is being organised by the Pacing and Cardiac MRI teams at Wythenshawe 

Hospital.  The study is being funded by the Cardiology department with support from St Jude 

Medical Limited, the manufacturer of the pacemaker. There is no financial incentive for the 

hospital or doctor for recruiting into the study.  Being part of the study will not affect the 

standard of care you receive from the NHS in any way. 

 

What will happen to the results of the research study? 

 

The results will be used to form conclusions about the best position to put a pacemaker lead 

and we aim to publish these in leading journals.  

The study is part of an educational project and will form part of a thesis at the University of 

Manchester. 

The Academic supervisor for this is Dr Neil Davidson, Clinical Director of Cardiology at 

Wythenshawe Hospital and Honorary Senior Lecturer at the University of Manchester.  

His contact number is via his secretary 0161 291 2390. 
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Contact for further information 

 

If you have any questions please contact Dr Mark Ainslie the Principal investigator, direct 

line 0161 291 4640.  

 

We would like to thank you for taking time to read this information sheet 

and potentially participating in the study 

 

 

 

 

Kind Regards  

 

Dr Mark Ainslie  Cardiology Registrar 

Dr Ben Brown   Cardiology Consultant 

Dr Matthias Schmitt  Cardiology Consultant  

Dr Neil Davidson  Cardiology Consultant  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  329 

 

 

Pt invite. Effect of Septal vs Apical pacing- a comparative study using cardiac 
MRI 

 

Dear Sir/ Madam, 
 

We are running a research study at Wythenshawe Hospital and we would like to invite you to 
take part. The study is being jointly run by the cardiac pacing and cardiac imaging teams. 

We are testing to see how best a pacemaker can be used to maintain the heart’s health. 
Different areas of the heart can be paced and we are trying to determine the best position for 
the pacemaker leads to help to improve care for patients in the future. 

The study involves Cardiac MRI scans. Enclosed is a comprehensive information sheet 
describing the background to the study and explaining what taking part would involve. 

If, having read the information sheet, you are willing to take part, please could you complete 
page 2 of this letter. If you have any questions, please contact Dr Mark Ainslie on 0161 291 
4640. 

When you sign the form, Dr Ainslie will speak to you to discuss the details of taking part and 
answer any questions.   

You will also have a further opportunity to discuss things when you attend for your 
pacemaker and we will ask you to sign a consent form. 

If, having read the information sheet, you would rather not take part in the study, we would 
fully understand and your decision will not affect your care now or in the future in any way. 

Many thanks for taking the time to consider the study 

Kind regards 
 
Dr Mark Ainslie        Cardiology Registrar 
 
Dr Ben Brown, Dr Matthias Schmitt, Dr Neil Davidson  Cardiology Consultants  
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Effect of Septal vs Apical pacing- a comparative study using cardiac MRI 
 
 
 

I am willing to consider taking part in the above study as described in the information sheet 
and letter. 

 

 

 

 

Name: _________________________________________________ 

 

 

 

 

 

 

Signature: ______________________________________________ 
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GP Sheet 

Effect of Septal vs Apical pacing- a comparative study using cardiac MRI 

RE:Dear Dr 

Your patient has given consent to take part in the above trial that is taking place in 
the Cardiology Department at Wythenshawe Hospital. 

This trial is running from 1st December 2011. Your patient with Atrial Fibrillation has 
had a pacemaker fitted, after which they will undergo an AV node ablation as part of 
their “pace and ablate” treatment. This pacemaker is MRI-compatible so they can 
undergo MRI imaging without risk to their pacemaker.  The pacemaker has 2 
ventricular leads, one sited at the septum, the other at the apex.   

The trial involves pacing the heart from the 2 different ventricular sites at differing 
times, in order to determine which is the superior site for preserving cardiac function.   

The study takes place over 2 years, and your patient will undergo a series of echoes, 
exercise tests, quality of life questionnaires and 3 cardiac MRI scans. Blood tests will 
also be taken for measuring biomarkers such as brain natriuretic peptide (BNP).  
Please find enclosed the timeline for patients in the study. 

This study should not have any effect on treatments for co-existing conditions. The 
study does not involve any new medications.  The study is forming part of an MD 
project at The University of Manchester and we hope to publish the results. 

If you have any questions regarding the trial please do not hesitate to contact us. 
 
Yours Sincerely 

Dr Mark Ainslie, Dr Ben Brown, Dr Matthias Schmitt, Dr Neil Davidson 
Contact:  Principal investigator and Cardiology SpR Mark Ainslie markainslie@nhs.net, 
direct line 0161 2914640 
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MAPS protocol  
 

IMPORTANT – REMAIN AT NORMAL SAR LEVEL 

 

1. Orthogonal localisers 

2. HASTE axial 

3. Localisers- CH4, CH2, SA 5 slice stack 

4. CH4 cine (SpGR and SSFP) 

5. RVOT cine (SpGR and SSFP) 

6. Dedicated RV2 view (SpGR and SSFP) 

7. Dedicated RV inflow/outflow (SpGR and SSFP) 

8. LV CH2 Cine 

9. LV CH3 cine 

10. LVOT cine 

11. AO valve cine 

12. PA flow x3 VENC 150 to start 

13. AO flow x3 (check BP) 
14. SA localisers (5 slice) LV stack 

15. T2 mapping (T2 SSFP Mid SA repeated at T2 prep times: 0, 25, 45, 65ms 

16. T2 map – Mid SA 

17. T1 mapping pre contrast (MOLLI capture cycle NC and CC) 

a. Mid SA 

b. 4Ch 

18. Tagging 

a. 4ch 

b. basal 

c. mid 

d. apical 

19. 0.2mmol/kg Dotarem – ie: 0.4mls per kg (up to 40mls max) 

20. SA cine stack (SSFP sequences, 8mm slice thickness, no inter-slice gap) 

21. T1 mapping 10 MINS post contrast (MOLLI capture cycle NC and CC) 

a. Mid SA 

b. 4Ch 

22. TI scout 

23. LGE – SA stack only 
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24. T1 mapping 20 MINS post contrast (MOLLI capture cycle NC and CC) 

a. Mid SA 

b. 4Ch 

25. Pt leaves scanner and pacemaker is reprogrammed to alternate lead 

 

26. Orthogonal Localisers 

27. HASTE axial 

28. Localisers- ch4, ch2, SA 5 slice stack 

29. CH4 cine (SpGR and SSFP) 

30. RVOT cine 

31. Dedicated RV2 view 

32. CH2 cine 

33. CH3 cine 

34. LVOT cine 

35. AO valve cine 

36. PA flow x3 VENC 150 to start 

37. AO flow x3 (check BP) 
38. SA localisers (5 slices) LV stack  

39. Tagging 4ch 

a. 4ch 

b. basal 

c. mid 

d. apical 

40. SA cine stack 
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Protocol for effect of metal susceptibility artefact on T1 mapping and 
velocity phase encoding 
 

Scans am/noon/pm wed/thurs/fri for 2 weeks 

 

1. Othogonal localisers 

2. Velocity phase encoding Venc 150 cm/s 
a. Axial 0mm, +50mm, -50mm 
b. Saggital- 0mm, 50mm, -50mm 
c. Coronal- 0mm  

3. T1 mapping  
a.  MOLLI sequence,  

i. TI 50 to 1000ms, slice thickness 8mm 
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Evaluation of left ventricular torsion using cardiac MRI. Validation of 
tagging and feature tracking. 
 

 

CMR protocol 

 

x Orthogonal localizer 
x Haste 
x Localisers – CH4, CH2, SA 5 slice stack 
x CH4 cine  
x LV CH2 cine 
x LV CH3 cine 
x LVOT cine 
x Aortic Valve cine 
x Short axis LV stack 
x Tagging (4 ch, basal, mid, apical) 
x SA cine stack SSFP- 8mm slices, no gap. 
x Medium dose dobutamine 

o 4 chamber 
o SA basal 
o SA mid 
o SA apex 
o Tagging (basal and apical) 
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Inclusion and exclusion criteria 
 

Inclusion Criteria 

 

Patients aged 18 to 85 years old 

Able to consent for study 

 

Exclusion Criteria 

 

Patients with an implantable pulse generator 

Patients with a myocardial infarction within three months prior to enrolment 

Patients that received a bypass within three months prior to enrolment 

Patients that have had a valve replacement within three months prior to enrolment or 
a mechanical right heart valve. 

Patients where a right ventricular lead cannot be placed e.g. complex congenital 
heart disease 

Patients with hypertrophic cardiomyopathy 

Patients with acute coronary syndrome, unstable angina, severe mitral regurgitation 
and/or haemodynamically significant aortic stenosis 

Terminal conditions with a life expectancy less than 12 months 

Participation in any other study that would confound the results of this study 

Psychological or emotional problems that may interfere with the volunteer’s ability to 
provide full consent or fully understand the purposes of the study 

Pregnant patients  

Contraindications for using MRI e.g. neurosurgical clips or claustrophobia 

Contraindications for using dobutamine 

Chronic illness that requires regular medication 
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