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Summary

Cardiac resynchronization therapy (CRT) is a recent therapeutic intervention that is 

delivered by the implantation of a biventricular pacemaker system. The mechanism 

of action is believed to be the correction of dyssynchrony of myocardial contraction. 

This approach can reduce morbidity and mortality in a select group of heart failure 

patients. However, many questions remain unanswered concerning the selection of 

patients for CRT, how to assess response to CRT and the exact pathophysiological 

actions of CRT. This thesis investigates some of these questions. Chapter 1 provides 

an overview of heart failure epidemiology, pathophysiology and current management 

before discussing the role of CRT in detail. Chapter 2 examines the long-term 

clinical impact of CRT. Clinical and echocardiographic change over time is 

examined in a group of patients with devices implanted longer than 2 years. It is 

found that both the degree of reverse remodelling during the first year and the 

aetiology of heart failure impact long-term outcome. Chapter 3 investigates the role 

of pulsed-wave tissue Doppler echocardiography as a means of assessing myocardial 

dyssynchrony in a prospective group of patients referred for CRT. It is shown that 

the degree of dyssynchrony will differ depending on the model employed to 

determine it. Chapter 4 explores the effect of CRT on heart failure biomarkers. It is 

shown that adrenomedullin, intermedin and logiohigh-sensitivity C-reactive protein 

are reduced after CRT. N-terminal Pro B-type natriuretic peptide appears limited as a 

marker of CRT response. Chapter 5 investigates the haemodynamic value of 

temporary biventricular pacing after coronary artery bypass grafting and concludes 

that it cannot be recommended routinely even in those with poor ventricular function 

prior to surgery. Chapter 6 contains concluding reflections on the future for CRT.
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Chapterl

An overview of heart failure; epidemiology, pathophysiology and modern 

management including the role of cardiac resynchronization therapy

1.1 Introduction

The world of medicine is a constant struggle between the power of scientific 

discovery to cure and the power of sickness and disease to confound. In current times 

there are great expectations of breakthroughs in genetics, pharmacology, molecular 

medicine and biotechnology which may offer new hope to patients with such wide 

ranging conditions as inherited disorders, neurodegenerative disease, HIV/AIDS and 

many forms of cancer. However, when new treatments are discovered they can lead 

to new challenges. When penicillin is found to combat bacteria, the bacteria find a 

way to combat penicillin.

Few disciplines in medicine can claim to have had such exciting advances in 

diagnosis and treatment over the last fifty years than cardiovascular disease. For 

example, the physician combating ischaemic heart disease now has an 

armamentarium of effective tools in the war against death from myocardial 

infarction. The formation of coronary care units and cardiac ambulances, the 

discovery of aspirin and thrombolytic agents, the development of coronary artery 

angioplasty and stenting, the invention of portable and implantable defibrillators, the 

preventative role of smoking cessation and statin drugs as well as recent advances in 

non-invasive cardiac imaging have all contributed to reducing the morbidity and 

mortality associated with coronary atherosclerosis. Yet cardiovascular disease
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remains the number one killer worldwide and the number of patients requiring 

treatment continues to climb. A major clinical problem contributing to this rise is the 

growing burden of heart failure. Paradoxically, one of the significant contributors to 

this may be the success of other modern treatment strategies. Current medical and 

surgical expertise results in prolongation of life in patients with a range of cardiac 

conditions including myocardial infarction, valvular disease, cardiomyopathy and 

congenital heart disease but this is often at the expense of leaving patients 

symptomatic with poorly contracting ventricles that present new management 

dilemmas. Significant advances have been made with pharmacological treatments for 

heart failure but mortality remains unacceptably high.

1.2 The size of the problem; an epidemiological explosion

1.2.1 Definition

Heart failure is a syndrome that is difficult to accurately define. This is partly due to 

the differing clinical presentations, myriad aetiologies and complex interacting 

pathophysiological mechanisms that are all branded under the encompassing term 

“heart failure”. Many attempts at a summary definition exist and all have their 

limitations but most include reference to three specific aspects of the syndrome. 

These are symptomatology (of which dyspnoea and fatigue are commonest), 

impaired cardiac function (of either systolic contraction or diastolic filling) and 

pathophysiology (usually summarised as a mismatch between cardiac output and 

metabolic requirements of the peripheral tissues).
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However, standard definitions do not take account of the various presentations of 

heart failure. In determining treatment strategies, differentiation needs to be made 

between terms such as acute and chronic heart failure, systolic and diastolic heart 

failure, right and left heart failure, compensated and decompensated heart failure, 

asymptomatic and symptomatic ventricular dysfunction and heart failure with 

preserved or reduced ventricular function.

For the purposes of this thesis and subsequent discussion the term heart failure is 

therefore used to refer to those patients with chronic symptomatic heart failure with 

impaired left ± right systolic ventricular function unless stated otherwise, as this is 

the specific group to whom cardiac resynchronization therapy currently applies.

1.2.2 Causes

Heart failure should not be a stand-alone diagnosis and investigations should always 

be directed at determining the underlying aetiology. The list of conditions that may 

give rise to heart failure is extensive and multiple factors are often involved in any 

particular patient. It is also important to consider which processes cause the 

underlying cardiac dysfunction and which exacerbate or precipitate the syndrome of 

heart failure. The existence of comorbid conditions may also add to heart failure 

severity. For example, coronary artery disease may be the primary cause of 

myocardial dysfunction but overt heart failure may only be precipitated following an 

acute myocardial infarction or disturbance in cardiac rhythm. The subsequent 

development of anaemia or renal dysfunction as comorbidities may worsen the 

clinical picture. Table 1 summarises many of the potential causes and/or precipitants 

of heart failure (some may predominantly cause diastolic heart failure). Often 

conditions overlap and it can be difficult to ascertain the primary cause from the
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exacerbating factors and/or comorbid factors. Coronary artery disease is the 

commonest cause of heart failure in Western industrialised countries. The current 

classification of primary cardiomyopathies, as shown in table 1, is the result of a 

recent review (Maron et al, 2006).

Cardiovascular Non-cardiovascular

Coronary artery disease Anaemia
• Myocardial infarction Endocrine disorders
• Unstable angina • Diabetes mellitus
• Chronic ischaemia • Thyroid dysfunction

Hypertension • Acromegaly
Primary cardiomyopathies • Phaeochromocytoma

Genetic Drugs
• Hypertrophic • Negative inotropic agents
• Arrhythmogenic right ventricular • Antineoplastic agents

cardiomyopathy/dysplasia • Nonsteroidal anti-inflammatories
• LV non-compaction Toxins
Mixed • Alcohol
• Dilated • Cocaine
Acquired Nutritional deficiency
• Inflammatory myocarditis • Beri-beri
• Stress induced (Tako-Tsubo) Infection
• Peripartum • Chagas’ disease

Valvular disease • HIV
• Aortic stenosis Infiltrative/storage disease
• Chronic aortic regurgitation • Amyloidosis
• Mitral regurgitation • Sarcoidosis

Rhythm disorders • Haemochromatosis
• Bradycardia • Fabry’s disease
• Atrioventricular dissociation Neuromuscular disease
• Atrial fibrillation • Friedreich’s ataxia
• Ventricular tachycardia • Muscular dystrophies

Congenital abnormalities Autoimmune disease
Pericardial disease • Systemic lupus erythematosis

• Constrictive pericarditis Acute intercurrent illness
Others • Renal failure

• Infective endocarditis • Sepsis
• Endomyocardial fibrosis • Pulmonary embolism

• Obstructive sleep apnoea

Table 1: A selection of possible causes and/or precipitants of heart failure. LV left 
ventricular, HIV human immunodeficiency virus
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1.2.3 Prevalence/Incidence

Any attempt to describe the epidemiology of heart failure must first be preceded by 

acknowledging the difficulties with definition and diagnosis outlined above. 

Notwithstanding, a number of studies have been published which give an insight into 

the prevalence and prognosis of heart failure (McMurray and Stewart, 2000). Figures 

quoted below are mostly given as a range, which reflects the variation in study 

results. This in turn reflects differing study methodology and design in terms of 

populations studied and how heart failure was diagnosed and/or defined. Data are 

available from a number of European countries and the United States but are lacking 

from developing countries. The Framingham Heart Study suggests a lifetime risk of 

developing heart failure of 1 in 5 for men and women (Lloyd-Jones et al, 2002). The 

overall prevalence of heart failure is age linked. It affects approximately 1-2% of 

adults in developed countries but this can rise to 6-10% in those over 65 and up to 

15% in those over 85. Another 1-2% will have asymptomatic systolic dysfunction. 

The overall incidence is estimated to be 1-5 per 1000 persons per year but is age and 

sex linked. The Rotterdam Study showed a much higher incidence in males and a 

rate that exceeds 40/1000 person years in those over 80 years of age (Bleumink et al, 

2004).

Population-based echocardiographic studies reveal that up to 50% of those with left 

ventricular dysfunction are asymptomatic and that up to 50% of patients with 

symptomatic heart failure will have preserved left ventricular function. One of the 

more comprehensive studies, in terms of methodology and use of echocardiography, 

took place in Olmsted County USA. In a cross sectional survey of 2042 randomly 

selected residents aged >45 years, overall prevalence of heart failure was 2.2%. 

However, 7.3% had moderate to severe diastolic dysfunction and only 2.0% had
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systolic impairment with left ventricular ejection fraction less than 40%. Less than 

half of these had actual clinical heart failure (Redfield et al, 2003).

1.2.4 Hospitalisation

There are limitations in attempting to interpret time trends in hospitalisation rates for 

heart failure due to changing practices (e.g. the introduction of specialised heart 

failure nurses and clinics). Whilst rates were seen to rise significantly during the 

1980’s and early 1990’s (Haldeman et al 1999), most recent reports suggest the 

figure has dropped (Blackledge et al, 2003). The average number of days spent in 

hospital with each admission also seems to be declining. This may reflect an 

improving prognosis but a number of factors could be interplaying (table 2). Heart 

failure is thought to be the main diagnosis in approximately 5% of all acute medical 

admissions in the UK and of those admitted to hospital, approximately one third will 

be readmitted within 12 months.

Factors which may tend to increase
heart failure hospitalisation rates

Factors which may tend to decrease
heart failure hospitalisation rates

• Improved diagnostic tools • Specialised clinics for outpatient

• Increasing population age initiation and titration of treatment

• Increasing survival from • Improved community management

myocardial infarction strategies

• Rising levels of comorbidities • Better recognition of the palliative

• Overall better prognosis leading to care role for end stage heart failure

greater numbers with heart failure • Availability and better use of drugs

shown to improve prognosis

• Recent advances in device therapy

for advanced heart failure

Table 2: Possible influences on hospitalisation rates for heart failure
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1.2.5 Health resources

The cost of managing heart failure is thought to consume 1-2% of annual health 

expenditure in the UK and USA (Berry et al, 2001). The majority (approximately 

two thirds) is for inpatient management. It is estimated that the direct cost of medical 

care for heart failure in the UK is £625million per year (British Heart Foundation 

statistics, www.heartstats.org, accessed 8 Nov 2007).

1.2.6 Mortality/Prognosis

In the 1990's, one and five year survival from heart failure was worse than breast, 

colon or prostate cancer (Stewart et al, 2001). Despite advances in treatment and an 

accepted view that overall prognosis has improved the situation is still bad. This has 

led to some suggesting that there should be a screening programme for heart failure 

(Cleland, 2001a). Estimates of mortality differ from study to study depending on the 

type of heart failure population included (hospitalised v community, randomised trial 

v real world, incident v prevalent cases). True estimates of deaths from heart failure 

are also hard to gauge from official statistics as this diagnosis is discouraged on 

death certification. Data from the Framingham cohort show 30 day, 1 year and 5 year 

age adjusted mortality rates in males improved from 12%, 30% and 70% in the 

period 1950-1969 to 11%, 28% and 59% for the period 1990-1999. Similar 

improvements were seen in women (Levy et al, 2002). Published studies suggest 

overall 5 year mortality is around 50% but in those with severe heart failure at 

diagnosis 50% may be dead within 1 year. The main mechanisms of death are 

progressive pump failure or sudden cardiac death (Orn and Dickstein, 2002). It also 

appears that proportionately more die of sudden death in the less symptomatic group 

e.g. New York Heart Association functional class 1 and 2.
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1.2.7 Future outlook

Data suggest that the prevalence of heart failure will continue to rise but the advent 

of drugs with proven mortality benefit would seem to make the future of heart failure 

care bright. However, the EuroHeart Failure survey has found that there is wide 

variation across Europe in the utilization of these agents (Komajda et al, 2003). In 

particular, B-blocker prescribing remains low. Prognosis is improving but the 

challenge remains to optimise the care of patients with available treatments. 

Guidelines are available from national/international cardiovascular societies that 

should help encourage uniform application of evidence-based treatments (Swedberg 

et al, 2005; Hunt et al, 2005). However, as survival continues to improve, the number 

of patients with heart failure will grow. One study from Scotland projects an increase 

in hospitalisations for heart failure by 34% in males and 12 % in females by 2020 

(Stewart et al, 2003). The search for new treatments that will control symptoms and 

prolong life needs to continue.

1.3 Historical perspective

“...Blood letting is the remedy unless anything prohibits it. Nor is that enough, but 

also the bowels are to be relaxed with milk, the stool being rendered liquid, at times 

even a clyster is given; as the body becomes depleted by the measures the patient 

begins to draw his breath more readily. Moreover, even in the bed the head is to be 

kept raised. ”

Celsus 25-50BC
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Consideration of the historical management of heart failure provides a backdrop that 

makes subsequent review of modern therapies, which have only emerged over the 

past thirty years or so, appear truly remarkable.

1.3.1 Bed rest and bloodletting

The Greeks were at the forefront of knowledge and philosophy in ancient times and 

Hippocrates is perhaps the best known of their physicians (around 400BC). They 

developed the concept of the four humors (blood, phlegm, yellow bile and black bile) 

and the balance or imbalance of these determined the state of health of the patient. 

“Dropsy” (from the Greek meaning ‘water’) was a term used to describe fluid 

overload and generally was synonymous with the syndrome of heart failure but could 

have represented a number of other conditions (today we use the term oedema and 

specify the underlying cause). Intuition led to the use of bloodletting as a means of 

relieving the excess fluid. This was usually through venesection but other crude 

methods, such as the use of leeches, were also employed. The Egyptian and Roman 

cultures also employed bloodletting and it remained a cornerstone of therapy 

throughout the Middle Ages and Renaissance periods (Ventura and Mehra, 2005). 

The Romans made a significant contribution to medicine as a whole with the 

development of hospitals and improved public sanitation. However, their treatments 

for dropsy were limited to that of the Greeks along with simple measures such as bed 

rest, raising the head and dietary interventions.

Amazingly, bloodletting only began to fall out of favour when vasodilators and 

diuretics became available in the mid-twentieth century. Whilst it was a treatment 

initially based on no understanding of the heart failure process it did have a 

physiological rationale. However, this did not become apparent until the seventeenth
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century. Until this time the heart was viewed as a heating chamber as described by 

the Roman physician Galen. When William Harvey published his 1628 work 

describing the circulation of blood, with the heart as its central pump (Exercitatio 

Anatomica De Motu Cordis et Sanguins in Animalibus), it paved the way for 

understanding poor pump function as a reason for the fluid accumulation. 

Venesection can still be employed as a treatment strategy for patients with acute 

pulmonary oedema although there is no justification now for the ancient practice of 

repeated stabbing or using this technique as a way of managing chronic heart failure.

1.3.2 Plants, potions and purgatives

One of the first textbooks of medicine after the invention of the printing press was 

‘The Fasciculus Medicinae’ compiled by Johannes de Ketham in 1491. He gives a 

colourful description of how dropsy was to be managed by the physicians of the day:

‘‘...take scabwort and grind and squeeze its juice through a cloth, collect in an 

eggshell and temper with honeycomb ; give the patient daily a full shell of the juice, 

do this for eleven days when the moon is waning because also man wanes in his 

abdomen." (Taken from Katz, 1997)

Other methods of removing fluid were also developed alongside venesection and use 

of concocted potions. Over the centuries this has ranged from purgatives (to open the 

bowels) to abdominal paracentesis (for ascites) and Southey’s tubes (for lower limb 

oedema). Another practice, which to modem minds appears barbaric, was 

cauterization of the skin. It was not until William Withering identified digitalis as the 

active ingredient of a Shropshire herbal remedy (learnt from an old countrywoman 

who noted that tea made from foxglove leaves helped in dropsy) that a real 

pharmacological breakthrough was made. He was an English physician and botanist
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who published “An Account of the Foxglove and some of its medical uses with 

practical remarks on dropsy and other diseases” in 1776. Although he did not 

appreciate the mechanism by which it improved cardiac function, it was shown to 

markedly improve the symptoms of many patients. This remained the only effective 

agent available to doctors until the twentieth century.

1.3.3 The Irish influence

Interestingly, the Irish physicians did not favour bloodletting. Mention of such men 

as Colics, Graves, Corrigan and Cheyne, who practised in Dublin and whose names 

are now attached to various signs and conditions, indicates how influential they were 

on many areas of clinical medicine. However, it was William Stokes (born Dublin 

1804) who made a significant contribution to understanding heart failure 

mechanisms. A lot of his observations were based on his treatment of colleague 

Abraham Colles who appeared to have idiopathic dilated cardiomyopathy (Ventura 

and Mehra, 1998). Instead of advocating what he called “reducing measures” (such 

as bloodletting), he promoted the use of mercury to relieve congestion whilst also 

recognising its inability to bring a cure (Ventura et al, 2001).

“We should avoid all reducing measures; we must endeavour to improve the 

condition of the blood, and, by stimulants and tonics, increase the power of the 

weakened and atrophied muscular fibres... although the great principles of treatment 

are the same in the weakened and dilated heart such as occurred in the case of 

Colles, and in either form of fatty heart, yet in one important particular we find them 

to differ. 1 allude to the beneficial action of mercury in relieving many of the 

symptoms, and removing the consequences of the first of these diseases”

(Stokes: The diseases of the heart and aorta, 1853)
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Whilst mercury had been around for a long time and used for dropsy, it was Stokes 

who first appeared to appreciate which patient was most likely to benefit and the 

diuretic mechanism behind its value. It would be another 100 years before orally 

active diuretic agents became readily available and employed.

1.4 Pathophysiology; models and mechanisms

The pathophysiology of heart failure is multifaceted. Part of the reason for such a 

lack of progress in treatment over hundreds of years was the lack of progress in 

grasping the complexity of the problem. The last fifty years has seen tremendous 

advances in unravelling many of the mechanisms involved (Braunwald, 2001). 

Current understanding involves multiple interacting processes, systems and reactions 

that ultimately lead to the deleterious effects that result in the heart failure syndrome. 

They are not mutually exclusive hypotheses. It will be useful to briefly review these 

processes in order to better understand current treatment strategies.

Modern conceptual models/mechanisms can be considered under the following 

headings:

1.4.1 Initial insult

Heart failure is not spontaneous. An initial event occurs, triggering a sequence of 

events that ultimately lead to the clinical syndrome. This trigger may be obvious 

such as acute myocardial infarction, subtle such as granulomatous infiltration or as 

yet unknown such as in idiopathic cardiomyopathy. Heart failure results primarily by 

the ensuing disturbance in cardiac function, rhythm, conduction or structure. The
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importance of this concept is in order to consider preventative therapies that could 

stop the process before it has had the chance to begin. Possibilities include treating 

risk factors for atherosclerosis, infection control, genetic counselling and 

surveillance, close monitoring of potentially operative valvular lesions and 

identification of those at risk due to other medical conditions that can be complicated 

by heart failure.

1.4.2 Biological system activation

Following the initial insult, neurohormonal pathways are activated that initially serve 

as a healthy response to adverse physiological effects but eventually become 

counterproductive and actually further contribute to the insult on the myocardium. 

Understanding the contribution this makes to heart failure pathophysiology has been 

invaluable in leading to the development of modern pharmacological agents that 

block the abnormally activated pathways. The two pathways most understood to 

contribute to myocardial dysfunction are the renin-angiotensin-aldosterone system 

(RAAS) and the sympathetic nervous system (Ferrara et al, 2002). Prolonged over

activity of these systems leads to many of the haemodynamic and biochemical 

abnormalities observed in heart failure patients as well as contributing to prognosis. 

The two main detrimental bioactive substances are angiotensin II and 

norepinephrine. The CONSENSUS trial, which was the first trial to demonstrate the 

benefit of blocking the RAAS, subsequently published data that showed mortality in 

the placebo group was positively correlated with both angiotensin II and 

norepinephrine as well as epinephrine and aldosterone levels (Swedberg et al, 1990). 

However, there are also a number of other pathways and chemicals that are activated 

in heart failure. These include cytokines, tumour necrosis factor and other
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immune/inflammatory responses, endothelium associated endothelin and nitric 

oxide, natriuretic peptides and arginine vasopressin (Schrier and Abraham, 1999). 

The physiological effects of these numerous bioactive substances are summarised in 

table 3. Agonists or antagonists of some of these molecules have either been or are 

currently under investigation as further potential therapeutic agents.

Molecule Pathophysiological effects

Angiotensin 11
Vasoconstriction, sodium retention, activation of other

neurohormonal systems

Norepinephrine
Activation of other neurohormonal systems, direct

myocyte injury

Natriuretic peptides Vasodilatation, sodium and water excretion

Endothelin-1 Vasoconstriction, cardiovascular fibrosis

Nitric Oxide
Deficiency leads to endothelial dysfunction, apoptosis,

myocyte loss

Arginine Vasopressin Water retention, vasoconstriction

Aldosterone Sodium and water retention

Tumour necrosis factor-a Myocyte apoptosis, remodelling, endothelial dysfunction

Interleukins 1 and 6
Depress myocardial contractility, induce myocyte

hypertrophy, possible cardioprotective role still unclear

Table 3: The main effects of major biological substances in heart failure

1.4.3 Electromechanical uncoupling

In a normal heart, the specialised electrical system ensures that systolic contraction 

and diastolic relaxation is a coordinated event. The normal pathway of conduction 

and subsequent appearance on an electrocardiograph (ECG) is illustrated in figure 1. 

Each heartbeat originates in the sinus node. The electrical impulse spreads through 

the atria and reaches the atrioventricular node. It then travels down the bundle of His 

and through the left and right bundles. The left bundle branch is divided into anterior
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and posterior fascicles. Rapid spread into the ventricular myocardium occurs through 

Purkinje fibres. The spread of depolarisation takes approximately 100ms through the 

atria and usually no more than 80ms through the ventricles. The delay between atrial 

and ventricular contraction at the atrioventricular node is around 80ms and the right 

and left ventricles usually begin contracting with no more than 10ms delay between 

them.

SA node (Q

AV node

LEAF

LBPF

T wave
P wave

U wave

Qwave

Figure 1: The normal conduction pathway and electrical appearance on 
electrocardiogram. SA sinoatrial, AV atrioventricular, HB His bundle, RB right 
bundle, LBAF left bundle anterior fascicle, LBPF left bundle posterior fascicle. 
P=atrial depolarisation, QRS=ventricular repolarisation, T= ventricular 
repolarisation, U=mid-myocardial repolarisation (ECG image adopted from Meek 
and Morris, 2002).
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This normal sequence of electrical activation is frequently disturbed in heart failure 

as a result of a number of mechanisms including structural remodelling, 

fibrosis/scarring and altered gene expression. When conduction is unable to 

propagate through the usual pathway it must travel through unspecialised myocardial 

tissue. This is four times slower than the specialised system and is commonly 

reflected as a widened QRS complex on the ECG. Around one half of heart failure 

patients will have abnormal atrioventricular (AV) conduction and one third will have 

disturbed intraventricular conduction. Often this is reflected on the ECG as a 

prolonged pr interval (reflecting AV block) and a left bundle branch block pattern or 

wide QRS duration due to intraventricular delay (figure 2).

Ill

Figure 2: The ECG appearance of left bundle branch block, which indicates 
abnormal ventricular conduction and is associated with adverse outcome in heart 
failure (image taken from Da Costa et al, 2002).
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A wide QRS interval has been shown to be associated with increased mortality in 

heart failure. One retrospective analysis divided 669 patients with heart failure into 

those with QRS < 120msec and those with QRS > 120msec (luliano et al, 2002). After 

adjusting for baseline age, left ventricular ejection fraction, NYHA class, aetiology 

of cardiomyopathy, presence of LBBB and drug treatment, QRS width was an 

independent predictor of mortality with a risk ratio of 1.46. A prolonged QRS was 

associated with a significant increase in mortality (49.3% v 34%, p=0.0001) and 

sudden death (24.8% v 17.4%, p=0.004). The importance of QRS duration is also 

highlighted by another study of 915 patients who underwent risk assessment for 

ventricular arrhythmias. Those with a QRS >130msec had a twofold increase in 

mortality and for each 10msec increase in QRS, mortality rate increased by 10% 

(Kalahasti et al, 2003). There is also an inverse relationship between the magnitude 

of QRS widening and the severity of left ventricular function so that as QRS 

increases, ejection fraction decreases (Kashani and Barold, 2005). Other electrical 

disturbances can also occur in heart failure such as sinus node dysfunction, 

atrioventricular block, atrial flutter or fibrillation and/or ventricular 

tachyarrhythmias. Abnormal electrical activity, the associated mechanical 

inefficiency and the increased mortality risk has led to the application of implantable 

pacing and defibrillator devices for heart failure.

1.4.4 Metabolic inefficiency

The concept of heart failure as a condition of metabolic inefficiency is not new but 

has become an increasing area of research interest in recent years and the focus of a 

number of investigative therapeutic approaches (Neubauer, 2007). The basic 

hypothesis is that the failing heart is energy depleted by altered substrate utilization
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(reduced fatty acid metabolism), impaired oxidative phosphorylation (reduced ATP 

availability to myocytes) and altered high energy phosphate metabolism (reduced 

ATP transfer). This leads to mitochondrial dysfunction and the concept of metabolic 

remodelling (van Bilsen et al, 2004). There is also a link between heart failure and 

insulin resistance that may be related to neurohumoral activation and inflammation. 

These concepts have led to ongoing attempts to identify agents that will directly act 

on cardiac energetic pathways to improve energy uptake, supply and/or metabolism 

(Ashrafian et al, 2007).

1.4.5 Molecular abnormalities

Another way of expressing the pathology of heart failure is to examine what takes 

place at the molecular and cell level. As a result of the initial insult and deleterious 

neurohormonal and metabolic alterations, there is abnormal gene expression, 

myocyte apoptosis and necrosis, interstitial fibrosis, damaged contractile protein 

structure and abnormal cell signalling. These are the microscopic abnormalities that 

are ultimately observed as ventricular remodelling on the macroscopic scale as the 

ventricle changes shape and function. Approaching heart failure from this 

perspective has led to the concepts of stem cell and gene therapy as potential ways to 

reverse myocyte decline (Boyle et al, 2006). This provides exciting hope for 

individually tailored therapy in the future (von Harsdorf et al, 2004).

1.4.6 Structural remodelling

The term remodelling is used to describe the end result of many of the above 

mechanisms on heart physical structure and function. It is related to heart failure 

progression and prognosis and some therapeutic agents with mortality benefit are
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shown to reverse the process. Two basic cardiovascular physiological concepts are 

important considerations in the development of remodelling. First is the relation 

between ventricular preload and contractility, which is described by the Frank- 

Starling mechanism. Preload is the distending force of the left ventricle. It is highest 

at the end of diastole and is responsible for the individual stretch of the myocardial 

sarcomere at the start of systole. Contractility is the intrinsic ability of the 

myocardium to generate force independent of loading conditions. In 1918 Starling 

noted that as ventricular volume increased, so did cardiac output. In other words, as 

left ventricular end-diastolic volume increases, the preload (distending force) 

increases and this directly increases stroke volume. Earlier, in 1895, Frank had 

described the positive inotropic (contractile) and lusitropic (relaxation) effect of an 

increased diastolic volume. The second concept is the relation between ventricular 

size, pressure and wall stress, which is described by the law of Laplace. Wall stress 

reflects afterload, or the force against which the ventricle needs to contract. This 

relationship can be summarised as:

Wall stress = pressure x radius / 2 x wall thickness

Adverse remodelling results from initial compensatory mechanisms that help sustain 

an increased haemodynamic load on the ventricle or a normal load in the setting of 

myocyte loss (reduced contractility). A number of remodelling patterns can be 

observed depending on the basic stress mechanism applied to the heart. Generally, 

pressure overload (e.g. aortic stenosis) leads to concentric left ventricular 

hypertrophy (via myocyte thickening), volume overload (e.g. mitral regurgitation) 

leads to eccentric ventricular hypertrophy (via myocyte lengthening) and mixed 

pressure/volume overload (e.g. post myocardial infarction) eventually leads to 

ventricular dilatation (Opie et al, 2006). However, if this change in load conditions is
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prolonged, remodelling becomes maladaptive. In the case of heart failure 

development, the left ventricle responds acutely to an insult that increases diastolic 

pressure (by increased volume or decreased ejection) by increasing sarcomere length 

and contractility through the Frank-starling relationship. However, chronic 

ventricular dilatation and pressure elevation increases wall stress (by the Laplace 

law) and this increases myocardial energy demand that leads to further ventricular 

remodelling. A vicious circle develops and eventually cardiac performance can no 

longer be maintained and the adaptive mechanisms become maladaptive (Colucci 

and Braunwald, 2005).

An international forum of world experts met in 1998 to develop a consensus position 

on what exactly remodelling is and the clinical implications of the process (Cohn et 

al, 2000). They produced a paper with five consensus statements. These were:

“1. Cardiac remodelling may be defined as genome expression, molecular, cellular, 

and interstitial changes that are manifested clinically as changes in size, shape and 

function of the heart after cardiac injury.

2. Cardiac remodelling is generally an adverse sign and is linked to heart failure 

progression. Patients with major remodelling demonstrate progressive worsening of 

cardiac function and it may underlie a sizeable proportion of cardiovascular 

morbidity and mortality.

3. Use of echocardiography or radionuclide imaging is standard practice in the 

identification of LV systolic dysfunction. Application of these tools in management 

and monitoring needs to be more clearly defined. Opinions differ regarding the value 

of ejection fraction data in guiding therapy; measurement of ejection fraction can 

reliably guide initiation of treatment.

4. Although remodelling is generally accepted as a determinant of the clinical course
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of heart failure, slowing or reversing remodelling has not, until recently, been a 

recognized goal of therapy. The most convincing data demonstrating that therapeutic 

agents (e.g. ACE inhibitors and 6-blockers) modify the remodelling process are LV 

end-diastolic and end-systolic volumes and ejection fraction data. The agents that 

affected remodelling did so in addition to other clinically relevant benefits in 

reducing morbidity and mortality in heart failure patients.

5. It is desirable that clinicians, irrespective of specialty, understand the relationship 

between remodelling and heart failure progression.”

These statements highlight that remodelling is a clinically important entity. It affects 

outcomes in heart failure and should be a focus of attention when considering 

response to therapy. Preventing or even reversing the remodelling process is one way 

of slowing disease progression and improving prognosis.

An attempt to integrate the various models underlying heart failure has been 

suggested in order to explain why heart failure is progressive in nature (Mann and 

Bristow, 2005). Their model is summarised in figure 3. Following the initial insult, 

the chief driving mechanisms are neurohormonal activation (leading to myocardial 

dysfunction) and ventricular remodelling. The remodelling itself drives further 

decline in heart function in a vicious circle. It is chronic activation of biological 

molecules and remodelling that institute the metabolic, mechanical and molecular 

changes discussed above and lead to a relentless progression in the disease process. 

This model differs from the historical view that neurohormonal activation is the 

driving pathophysiological process and remodelling simply the end result and 

emphasises the need to both alter the biology and the remodelling (at myocyte, 

myocardium and chamber levels) if heart failure is to be slowed, halted or even
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reversed, so leading to clinical improvement.

Compensatory
^Mechanisms

Secondary
Damage

Time (yrs)
Asymptomatic----------------► Symptomatic

Figure 2: A simplified conceptual framework to explain the progressive nature of heart 
failure (from Mann and Bristow, 2005). An index event leads to a reduction in heart pump 
strength. Compensatory mechanisms initially maintain functional capacity so the patient is 
asymptomatic. These eventually become deleterious with secondary damage to the ventricle, 
remodelling and the transition to symptomatic clinical heart failure.

1.4.7 Heart failure with preserved ventricular function

It has increasingly been recognised in recent years that a large number of patients 

may present to hospital with the clinical syndrome of heart failure but demonstrate 

normal left ventricular systolic function on echocardiography study. Whilst the 

diagnosis may be wrong in some, the majority appear to have dysfunction of 

myocardial relaxation. This is referred to as diastolic dysfunction and can be 

evidenced by particular echo and clinical features (Mottram and Marwick, 2005). 

Groups particularly at risk include females, elderly and hypertensive patients. Other 

conditions such as pericardial constriction and restrictive cardiomyopathies can also 

lead to clinical heart failure with preserved ventricular function. Evidence from 

Olmsted County, Minnesota, suggests that whilst survival is improving among those 

with reduced ventricular function there has been little change over time in those with
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preserved function. Overall mortality differed little over 15 years between the two 

groups and was only marginally better in those with preserved function (Owan et al, 

2006).

It is important to note that diastolic heart failure is not synonymous with the term 

heart failure with preserved ejection fraction as this takes consideration of the fact 

that many of these patients will also have subclinical evidence of systolic impairment 

(Sanderson, 2007).

Even with all the discoveries and research that has brought us thus far in 

understanding heart failure, there are still questions that remain unanswered. This is 

reflected in a number of treatments that have been developed, based on the above 

theories, which ultimately have been proven to be of no clinical benefit or actually 

caused detriment to the patient. Endothelin antagonists, vasopeptidase inhibitors and 

tumour necrosis factor receptor blockade have not shown any significant advantage 

despite theoretical reasons why they should and this has led some to question the 

strategy of endless neurohormonal blockade (Mehra et al, 2003). On the other hand, 

there are also now a number of therapeutic approaches and pharmacological agents 

with a strong evidence base of mortality and/or morbidity benefit.

1.5 Clinical management in the 21st century; treatment targets

Tailored treatment for each patient must be instituted dependant on aetiology, 

severity, risk factors, comorbidities, haemodynamics and expected survival. The goal 

of therapy is to improve mortality and/or morbidity by reducing symptoms and
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hospitalisation, enhancing quality of life, interrupting and even reversing the 

remodelling process and ultimately prolonging survival.

1.5.1 Non-pharmacological approaches

A number of factors should be considered alongside drug therapy. These could be 

summarised under three headings:

1. Education should be given

Patients should be given advice about their diagnosis, symptom recognition, 

medications, travel, employment, physical/sexual activity, diet and fluid/weight 

balance. Strategies that make use of multidisciplinary heart failure management can 

reduce hospitalisation episodes and the particular strategy of specialized follow up, 

either through home visit or hospital clinics, can reduce mortality (McAlister et al, 

2004a). The development of clinics led by specially trained heart failure nurses has 

been very helpful in terms of patient education and monitoring as well as drug 

titration. In addition there is evidence that such an approach can improve survival. 

One study randomised patients (n=106) to follow up by heart failure nurses or usual 

care (Stromberg et al, 2003). Over 12 months, there were 7 deaths in the intervention 

group and 20 in the usual care group (p=0.005).

2. Exercise should be encouraged

This should be within set limits as long as the clinical condition is stable. Vigorous 

exertion is discouraged. Programmed exercise training or cardiac rehabilitation has 

been shown to be beneficial in heart failure in terms of physical capacity, symptoms 

and quality of life (Rees et al, 2004).
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3. Excess should be avoided

Patients with advanced heart failure need to restrict their intake of fluid and salt. 

Excess alcohol should be avoided and in cases of alcohol induced cardiomyopathy it 

should be prohibited completely. Smoking cessation should be encouraged.

1.5.2 Pharmacological

Modern pharmacological treatment revolves around a number of key agents that 

target and antagonise specific pathways involved in the pathophysiology of the 

condition. A summary of major randomised controlled trials of agents with mortality 

benefit is given in table 4 (adapted from McMurray and Pfeffer, 2005).

Angiotensin Converting Enzyme Inhibitors

The renin-angiotensin-aldosterone system plays a key role in the physiological 

modulation of the vascular system and is involved in a range of cardiovascular 

conditions. It is activated in heart failure and its inhibition is key to a number of 

therapeutic approaches. The pathway is shown in figure 4. Angiotensin II, the key 

active molecule, has a number of actions that are potentially deleterious to a poorly 

contracting heart. These include vasoconstriction, sodium reabsorption, myocyte 

hypertrophy and apoptosis, endothelial dysfunction, sympathetic activation, 

activation of pro-inflammatory mediators (adhesion molecules and cytokines) and 

increased aldosterone, arginine vasopressin and endothelin (Schmieder et al, 2007). 

Angiotensin converting enzyme inhibitors (ACE-I) competitively inhibit the 

angiotensin converting enzyme with resultant reduction in angiotensin II. They also 

reduce aldosterone and vasopressin secretion, reduce sympathetic nerve activity, 

promote natriuresis (through improved renal haemodynamics), reduce oxidative

25



stress and inhibit kininase (which leads to an increase in bradykinin and subsequently 

vasoactive prostaglandins). Randomised trials have shown that ACE-I improve 

symptoms, reduce hospitalisations, prevent disease progression and prolong survival 

in heart failure and they are considered a first line treatment (Lopez-Sendon et al, 

2004). They should be commenced in all patients unless there is a compelling 

contraindication and titrated to the particular dose shown to confer benefit in the 

randomized trials. They are also of value in asymptomatic left ventricular 

dysfunction and in promoting reverse remodelling after myocardial infarction. A 

substudy analysis from the SOLVD trial, of 301 patients, showed that enalapril 

attenuated progressive left ventricular dilatation and hypertrophy irrespective of 

symptomatic status (Greenberg et al, 1995). Adverse effects of ACE-I may include 

hypotension, dry cough, hyperkalaemia, angioedema and renal dysfunction.

13-Adrenoreceptor blockade

Once considered detrimental in heart failure, these agents are now viewed as another 

cornerstone in therapy along with ACE-I. This is following the results of a number of 

randomised trials in recent years that have consistently demonstrated a significant 

added mortality benefit (of approximately 34%) on a background of ACE-I therapy 

(Foody et al, 2002). Sympathetic activation, with increased adrenergic drive, is 

initially a compensatory mechanism to maintain cardiac performance. However, 

chronic catecholamine overdrive has deleterious consequences in terms of left 

ventricular remodelling and increased mortality. Excess norepinephrine production 

causes adverse vasoconstriction, increased heart rate, apoptosis, left ventricular 

hypertrophy and myocardial ischaemia as well as being pro-arrhythmic. B-blockers 

act mainly on the (3-1 receptor to block sympathetic drive.
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Vasopressin
Sympathetic
activation

Sodium 
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and growth 
factors

Figure 4: Simplified overview of the renin-angiotensin-aldosterone system and the 
physiological effects of angiotensin II. ACE angiotensin converting enzyme, EMP 
extracellular matrix proteins, MMP matrix metalloproteinases

p-blockers are of value across a broad spectrum of disease severity (Farrell et al, 

2002). The main benefit is in promoting long-term improvement in ventricular 

function and clinical outcome rather than immediate relief of symptoms. There is 

consistent evidence of reverse remodelling, in terms of significant increase in left 

ventricular ejection fraction, in both ischaemic and non-ischaemic aetiologies. 

However, one caveat is that different agents may have different effects in heart 

failure patients. One trial using bucindolol failed to demonstrate any substantial
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benefit (The BEST trial investigators, 2001). The particular agent used should 

therefore be limited to one shown to confer mortality benefit in the published trials 

(table 4). Metoprolol succinate and bisoprolol are selective (3-1 receptor blockers. 

Carvedilol has added (3-2 and a-1 receptor blocking actions and there is evidence 

that it may potentially offer enhanced mortality benefit. The Carvedilol Or 

Metoprolol European Trial (COMET) directly compared metoprolol tartrate 

(different preparation to the MERIT-HF study) and carvedilol (Poole-Wilson et al, 

2003). All cause mortality (over 58 months) was 34% for carvedilol and 40% for 

metoprolol (p=0.0017). However, no comparative data are available between 

bisoprolol and carvedilol. Recently nebivolol has also been shown to be safe and 

effective in an elderly population and may be used in this group (SENIORS study, 

table 4). The mean age was 76 years and just over one third of the patients in this 

study had an ejection fraction >35%. Nebivolol is a highly selective (3-1 receptor 

blocker but also has vasodilating properties related to nitric oxide modulation.

The evidence base for the use of 13-blockade is now strong and they are indicated for 

all patients with heart failure (NYHA class 1 to 4) with equal importance as ACE-I 

(Gheorghiade et al, 2003). They should be started at a low dose and titrated slowly to 

target dose based on haemodynamic response. They may also be commenced before 

ACE-I/ARB as long as the patient is not decompensated (Fang, 2005). Side effects 

include hypotension, bradycardia, fatigue and bronchospasm.

Angiotensin II Receptor Antagonists

While ACE-I reduce angiotensin II levels they do not have any direct effect on its 

action. There are also sources of angiotensin II other than from the renin-angiotensin 

system and levels can increase again after a number of weeks on ACE-I (ACE escape
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phenomenon). Agents that block the angiotensin II type-1 receptor (ARB’s) have 

been shown to further reduce a combined endpoint of cardiovascular morbidity and 

mortality when added to an ACE-I (CHARM-ADDED trial, table 4). In many 

patients this combination may be limited because of intolerability and so these drugs 

are usually substituted for ACE-I when cough or angioedema are significant 

problems. When used as a substitute they have a similar benefit to ACE-I in terms of 

clinical outcome (McMurray et al, 2004). If the combination is used, close 

monitoring of renal function and potassium levels are required.

Aldosterone Antagonists

The main stimulus for aldosterone production is angiotensin II but other pathways 

exist. It has a number of detrimental effects on the cardiovascular system in heart 

failure including sodium/water retention, myocardial fibrosis and endothelial 

dysfunction (Brown, 2003). Two large trials direct the current utilisation of 

aldosterone antagonists in heart failure (table 4). The Randomized Aldactone 

Evaluation Study (RALES) compared spironolactone against placebo on a 

background of ACE-I and diuretic in patients with NYHA class 3 or 4 heart failure 

(Pitt et al, 1999). It demonstrated an absolute survival advantage of 11% and the trial 

was stopped early. The Eplerenone Post-acute Myocardial Infarction Heart Failure 

Efficacy and Survival Study (EPHESUS) showed less impressive survival benefit 

(absolute reduction of 2.2% with eplerenone) in post myocardial infarction patients 

with symptomatic left ventricular dysfunction (Pitt et al, 2003). However, the 

EPHESUS trial employed much higher baseline B-blocker use then the RALES study 

(75% v 11%). Eplerenone is a selective agent that does not result in gynaecomastia 

or breast pain and can be used as a substitute when these adverse effects limit the
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application of spironolactone (Pitt, 2003). There is a risk of hyperkalaemia with both 

agents, especially in those with pre-existing renal dysfunction or in those already on 

an ACE-I and/or ARB.

Vasodilators

One trial has shown a mortality advantage in African-American patients with NYHA 

functional class 3 or 4 heart failure using the combination of isosorbide dinitrate and 

hydralazine when added to other standard evidence based treatments (African- 

American Heart Failure Trial; A-HEFT, table 4). When used alone it can confer 

benefit in a wider group (V-HEFT, table 4) but has been superseded by the advent of 

ACE inhibition.

Digoxin

As mentioned earlier, digoxin has historically been a very effective agent at 

improving heart failure symptoms. It is particularly helpful in those who are in atrial 

fibrillation although benefit is also seen in sinus rhythm. The DIG trial (Digitalis 

Investigation Group, 1997), which enrolled 6800 patients with mild to severe heart 

failure, showed digoxin to be helpful in reducing symptoms and risk of 

hospitalisation. These are important therapeutic goals in heart failure. However, there 

was no mortality benefit demonstrated and therefore, in the modern era of heart 

failure management, it is a second line agent.

Diuretics

These are invaluable drugs for relief of symptoms, most notably dyspnoea and fluid 

retention. They do not affect survival. Patients may be able to manage their own dose
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in order to maintain their ‘dry’ weight. In advanced disease a combination of loop 

and thiazide agents can be helpful. Potential hazards include biochemical 

abnormalities, gout and renal dysfunction.

Drugs under investigation

Despite the tremendous advances made with the introduction of neurohormonal 

blockade, there is an ongoing quest for new pharmacological agents that will target 

other aspects of the underlying pathophysiology. This is because there remain a large 

number of patients who develop decompensated heart failure. Novel ideas have 

included partial free fatty acid oxidation inhibition (Fragasso et al, 2006) and 

xanthine oxidase inhibition (Hare et al, 2008). Potentially useful agents under 

investigation are shown in table 5 (summarised from deGoma et al, 2006). Other 

future pharmacological approaches may include further interruption of the renin- 

angiotensin system with renin inhibitors, heart rate slowing with If channel inhibition 

and anti-inflammatory methods including immunomodulation (e.g. celacade) or 3- 

hydroxy3-methylglutaryl coenzymeA reductase inhibitors (statins). The recently 

published BEAUTIFUL trial examined the effect of the 1/ channel inhibitor 

ivabradine in patients with stable coronary artery diseases and left ventricular 

dysfunction (Fox et al, 2008a). Although the trial revealed no benefit in terms of a 

composite cardiovascular outcome, a subgroup analysis suggests that a heart rate 

greater than 70 beats per minute is associated with more heart failure admissions 

(Fox et al, 2008b). Therefore, heart rate reduction may still prove an attractive 

strategy.
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Drug class/target Main mechanism of action Benefits/Evidence

Cardiac Myosin Activators Accelerate myosin- ATPase

activity

Improve fractional

shortening in animal

models. Concern over

metabolic consequences.

Na/K. ATPase inhibitor

(Istaroxime)

Increase calcium influx via

Na/Ca exchange

Positive inotropic effects

in animal models. Less

proarrhythmic than other

inotropic agents.

Adenosine A1 receptor

antagonists

Attenuate adenosine induced

deleterious effects on renal

bloodflow and macula densa

feedback

Significant diuresis

without reduction in

glomerular filtration in 1

small human RCT.

Natriuretic peptides

• BNP type

(Nesiretide)

• ANP type (Ularitide)

Promotes vasodilatation and

diuresis

Synthetic Urodilatin- it

promotes sodium excretion

Ongoing trials.

Improves symptoms and

haemodynamics.

Short-term haemodynamic

improvements.

Vasopressin receptor

(Vla,V2) antagonists (e.g.

Tolvaptan- selective V2,

Conivaptan- dual Via and

V2)

Suppress arginine vasopressin

induced water retention (V2)

and peripheral

vasoconstriction (Via)

Significant aquaresis (V2

effect), reduced systemic

vascular resistance and

improved systolic function

(VI a effect). RCT in

humans underway.

Metabolic modulators (e.g.

Perhexiline)

Promote myocardial glucose

utilization

Improved ventricular

function, peak oxygen

uptake and QOL in 1 small

human RCT.

Table 5: Drugs under investigation as useful agents for heart failure. RCT 
randomised controlled trial, QOL quality of life

Summary recommendations

Based on the available evidence, a stepwise approach to pharmacological treatment 

should be instituted. All with systolic dysfunction, regardless of symptoms and 

unless contraindicated, should be commenced on an ACE-I and (3-blocker and dose
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titrated to maximal tolerated. Diuretics are used concurrently for symptom and 

congestion relief. For those with persistent NYHA functional class 3 or 4 symptoms 

despite these treatments, spironolactone should be added. An ARB should be used in 

those intolerant of an ACE-I or can be commenced before spironolactone but caution 

should be used if considering the triple combination of ACE-I, ARB and aldosterone 

antagonist. Digoxin can be added for symptomatic benefit.

1.5.3 Individual treatment considerations

Whilst pharmacological approaches are the mainstay of heart failure treatment, a 

number of other important factors need to be considered on an individual basis:

• Immunisation- guidelines advise annual influenza and one-off pneumococcal 

vaccination. This is on the basis that hospitalisation for decompensated heart failure 

can often be due to acute infection.

• Psychological issues- a large proportion of patients with heart failure can 

experience depression and this should be managed appropriately. A meta analysis of 

published studies suggests approximately 1 in 5 heart failure patients suffer 

depression and its presence is associated with poorer outcomes (Rutledge et al, 

2006).

• Transplantation- this option is limited by the lack of available organs but 

provides hope for those with refractory end-stage heart failure (Deng, 2002). Patients 

are committed to life long immune suppressant treatment but can expect a 1-year 

survival of over 85% and 10-year survival of approximately 50%.

• Other surgical approaches- most of the surgical procedures lack a strong 

evidence base and none have demonstrated a mortality advantage (Large, 2007). A 

number of mechanical devices are available or under investigation (Mancini and
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Burkhoff, 2005). Ventricular assist devices are a useful bridge to transplantation and 

are now being used as destination therapy (Stevenson and Rose, 2003). A total 

artificial heart is also available but long-term efficacy is unknown.

• Palliative care- heart failure can eventually become a terminal condition and this 

aspect of management is an important consideration for those who are not candidates 

for transplantation and who have severe advanced disease despite maximal medical 

therapy. However, palliative care is often a neglected component of heart failure care 

as illustrated by only a one-sentence reference in the 2005 heart failure guideline 

from the European Society of Cardiology.

1.6 Pacing the heart; coordinating contraction

The application of pacing technology as a treatment strategy in heart failure emerged 

in the late 1980’s and developed through the 1990’s. It has progressed from dual 

chamber pacing to multi-site pacing using a surgical approach to modern left 

ventricular lead placement via the coronary sinus (Varma and Camm, 2001). Large 

randomised trials of biventricular pacing published between 2002 and 2005 have 

provided a solid evidence base for this particular therapeutic approach.

1.6.1 Early developments

Initial experiments with pacing in heart failure (not for an accepted bradycardia 

indication) focused on the use of conventional dual chamber atrio-right ventricular 

pacing with a short atrio-ventricular (AV) delay (Brecker et al, 1992). One of the 

first reports of benefit was in 16 patients with severe heart failure who all had a
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baseline PR interval greater than 160msec on ECG (Hochleitner et al, 1990). Pacing 

at set AV delay of 100msec resulted in symptom improvement (mean NYHA class 

fell from 3.6 at baseline to 2.1), resolution of pulmonary oedema and increase in left 

ventricular performance. At longer term follow up pacing had reduced hospital 

admissions and resulted in 3 patients improving to the extent that they could come 

off the cardiac transplant waiting list (Hochleitner et al, 1992). However, other 

studies in a less selected population suggest no benefit from such pacing. A small 

randomized crossover trial of 12 patients with dilated cardiomyopathy, NYHA 

functional class 3 or 4 and LV ejection fraction <35% showed no improvement in 

symptoms or cardiac output (Gold et al, 1995). Another study of 10 patients with 

NYHA functional class 3 or 4 and LV ejection fraction <35% also showed no benefit 

at 6 months (Linde et al, 1995). The value of dual chamber pacing appears limited to 

patients with a prolonged PR interval, prolonged functional mitral regurgitation (with 

a presystolic component) and reduced ventricular filling time <200msec (Salukhe et 

al, 2003). This partially reflects the importance of the atrial contribution to 

ventricular filling. Another problem with right ventricular based pacing is the 

induction of a left bundle branch block activation sequence. This causes loss of 

mechanical synchronous contraction and in those without a prolonged PR interval, 

the overall effect of dual chamber pacing may be a reduction of ventricular pump 

function. This theory has led to the rejection of dual chamber pacing for chronic 

heart failure and the development of biventricular pacing as a means of correcting 

myocardial dyssynchrony and improving ventricular function. Understanding the 

concept of dyssynchrony is key to understanding the beneficial application of this 

type of pacemaker technology in heart failure.
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1.6.2 Dyssynchrony- a therapeutic target

Dyssynchrony can be defined as a loss of normal coordinated contraction of the 

myocardium due to abnormal electro-mechanical timing. Clinically significant 

dyssynchrony can occur at three different levels (Cazeau et al, 2000):

Atrioventricular dyssynchrony

The diastolic period of the cardiac cycle consists of passive filling of the ventricles 

and active filling due to atrial contraction. The normal atrial contribution to 

ventricular filling is approximately 30% of end diastolic volume. This represents an 

important factor in maintaining cardiac output in those with heart failure and is why 

development of atrial fibrillation may be poorly tolerated. Abnormal timing between 

atrial contraction and the onset of ventricular contraction is atrioventricular 

dyssynchrony. Detrimental physiological consequences of prolonged atrioventricular 

(AV) conduction include shortened ventricular filling time, reduced end diastolic 

volume and late diastolic mitral regurgitation (Auricchio et al, 2006). The value and 

limitations of optimising the atrial contribution to ventricular filling by correction of 

AV dyssynchrony has been discussed above from early studies using traditional dual 

chamber pacing in those patients with prolonged PR intervals on ECG.

Interventricular dyssynchrony

This is delayed contraction of one ventricle relative to the other. It is usually the left 

ventricle that activates late and results in abnormal movement of the interventricular 

septum that in turn can lead to reduced contribution of this segment to left ventricular 

emptying.
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Intraventricular dyssynchrony

This refers to delayed contraction of one region of the left ventricle relative to 

another. Normally the regional wall segments of the left ventricle will all contract 

within 40msec. When there are areas of early and late activation, inefficient 

myocardial contraction results. The most characterised abnormal mechanical 

contraction pattern is that which results from electrical left bundle branch block 

(LBBB). Typically the interventricular septum is activated early and the posterior or 

lateral wall activated late. The early contraction of the septum leads to prestretch of 

the posterolateral wall and reduced rate of pressure rise within the ventricular 

chamber. Late activation of the posterolateral wall impinges on septal contraction 

and reduces ventricular ejection. The overall result is wasted myocardial work, 

reduced left ventricular performance, increased end-systolic volume and wall stress, 

reduced cardiac output and impaired relaxation. Discoordinate contraction of the 

papillary muscles and altered chamber pressures leads to mitral regurgitation, which 

further exacerbates the mechanical inefficiency. It would appear also that 

dyssynchrony has more than just mechanical implications and may actually 

contribute to the disease pathophysiology and adverse remodelling. Signalling 

pathways, metabolic efficiency, regional myocardial perfusion, electrophysiological 

properties and gene expression are all affected by the abnormal contraction process 

and lead to worsening heart failure (Spragg and Kass, 2006).

As well as the detrimental haemodynamic and biological effects, mechanical 

dyssynchrony has also been associated with an increase in incidence of serious 

cardiovascular events in heart failure. A wide QRS duration (especially left bundle 

branch block pattern) is often used as an indirect marker of mechanical dyssynchrony
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and is a predictor of increased mortality (Spragg and Kass, 2006). This is explored in 

more detail later. However, recent techniques to directly measure dyssynchrony 

show it to be a significant marker of adverse outcome independent of QRS width. 

One study of 104 patients with ejection fraction <45%, stable heart failure and no 

previous myocardial infarction examined the relationship between presence of 

ventricular dyssynchrony (assessed by echocardiography) and incidence of 

worsening heart failure. They found intra-ventricular dyssynchrony to be an 

independent predictor of cardiac decompensation with a hazard ratio of 3.39 (Bader 

et al, 2004). This suggests that any treatment designed to reverse dyssynchrony 

would be welcome and potentially lead to improved clinical outcomes.

1.6.3 CRT-what is it?

Cardiac Resynchronization Therapy is a term used to describe the use of cardiac 

pacemaker technology to reverse dyssynchrony in the failing heart. The aim of CRT 

is to restore normal electrical timing intervals (electrical synchrony) with resultant 

coordinated myocardial contraction (mechanical synchrony) that will lead to 

improved haemodynamics, reduced myocardial stress, functional patient benefit and 

ultimately prolonged survival.

1.6.4 CRT- how is it achieved?

The benefits of CRT are gained through the insertion of an atrio-biventricular 

pacemaker (figure 5). Pacing leads are placed in the right atrium, right ventricle and 

epicardially over the posterolateral left ventricular wall via the coronary sinus 

(Daubert et al, 1998). If lead placement via the coronary sinus is not possible a 

surgical approach can be considered.
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It is important to remember that the term biventricular pacing is not synonymous 

with CRT as it may be possible to insert a biventricular pacemaker and for 

significant dyssynchrony to remain at one of the three levels outlined above. 

Achieving effective CRT requires attention to a number of considerations at 

implantation of the device.

Coronary sinus

Right atrial 
lead

Right ventricular 
lead

Left ventricular 
lead (advanced 
through 
coronary sinus)

Figure 5: Positioning of the three pacing leads required to achieve cardiac 
resynchronization through atrio-biventricular stimulation (image from Hare, 2002).

Coronary venous anatomy

The coronary venous system drains the myocardium and ends with the coronary 

sinus, which runs along the atrioventricular groove and opens into the right atrium. 

The coronary sinus ostium is located on the posterior interatrial septum posterior to 

the tricuspid annulus. The placement of the left ventricular lead of a biventricular
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pacemaker depends on the successful manipulation of the lead through the coronary 

sinus and into one of the branches serving the lateral or posterior left ventricular 

wall. The anatomy of the cardiac veins is highly variable between individuals and 

therefore the procedure can be technically demanding. There are usually three main 

veins that drain into the coronary sinus. The anterior intraventricular vein becomes 

the great cardiac vein when it reaches the mitral annulus. The posterior lateral vein 

joins the great cardiac vein to form the coronary sinus. The middle cardiac vein 

enters the coronary sinus near the ostium. Other veins include a posterior vein, those 

draining the atria and the thebesian network that drains most of the right ventricle 

directly into the right ventricle. Frequently at the ostium of the coronary sinus is the 

thebesian valve that can be difficult to cannulate. Other valves can be present, 

especially at the origin of the main posterior lateral vein (valve of Vieussens). This is 

the vein that is most often selected for placement of the left ventricular lead. 

However, there are often three distinct veins seen draining the lateral wall of the left 

ventricle. These are termed lateral, anterolateral and posterolateral branches. If these 

branches are small, tortuous or difficult to negotiate, the lateral wall can also be 

reached via the posterior vein or anterior intraventricular vein. Those who implant 

these devices need to be aware of anatomical variations, as selection of the most 

appropriate vein is important in maximising the chance of successful CRT. This is 

discussed in more detail below.

Procedural technique

Before the pacemaker is implanted a number of factors should ideally be optimised. 

The use of maximally tolerated medical therapy, revascularisation in those with 

ischaemic coronary disease as the aetiology of heart failure, correction of structural
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abnormalities such as valve disease and co morbidities such as renal impairment are 

all viewed as valuable (Herre, 2007).

The main challenge during the procedure, as already mentioned, is selection of the 

most appropriate vein for the left ventricular lead. This is in order to maximise 

resynchronization as well as achieve an adequate pacing threshold for the device. 

Generally it is thought that the posterolateral wall is the most delayed myocardial 

segment and therefore the best place for the pacing lead to be positioned. Hence, 

focus at device implantation has been on identifying the various side branches from 

the coronary sinus and choosing the one that will give the most posterolateral 

position. However, the myocardial wall that displays the most mechanical delay can 

vary. In addition, the high variability in venous anatomy often makes it difficult to 

isolate the ideal position. A segmental approach to classifying venous anatomy, 

which focuses on the particular area of the left ventricle drained by a particular 

branch, has been suggested as a way of allowing more precise positioning of the left 

ventricular lead in an area of interest, such as the wall segment displaying maximal 

dyssynchrony (Singh et al, 2005). Retrograde venography using a balloon to occlude 

the coronary sinus allows visualisation of the venous anatomy. A number of 

technological aids and techniques have been developed to help cannulate the 

coronary sinus and manipulate the lead into place (Vogt et al, 2004). Advances in 

non-invasive imaging techniques including computed tomography and magnetic 

resonance might, in future, allow more detailed reconstructions of venous anatomy to 

aid implantation.

Post procedural considerations include wound management and general advice to the 

patient concerning implantable devices. Specific to CRT, medications should be 

titrated if possible, cardiac rehabilitation considered and the pacemaker optimally

42



programmed (Aranda et al, 2005a).

Device optimisation

The pacemaker needs to have a number of parameters programmed in order to 

maximise its function and benefit (Obias-Manno, 2005). One is the atrioventricular 

(AV) delay, which is individually set to maximise left ventricular filling prior to the 

onset of systole and so maximise contractility (Gasparini et al, 2002). The Ritter 

technique is one commonly employed method to calculate the optimal AV delay 

value by using echocardiographic guidance from the pulsed Doppler inflow pattern 

of the mitral valve, as illustrated in figure 6 (Ritter et al, 1999).

In addition, some suggest that the timing delay between contraction of right and left 

ventricles (VV delay) should also be individually programmed to minimise 

interventricular dyssynchrony. However, the available evidence on the value of such 

an approach is conflicting. One report of 53 patients demonstrated a beneficial acute 

haemodynamic response following individual VV interval settings as determined by 

invasive pressure guidewire measurement of left ventricular dP/dtmax (van Gelder et 

al, 2004). Optimal response was observed in 44 patients when the left ventricle was 

stimulated first, 3 when the right ventricle stimulated first and only 6 with 

simultaneous stimulation. Other reports also confirm an acute haemodynamic gain 

following optimal VV setting (Perego et al, 2003; Vanderheyden et al, 2005). 

Another study used tissue Doppler imaging techniques to individually optimise the 

VV interval in 20 patients by assessing the area with most delayed longitudinal 

contraction (Sogaard et al, 2002a). Of the 20 patients, 9 required left and 11 right 

ventricular preactivation between 12-20msec. This method resulted in a mean 

improvement in ejection fraction of 4% over simultaneous pacing but minimal
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change in ventricular volumes. The InSync III study compared sequential CRT with 

simultaneous CRT in 422 patients (Leon et al, 2005). Sequential pacing resulted in 

improved stroke volume (by median 7.3%) and exercise capacity (median 13m extra) 

at 6 months but not NYHA class or quality of life. The study was limited by being 

non-randomised and by using the simultaneous CRT group from the MIRACLE trial 

as the comparator. The Resynchronization for the haemodynamic treatment for heart 

failure management II implantable cardioverter defibrillator (RHYTHM II ICD) 

study enrolled 121 CRT-D patients and randomised them to simultaneous (n=30) or 

optimised (n=91) VV timing (using echocardiography). At six months there was no 

significant difference between groups in terms of improvements in NYHA class, six 

minute walk distance or quality of life score (Boriani et al, 2006a). These results 

together suggest that optimisation of the VV interval is not necessary in every patient 

but may be a useful consideration in those who have an inadequate clinical response. 

Finally, some have suggested that optimisation is something that should be 

considered at a time beyond device implant. One study showed that 18 out of 32 

patients required readjustment of optimal AV delay when assessed at least 3 months 

after the initial procedure (Zhang et al, 2008).

Procedural complications

The main problem encountered tends to be failure to implant a left ventricular lead 

due to anatomical constraints, although most of the large trials had implant success 

rates greater than 90%. Significant complications from the procedure itself are rare 

and include those common to all pacemaker procedures (e.g. infection, bleeding, 

pneumothorax) and those specific to implanting a biventricular device. Significant 

concerns would be coronary sinus dissection, lead dislodgement, phrenic nerve
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stimulation, complete heart block and cardiac perforation (Ellery and Paul, 2004). 

The overall risk of a major complication is approximately 1%. A dedicated follow up 

programme is required to detect late complications and device failure (Leon, 2003).

Optimal AVI= Short AVI + {[Long AVI + Q-A,ong] - [Short AVI + Q-Ashor,]}

Figure 6: The Ritter formula for optimal calculation of atrioventricular interval (AVI). 
Pulsed Doppler across the mitral valve is carried out at long and short AVI device settings. 
The difference between start of the ECG Q wave to the end of the Doppler trace A wave is 
calculated. The optimal AVI is then calculated from the formula above. In this example a 
long AVI of 150msec gives a Q-Aiong 61msec (left image) and short AVI of 30msec gives a 
Q-Asi,ort of 94msec (right image). The optimal AVI is therefore 117msec (echo images from 
Zhang et al, 2008).

1.6.5 CRT- what is the evidence?

Early haemodynamic studies

Throughout the 1990s a number of small studies were published which consistently 

revealed the acute haemodynamic benefit of using a left or bi-ventricular approach to 

pacing in heart failure rather than using a right ventricular approach (Conti, 2001). 

These studies were foundational in leading to the design and completion of larger 

randomised trials that ultimately gave CRT its current evidence base for clinical 

application. The first full report of multisite pacing in heart failure is accredited to 

Cazeau who described a six week study of four-chamber pacing in a patient with left
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bundle branch block, prolonged PR interval and New York Heart Association 

(NYHA) functional class 4 symptoms (Cazeau et al, 1994). An initial acute 

assessment with four temporary pacing leads revealed an improvement in cardiac 

output and reduction in pulmonary wedge pressure. A permanent device was then 

implanted and the patient clinically improved to NYHA functional class 2 with 

resolution of peripheral oedema. Interestingly, the authors expressed doubt in this 

new techniques ability to improve heart failure survival despite clinical benefit. The 

main findings of other acute studies are summarised in table 6.

Publication Patients Design Outcome

Cazeau et al,

1996

End stage heart failure

(NYHA 4), wide QRS

(n=8)

Acute haemodynamic

comparison of RV, RYOT

and BY pacing

25% increase in cardiac

index with BV pacing

(p<0.006) but 4 early

deaths

Blanc et al,

1997

NYHA 3 or 4, PCWP

>15mmHg, mean QRS

171msec (n=23)

Acute haemodynamic

comparison of RV,

RYOT, LV or BY pacing

Improvement in SBP

and reduction in PCWP

with BV or LV pacing

Leclercq et al,

1998

NYHA 3 or 4, mean QRS

170msec (n=18)

Acute haemodynamic

comparison of BY with

RV pacing

Increase in cardiac

index with BV pacing

(pO.OOl)

Auricchio et al,

1999

NYHA 3 or 4, mean QRS

168msec, mean PR

211msec (n=25, from the

PATH-CHF study)

Comparison of RV, LV

and BY pacing on LV

dP/dt and aortic pulse

pressures

Improved LV and aortic

pressures with site and

AV delay specific

pacing

Kass et al, 1999 NYHA 3 or 4, mean QRS

157msec (n=18)

Comparison of RV, LV

and BV pacing on LV and

aortic pressures

Significant

improvements with LV

and BV pacing, no

effect with RV

Table 6: Summary of acute haemodynamic studies of multisite pacing in heart failure 
patients. PCWP pulmonary capillary wedge pressure, RV right ventricular, RYOT right 
ventricular outflow tract, LV left ventricular, BY biventricular, SBP systolic blood pressure
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Morbidity trials

• Multicenter Insync Clinical Study (IN-SYNC)

This was an observational study designed to assess the safety and long-term clinical 

effects of CRT in patients with advanced heart failure and ventricular conduction 

abnormality (Gras et al, 2002). Inclusion criteria were NYHA functional class 3 or 4 

heart failure despite medical therapy (stable for 1 month), QRS >150msec, left 

ventricular ejection fraction <35% and end diastolic dimension >60mm. 117 patients 

were enrolled and 103 successful implants followed up at 1, 3, 6 and 12 months post 

implant to determine clinical parameters. At 12 months, compared to baseline, there 

were significant improvements in NYHA class (mean 3.3 to 2.2), quality of life score 

(mean 53 to 31 points) and 6 minute walk distance (mean 290m to 365m). QRS 

interval was significantly reduced at 12 months (178msec to 152msec). These 

benefits were seen at month 1 of follow up and subsequently maintained. Over the 12 

month period 21 patients died (10 sudden, 7 progressive heart failure).

• Pacing Therapies in Congestive Heart Failure (PATH-CHF)

This was a small randomised, crossover trial designed to assess the acute 

haemodynamic effects and long-term clinical benefits of univentricular and 

biventricular pacing in patients with severe heart failure and ventricular conduction 

delay (Auricchio et al, 2002). It was patient blinded and the first trial that sought to 

correlate the haemodynamic gain observed in early reports with objective clinical 

improvements to the patient. Patients had 2 pacemaker devices implanted and the left 

ventricular lead was placed epicardially. 42 patients in NYHA functional class 3 or 

4, on optimal medical treatment with QRS interval >150msec and PR interval 

>150msec were enrolled. They were assigned to 4 weeks each of best univentricular
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pacing (determined by acute haemodynamic testing at implant) and biventricular 

pacing, separated by 4 weeks rest, followed by chronic biventricular pacing to 12 

months. The primary end points were oxygen uptake at peak exercise, oxygen uptake 

at the anaerobic threshold and six-minute walk distance. The secondary end points 

were changes in NYHA functional class and quality of life score. There was no 

significant difference between best univentricular compared to biventricular 

stimulation in any of the specified end points. After the first 4-week period, all end 

points had significantly improved. This was not the case with the second 4-week 

active pacing phase. Only peak exercise oxygen consumption, NYHA class and 6- 

minute walk distance had significantly improved. The value of the long-term chronic 

pacing data is limited as only 29 patients attended for 12 month follow up. However, 

in this group, the initial clinical benefits were maintained.

• Multisite Stimulation in Cardiomyopathies (MUSTIC)

This was a single blind, randomised, controlled, crossover trial that aimed to assess 

the safety and clinical efficacy of atrio-biventricular pacing in patients with severe 

heart failure and major intraventricular conduction delay (Cazeau et al, 2001). All 67 

patients enrolled were in NYHA functional class 3 at baseline (on optimal medical 

therapy) with QRS interval >150msec and left ventricular ejection fraction <35% and 

end-diastolic dimension >60mm. Patients were observed for stability over 4 weeks 

then the device implanted. After a further 2 weeks they were randomised to 12 weeks 

active or inactive pacing (patient blind) followed by crossover to the other arm for a 

further 12 weeks. The primary end point was distance walked in six minutes. 

Secondary end points included quality of life score, peak oxygen uptake, 

hospitalisation for heart failure, patient pacing mode preference at the end of the
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crossover phases and death. There were 58 successful implants but a number of 

dropouts during the study resulted in only 46 being analysed for the primary end 

point. With active pacing, mean six-minute walk distance was 399±100m compared 

to 326±134m with inactive pacing (23% improvement, p<0.001). Quality of life 

score decreased by 32% (pO.OOl) and there were less hospitalisation episodes for 

heart failure with active pacing (p<0.05). This study added to the growing evidence 

for significant clinical benefit to be gained with CRT in terms of exercise capacity, 

patient symptoms and need for hospitalisation.

• Multicenter InSync Randomized Clinical Evaluation (MIRACLE)

MIRACLE was the first large, double blind, randomised controlled trial evaluating 

CRT in moderate to severe heart failure with prolonged QRS interval (Abraham et al, 

2002). Eligible patients had NYHA functional class 3 or 4 heart failure (on optimal 

medical therapy), left ventricular ejection fraction <35% and end diastolic dimension 

>55mm, QRS interval >130msec and a six-minute walk distance of <450m. Patients 

all obtained a biventricular pacemaker and were then randomised in a double blind 

fashion to resynchronization (atrio-biventricular pacing) or control (no pacing) 

groups. Evaluation of NYHA functional class, six-minute walk distance, quality of 

life score, maximal treadmill exercise test, QRS interval and echocardiogram was 

performed at baseline and then at 1, 3 and 6 months following randomisation. NYHA 

functional class, quality of life score and six-minute walk distance were primary end 

points. A total of 453 subjects formed the final trial report (225 control group, 228 

resynchronization group). There were significant improvements in all three primary 

end points at one month in the resynchronization group compared to controls and 

these were maintained to six months. At six months, median change in six-minute

49



walk distance was +10m in controls and +39m with CRT (p=0.005) and change in 

quality of life score was -9 in controls and -18 with CRT (p=0.001). NYHA 

functional class improved in 38% of controls and in 68% of CRT patients (p<0.001). 

Of note, there were 363 hospitalisation days for heart failure in the control group 

during the study compared to only 83 in the resynchronization group. The 

MIRACLE study was more robust in design than earlier studies with a larger size, 

fewer dropouts and double blind analysis. Taken with the other smaller studies, it 

gives a solid evidence base that CRT has significant morbidity advantage compared 

to optimal pharmacological therapy.

Mortality trials

• Comparison of Medical Therapy, Pacing and Defibrillation in Heart Failure 

(COMPANION)

This was a multicentre, United States based, randomised trial designed to assess the 

effect of a cardiac resynchronization device, with or without a defibrillator, in 

reducing the risk of death and hospitalisation, compared to medical therapy alone, in 

patients with advanced chronic heart failure (Bristow et al, 2000). Eligible patients 

had NYHA functional class 3 or 4 heart failure (for at least 6 months and need for 

hospitalisation or intravenous drugs in the previous 12 months), optimal medical 

therapy, left ventricular ejection fraction <35% and end-diastolic dimension >60mm, 

QRS interval > 120msec and PR interval > 150msec. Patients were randomised in a 

1:2:2 ratio to medical therapy, medical therapy with CRT and medical therapy with 

combined CRT/defibrillator (CRT-D). The primary end point was a composite of all 

cause death or first hospitalisation. Death from any cause was a secondary end point. 

Results were published in 2004 (Bristow et al, 2004). There were 1520 patients
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enrolled (308 medical:617 CRT:595 CRT-D) with median follow up for the primary 

end point of 11.9, 16.2 and 15.7 months in the medical, CRT and CRT-D groups 

respectively. The primary end point rate at 12 month was reached in 68% in the 

medical group compared to 56% in the CRT group (HR 0.81, 95% Cl 0.69 to 0.96, 

p=0.015) and 56% in the CRT-D group (HR 0.8, 95% Cl 0.68 to 0.95, p=0.011). The 

one-year mortality rate was 19% in the medical group compared to 15% in the CRT 

group (HR 0.76, 95% Cl 0.58 to 1.01, p=0.06) and 12% in the CRT-D group (HR 

0.64, 95% Cl 0.48 to 0.86, p=0.004). In other secondary analyses, both devices were 

associated with significant reductions in both cardiovascular and heart failure related 

death and hospitalisation as well as significant improvements in indicators of 

morbidity including NYHA functional class, six-minute walk distance and quality of 

life score at 3 and 6 months. The trial was not designed to directly compare CRT 

with CRT-D. The authors concluded that compared to using optimal 

pharmacological therapy CRT results in significant clinical benefit in terms of 

hospitalisation and patient symptoms/exercise capacity whilst the addition of a 

defibrillator capacity to the pacemaker results in a mortality benefit.

• Cardiac Resynchronization- Heart Failure study (CARE-HF)

This was a multicentre, international, randomised trial designed to compare the 

effects of CRT (without defibrillator) on morbidity and mortality in patients with 

symptomatic left ventricular systolic dysfunction and evidence of cardiac 

dyssynchrony (Cleland et al, 2001b). Eligible patients had NYHA functional class 3 

or 4 heart failure (for at least 6 weeks despite medical therapy) with left ventricular 

ejection fraction <35% and end-diastolic dimension >30mm (height indexed), QRS 

interval >120msec and sinus rhythm. Those with QRS interval <150msec also had to
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display echocardiographic evidence of cardiac dyssynchrony defined as 2 out of 3 

from aortic pre-ejection delay> 140msec, interventricular delay >40msec and delayed 

activation of the posterolateral LV wall. Those with an indication for implantable 

defibrillator were excluded. The primary end point was a composite of death from 

any cause or a first unplanned hospitalisation for a major cardiovascular event. Death 

from any cause was a secondary end point. The trial results were published in 2005 

(Cleland et al, 2005). There were 813 patients enrolled (404 medical therapy alone, 

409 medical therapy plus CRT) with a mean follow up of 29.4 months. The primary 

end point was reached in 159 in the CRT group and 224 in the medical group (39% v 

55%, HR 0.63, 95% Cl 0.51 to 0.77, pO.OOl). There were 82 deaths in the CRT 

group and 120 deaths in the medical group (20% v 30%, HR 0.48, 95% Cl 0.48 to 

0.85, p<0.002). Other secondary analyses also confirmed the benefit of CRT on 

NYHA functional class, quality of life score and hospitalisations for heart failure 

seen in smaller trials. This was an important trial in that it showed CRT alone to 

reduce all cause mortality for the first time. The author’s calculations suggest that 

one death and three hospitalisations could be prevented for every nine CRT devices 

implanted. This compares with approximately 50 deaths prevented for every 1000 

patients treated with a (3-blocker or ACE-inhibitor.

• Meta-analyses

A number of pooled analyses on the effects of CRT are available. Two were 

published relatively early in the history of CRT trials (Bradley et al, 2003 and 

McAlister et al, 2004b). Bradley et al focused on the effects of CRT on reducing 

heart failure mortality. Pooling results from four trials, they observed 1.7% mortality 

rate from progressive heart failure in CRT patients compared to 3.5% in controls (a
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significant 51% relative risk reduction). They did not find a significant reduction in 

all cause mortality. McAlister et al included 9 trials in their meta-analysis. They 

found a significant relative reduction in all cause mortality of 21% and a 40% 

reduction in deaths from progressive heart failure (only significant when analysed 

with a fixed-effects model). They also examined measures of morbidity and showed 

CRT to positively impact ejection fraction (3.5% mean increase), NYHA functional 

class (58% improve by at least one class), quality of life score (mean decrease of 7.6 

points) and hospitalisations (32% reduction). There are two major limitations to these 

analyses. First, they included both patients with biventricular pacemakers only and 

those with combined implantable cardioverter defibrillators. This may have impacted 

the mortality findings as COMPANION had shown mortality only to be reduced in 

the combined device group rather than CRT alone. Second, they were before the 

publication of CARE-HF, which had more patients with CRT alone than any other 

trial. However, these problems have been addressed in a recent analysis of trials that 

only enrolled patients with CRT alone (Rivero-Ayerza, 2006). Pooled analysis of 

1343 CRT patients and 1028 controls from five trials revealed a 29% relative 

reduction in all cause mortality (16.9% CRT v 20.7% control) and 38% reduction in 

heart failure mortality (6.7% CRT v 9.7% control). However, CRT did not appear to 

impact the rate of sudden death.

1.6.6 CRT- who should get it?

As a general rule, the inclusion criteria for trials of CRT have been quite narrow and 

are comparable. A number of guidelines for treatment of heart failure are available 

from different societies and organisations to help guide the clinician in decision 

making for the individual patient. There is little difference between the large
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international societies. Their main recommendations are summarised in table 7.

Within the United Kingdom National Health Service, three bodies offer guidance. 

The National Institute of Clinical Excellence (NICE) have published a full appraisal 

of CRT taking clinical and cost effectiveness data into consideration 

(www.nice.org.uk). The findings apply to England and Wales. They recommend 

CRT for patients with NYHA functional class 3 or 4, in sinus rhythm, on optimal 

medical therapy, left ventricular ejection fraction <35% and QRS > 150msec. Those 

with QRS duration 120-149msec require additional echocardiographic evidence of 

mechanical dyssynchrony because of this inclusion requirement in CARE-HF. The 

inclusion of echocardiographic criteria has been questioned because there has been 

no large confirmatory trial that validates such a recommendation (Leclercq, 2007). In 

Scotland, the Scottish Intercollegiate Guidelines Network (SIGN) published heart 

failure guidance in 2007 (www.sign.ac.uk). They recommend CRT be considered for 

patients in sinus rhythm with drug refractory symptoms of heart failure due to left 

ventricular systolic dysfunction (ejection fraction <35%) and who are in NYHA 

functional class 3 or 4 with a QRS interval > 120msec (no echocardiographic criteria 

required). In Northern Ireland, the Clinical Resource Efficiency Support Team 

(CREST) has produced heart failure guidance for local consideration 

(www.crestni.org.uk). A small section deals with implantable devices and no specific 

recommendations are made. They refer the reader to the ACC/AHA/NASPE 2002 

implantable device guideline document (Gregoratos et al, 2002) and conclude, “Cost 

and availability of appropriate expertise will probably be the limiting factors in 

determining how widespread the use of such devices will become.” However, none 

of the available guidelines take account of smaller reports of CRT benefit in other 

patient groups such as right bundle branch block, NYHA functional class 1 or 2,
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atrial fibrillation, or narrow QRS intervals. Larger trials are needed before the 

guidelines can broaden their recommendations on the use of CRT in any of these 

groups. Some of the uncertainties and trials currently underway to address them are 

discussed in the next section.

ACC/AHA heart

failure (Hunt et al,

2005)

ESC heart failure

(Swedberg et al,

2005)

ESC pacing and CRT

(Vardas et al, 2007)

NYHA class 3 or 4+ 3 or 4 3 or 4

Rhythm Sinus No
recommendation

Sinus
Atrial fibrillation*

Ejection fraction 
(%)

<35 No set value# <35

LV dimensions No
recommendation

No
recommendation

LVEDD >55mm or 
LVEDD >30mm/m2

QRS interval 
(msec) >120 >120 >120

Optimal medical 
therapy Yes Yes Yes

Level of 
evidence 1A 1A for symptoms

IB for mortality 1A

Table 7: Summary of recommended criteria for CRT from major international guidelines. 
+ only ambulatory class 4 patients
# if CRT alone then ejection fraction (EF) should be “reduced”, if CRT with defibrillator EF <35%
* should also have AV junction ablation (Class 2a, evidence C)

1.7 Current dilemmas with CRT; clinical uncertainties

Whilst CRT has become a standard treatment option for a select group of heart 

failure patients a number of clinical and theoretical questions remain for which the 

published randomised trials do not provide answers.
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1.7.1 Beyond the trials- defining clinical response

A significant number of patients who receive a biventricular pacemaker appear to 

gain no clinical benefit despite being deemed eligible. In general, this could be 

regarded as suggesting either a problem with how patients are selected for CRT or a 

problem with how subsequent clinical response to CRT is defined.

How patients are selected for CRT

The currently accepted CRT selection criteria are based on the available randomised 

controlled trial data. However, whilst the large trials report overall impressive 

results, not all the patients seemed to benefit. In terms of symptoms, 80 out of the 

409 CRT group (19.5%) in CARE-HF remained in NYHA functional class 3 or 4. In 

terms of remodelling, at least 25% of the MIRACLE study population did not 

demonstrate a reduction in ventricular volume or increase in ejection fraction after 6 

months of CRT (Sutton et al, 2006). So it would appear that approximately 1 out of 

every 4 to 5 CRT patients, from the trials that direct the recommendations for patient 

selection, could be regarded as a non-responder in terms of symptomatic benefit or 

reverse remodelling. In addition, some isolated trials and other smaller published 

reports hint at potential problems with some of the inclusion criteria that may lead to 

a patient inappropriately receiving a biventricular pacemaker or another being denied 

a therapy that may be of benefit.

• New York Heart Association (NYHA) functional class 3 or 4 

The NYHA class is a four-stage classification that describes increasing degrees of 

functional limitation that correlate with heart failure severity and prognosis. The four 

stages are:
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Class I- patients have cardiac disease without limitation in physical capacity.

Class II- patients have slight limitation of physical capacity. Ordinary physical 

activity results in symptoms.

Class III- patients have marked limitation of physical capacity. Less than ordinary 

physical activity results in symptoms.

Class IV- patients may have symptoms at rest. Any physical activity will result in 

increased discomfort.

Nearly all the CRT trials have enrolled patients exclusively with either functional 

class 3 or 4, which generally reflects more significant disease. Concern has been 

voiced that the clinical benefit may be limited in those with the most advanced heart 

failure. This is in part due to the proportionate lack of class 4 patients enrolled in the 

large trials. The only CRT trial to show mortality benefit, CARE-HF, randomised 

only 23 class 4 patients in a total CRT group of 409 (6%). One study, reviewing 102 

patients, sought to determine predictors of mortality following CRT (de Sisti et al, 

2005). The only significant independent predictor of death at a mean follow up of 23 

months was baseline NYHA functional class 4. An analysis of the NYHA class 4 

patients enrolled in the COMPANION study revealed that CRT-D was only 

associated with a trend to mortality advantage compared to the significant overall 

study findings when NYHA class 3 patients are added. However, both CRT and 

CRT-D were still associated with increased time to the composite of death or heart 

failure hospitalisation (Lindenfeld et al, 2007). As noted in an accompanying 

editorial to this analysis, the challenge remains to effectively identify the NYHA 

functional class 4 patients most likely to obtain benefit from these devices (Tang and 

Francis, 2007). This is because CRT can still be a very useful treatment for the most
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advanced cases, as evidenced by a report of 10 inotrope dependent heart failure 

patients who responded positively to CRT (Herweg et al, 2007).

Given the value of CRT in advanced heart failure, the question arises whether it may 

also be of benefit in those with underlying dyssynchrony but with less severe clinical 

status. If pathological dyssynchrony could be reversed in patients with NYHA 

functional class 1 or 2, the potential could exist to prevent progression of heart 

failure. The second Multicentre InSync ICD Randomized Clinical Evaluation trial 

(MIRACLE ICD II) enrolled 186 NYHA class 2 patients with an indication for ICD 

therapy to control (ICD, no CRT n=101) or CRT (ICD and CRT n=85). The addition 

of CRT to this group resulted in no change in the primary end point of change in 

peak minute oxygen consumption at 6 months. However, there were modestly 

significant improvements in echocardiographic indices of remodelling 

(approximately 25ml reductions in ventricular volumes and 3% increase in ejection 

fraction compared to controls) as well as improvement in composite clinical score 

(Abraham et al, 2004). This reverse remodelling benefit has been suggested by other 

studies. Ventricular dimensions were reduced, compared to control, in the NYHA 

functional class 2 CRT patients (n=124) included in a study assessing the impact of 

adding CRT to an ICD but ejection fraction was unchanged and there were no 

symptomatic clinical gains (Higgins et al, 2003). In a small study, comparable 

degrees of tissue Doppler assessed dyssynchrony were observed prior to device 

implant and similar degrees of reverse remodelling obtained six months following 

CRT between fifty NYHA class 2 patients and fifty NYHA class 3 and 4 patients 

(Sleeker et al, 2006a). The large Italian InSync registry enrolled 188 NYHA class 2 

patients who had an almost identical degree of reverse remodelling at 12 months 

when compared to the 764 in classes 3 and 4 (Landolina et al, 2007). The NYHA
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functional class 2 patients had a mean increase in left ventricular ejection fraction of 

8% and decrease in left ventricular end-diastolic diameter of 4mm compared to 9% 

and 4mm respectively in NYHA class 3/4 participants. The CARE-HF study has 

published a post-hoc analysis of patient reported symptom status and outcome 

following CRT. Those who regarded their symptoms as mild were as likely to gain 

mortality and morbidity benefit than those who reported more severe symptoms 

(Cleland et al, 2008a). These results should be interpreted with caution given that the 

actual trial enrolled patients whom the investigators regarded as being in class 3 or 4 

heart failure. It does, however, highlight two important factors when considering 

heart failure symptomatology. First, NYHA assignment can differ significantly 

between patient and physician. Only two thirds of patients agreed with the class 

assigned by the investigator at baseline. Second, using symptoms as an inclusion for 

CRT may be limiting potential benefit, as patients who reported mild symptoms had 

similar left ventricular dysfunction and elevated brain natriuretic peptide levels than 

those who reported more significant symptoms. It does seem, therefore, that CRT 

impacts disease progression in those with NYHA functional classes 1 and 2 and the 

offer of this therapy may eventually extend to this group. This question is being 

addressed in ongoing trials such as the Resynchronization Reverses Remodelling in 

Systolic Left Ventricular Dysfunction (REVERSE; Linde et al, 2006) and 

Multicentre Automatic Defibrillator Implantation Trial with CRT (MADIT-CRT; 

Moss et al, 2005) trials.

• QRS> 120msec

A wide QRS duration is taken as representing significant dyssynchrony of 

myocardial contraction. However, data suggest that not all patients with a wide QRS
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have mechanical dyssynchrony, which would make non-response to CRT more 

likely. In addition, a number of studies also suggest a significant proportion of those 

with a narrow QRS (< 120msec) have substantial dyssynchrony when assessed by 

other non-invasive methods such as echocardiography. This may mean CRT could be 

of benefit to a significant number who are not currently eligible. This area is 

explored in more depth in the next section ‘beyond QRS duration- defining 

dyssynchrony’.

• Sinus rhythm

The large randomised trials enrolled only patients who were in sinus rhythm (SR). 

This was to ensure maximum benefit would be gained from CRT given that atrio

ventricular synchrony has important haemodynamic consequences. However, given 

that the main role of CRT is believed to be correction of intraventricular 

dyssynchrony, it is likely that those with atrial fibrillation (AF) could also benefit. 

This is clinically important as a large proportion of heart failure patients experience 

AF and this could happen before or after a device has been implanted. AF is also 

associated with significant added morbidity and mortality in heart failure. A number 

of small studies confirm clinical benefit from CRT even when AF is the underlying 

heart rhythm. The MUSTIC-AF trial enrolled 54 patients (successful implants) with 

AF, NYHA functional class 3, poor systolic function and a slow heart rate requiring 

permanent pacing to a crossover design of CRT for 3 months and standard right 

ventricular pacing for 3 months (Leclercq et al, 2002a). The primary end point was 

the six-minute walk distance. On an intention-to-treat analysis there was no 

difference between the two pacing modes but this was due to a high drop out rate and 

only 37/54 completing both phases of the study. In this group, there was a mean
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increase in walk distance of 32m (P<0.05) as well as increases in peak oxygen 

uptake by 13% and reduction in hospitalisations by 70%. Longer term data over 12 

months, from both the AF and SR MUSTIC studies, revealed no change in 

ventricular dimensions in 28 of the AF patients but ejection fraction, measured by 

radionuclide technique, increased from 26.7% to 30.4% but this was only in 19 

patients (Linde et al, 2002). Clinical improvements in walk distance, quality of life 

and NYFIA functional class were similar in the AF and SR groups although no direct 

comparison was made. In a direct comparison of 30 patients with AF and 30 with 

SR, comparable clinical benefit was demonstrated (Molhoek et al, 2004a). In a report 

of 74 patients with AF who received CRT, there were improvements in clinical 

(NYHA functional class, six-minute walk, quality of life score) and 

echocardiographic (left ventricular and atrial diameters and ejection fraction) 

parameters after 6 months of CRT (Kies et al, 2006). Of note, evidence of left atrial 

remodelling, with a reduction in diameter of 59mm to 55mm (p<0.01), did not result 

in reversion to or maintenance of sinus rhythm. In this study, 18/20 patients with 

persistent AF were converted to SR at device implant but at follow up 13/20 had 

reverted back to AF. In contrast, others suggest that more concentrated efforts to 

secure SR can be successful. One report demonstrated successful restoration of SR in 

23/30 (75%) of patients at implant and this was maintained without further 

intervention in 16/23 and with further cardioversion in another 5/23 over a mean of 

333 days follow up (Butter et al, 2004). One concern with implanting a pacing device 

in those with AF, as the underlying rhythm, is a rapid ventricular rate response to the 

fibrillating atria with the result that less than 100% resynchronized pacing occurs. 

This has led to the suggestion that AV-node ablation should be considered before 

instituting CRT in this group. A comparison of 48 AF patients who had ventricular
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rate control through use of drug therapy, 114 who underwent AV-node ablation and 

511 in SR, who all had CRT, demonstrated similar improvements with CRT only in 

the SR and AT ablated groups (Gasparini et al, 2006a). The 48 AF patients without 

AV-node ablation had biventricular pacing a mean 88% of the time compared to 

98% in the ablated group. More trials are needed to clarify the role of CRT in those 

with atrial fibrillation but the current evidence suggests it can be an efficacious 

therapy especially when the ventricular rate is adequately controlled.

• Left ventricular ejection fraction <35%

The ejection fraction is the proportion of blood expelled from the left ventricle with 

each cardiac contraction.

Ejection fraction (%) = End diastolic volume - End systolic volume xlOO
End diastolic volume

The selection of 35% as a cut-off for CRT selection is because this is regarded as 

representing severe left ventricular systolic impairment. However two possible 

objections may be raised to limiting CRT based on ejection fraction value. First, the 

calculation of ejection fraction is subject to inter and intra-observer variability that 

can make reproducibility a problem. Accuracy is very dependant on the quality and 

technical accuracy of the images from which calculations are made. There is the 

potential, therefore, to over estimate ejection fraction and deny CRT on that basis. 

Second, there is a suggestion that dyssynchrony is also prevalent and may be an 

adverse prognostic marker in heart failure with preserved ejection fraction. In a study 

of 138 heart failure patients, echocardiographic methods were used to define the 

presence of interventricular and intraventricular dyssynchrony (De Sutter et al, 

2005). In those with preserved ejection fraction >40% (n=60/138), 17% had
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interventricular and 18% intraventricular dyssynchrony. However, in those who also 

had a QRS duration > 120msec, prevalence rose to 42% and 45% for inter and 

intraventricular dyssynchrony respectively. This was comparable to those with 

reduced ventricular function. In another analysis of 217 first hospital admissions for 

decompensated heart failure, 108 had preserved ejection fraction defined as ejection 

fraction >40%. Of these, 43 (40%) had a QRS > 120msec taken as representing 

underlying dyssynchrony. This group had similar six-month readmission and death 

rates (66%) to those with heart failure and reduced systolic function (69%) (Danciu 

et al, 2006). These reports raise questions for further study to discover the true 

prevalence of dyssynchrony in those with less severe ventricular impairment, the 

pathological impact of such dyssynchrony and the potential for CRT to prevent 

adverse events in this group.

• Optimal medical treatment

Clinical guidelines do not specify how long a patient should have heart failure or 

how long they should be optimised on drug therapy before CRT. Trial inclusion 

criteria differ in how they define duration of heart failure and stability of 

pharmacological treatment. Time from diagnosis can be 6 weeks (CARE-HF) to 6 

months (COMPANION) and stability of therapy from 1 week (diuretics in CARE- 

HF) to 1 month (MIRACLE). In fact, the MIRACLE study specified that |3-blocker 

dose should be stable for 3 months and other drugs for 1 month. It is possible that 

these variations could have influenced trial outcome. It is difficult to understand how 

a patient recently diagnosed with heart failure could be established on maximal 

tolerated doses of all pharmacological agents with proven mortality benefit within 6 

weeks. For example, the recommended dosing schedule for bisoprolol in CIBIS-2
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was over 15 weeks to reach lOmg. One small retrospective report shows that lack of 

optimal therapy prior to device implant (no ACE-I or (3-blocker) can lead to less 

response in terms of clinical parameters, reverse remodelling and N-terminal 

ProBNP levels at 3 months post CRT compared to those who have been receiving 

optimal drugs for at least 3 months prior to CRT (Fung et al, 2007a). Conversely, 

CRT may afford the opportunity to initiate drugs that were either contraindicated or 

not tolerated before the device permitted more favourable haemodynamics. In a 

retrospective analysis of 52 patients, CRT for 6 months allowed the number taking 13- 

blockers to increase from 36 to 44 (Aranda et al, 2005b).

How response is defined

Many studies have attempted to search for new patient baseline selection criteria in 

an effort to better identify potential clinical responders prior to implanting the 

device. However, they often differ in how they define a subsequent positive response 

to CRT and this results in different rates of response/non-response between studies. 

In fact, one review shows that published rates of non-response vary widely from 11- 

47% dependant on whether clinical (lower non-response rates) or echocardiographic 

(higher non-response rates) criteria are applied (Birnie and Tang, 2006). Another 

study examined the correlation between clinical response (defined as improvement in 

NYHA functional class) and echocardiographic response (defined as >15% reduction 

in end-systolic volume) at 6 months post CRT (Bleeker et al, 2006b). Out of 144 

patients, 101 had a clinical and 81 had an echocardiographic response. In 34 patients 

(24%), disagreement was noted between types of response. This was mostly a 

clinical response occurring without echocardiographic response but 7 patients did 

show reverse remodelling without clinical symptom improvement.
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Possible parameters of response could be divided into the following categories:

1) Clinical parameters

• New York Heart Association (NYHA) functional class

Used as an assessment of limitation due to heart failure symptoms, NYHA class has 

been used as a selection criterion and to chart subsequent response. A positive 

responder is usually defined as having improved by at least one functional class 

following CRT.

• Six-minute walk test

This gives an estimate of exercise capacity by measuring the distance walked in six 

minutes. It has been used in a number of disease states including heart failure. It can 

offer independent prognostic information on heart failure morbidity and mortality 

using total distance walked (Bittner et al, 1993) or change in distance walked 

between repeated measures before and after therapy (Passantino et al, 2006). It has 

the advantage of being inexpensive and easy to carry out. One study concluded that 

at least a 10% increase in distance walked needs to occur in order to represent 

meaningful clinical improvement (Opasich et al, 1998). This has been used as a 

minimum cut-off for defining positive response to CRT. Guidelines have been 

developed in order to standardise the test and ensure reproducibility (American 

Thoracic Society, 2002).

• Quality of life score

A number of questionnaires and scoring systems exist in order to gain an overall 

assessment of how heart failure affects daily living. The most commonly used is the 

Minnesota living with heart failure questionnaire, which has been adopted into the 

methodology of many CRT trials as an outcome measure. It consists of 21 questions
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that are scored from 0 to 5 based on average symptom severity over the preceding 

month. It has been validated as a useful measure of response in pharmacological 

trials (Rector et al, 1993). Change in score tends to be used less to define response 

than NYHA or walk distance and there is no consensus on what level of change in 

score should be viewed as significant. The 21 questions are shown below.

The Minnesota Living with Heart Failure Questionnaire (each question is 

scored from 0=not at all to 5=very much)

Did your heart failure prevent you from living as you wanted during the last 

month by:

1 Causing swelling in your ankles, legs, etc...?

2 Making you sit or lie down to rest during the day?

3 Making your walking about or climbing stairs difficult?

4 Making your working around the house or garden difficult?

5 Making going places away from home difficult?

6 Making your sleeping well at night difficult?

7 Making your relating to or doing things with your friends difficult?

8 Making your working to earn a living difficult?

9 Making your recreational pastimes, sports or hobbies difficult?

10 Making your sexual activities difficult?

11 Making you eat less of the foods you like?

12 Making you short of breath?

13 Making you tired, fatigued, or low on energy?

14 Making you stay in a hospital?

15 Costing you money for medical care?

16 Giving you side effects from medications?

17 Making you feel you are a burden to your family & friends?

18 Making you feel a loss of self-control in your life?

19 Making you a worry?

20 Making it difficult for you to concentrate or remember things?

21 Making you feel depressed?
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• Hospitalisation episodes or referral for transplantation

This is taken as representing acute heart failure decompensation requiring hospital 

admission for intensification of treatment or deteriorating/progressive heart failure 

where transplantation is the remaining option for treatment.

• Death

This may be death from all causes, cardiac causes or heart failure related, reflecting 

failure of therapy to prolong life.

Limitations of clinical parameters

The NYHA functional classification has been used as an inclusion criterion and 

measure of outcome in many heart failure studies but it is essentially a subjective 

measure. One patient's threshold for symptoms will be different than another despite 

similar degrees of ventricular dysfunction. In addition, the physician has to decide 

what constitutes ordinary physical activity when assigning an appropriate class. This 

is reasonably straightforward for class 1 (no limitation) and class 4 (rest symptoms) 

but may be more difficult for class 2 and 3. One recent study investigated the 

methods used by cardiologists when assigning NYHA class (Raphael et al, 2007). 

Thirty cardiologists were interviewed and the majority of respondents assigned 

NYHA class by asking patients how far they could walk. However, the authors went 

on to show, by cardiopulmonary exercise testing, that there is poor correlation 

between patient reported exercise distance and actual objective measurement. In 

those that used ability to climb a flight of stairs as a discriminatory question, 2/3 

would classify a patient who had to stop once on climbing as NYHA class 2 and 1/3 

as NYHA class 3. In addition, asking two cardiologists to assess 50 heart failure 

patients in functional classes 2 and 3 tested interobserver variability. They only
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agreed in 54% of cases. Conducting a search of the literature, the authors note that 

studies using NYHA as part of their inclusion criteria and outcome measures 

virtually never make reference to the methods they use to assign NYHA class. They 

suggest, given the lack of consistency in methodology and poor interobserver 

variability, that trials should report their methods so that results can be validated.

The six-minute walk test is commonly used to assess response to CRT but concerns 

have been raised about the reproducibility of repeated tests. This may be related to 

the observation that test outcome is correlated with a number of non-cardiac related 

factors including muscular strength, balance, mood and general health which can 

vary considerably from day to day (Faggiano et al, 2004). It has been suggested that 

at least two tests should be performed at each visit (Refsgaard, 2005). However, this 

may be unfair on patients with advanced disease and already limited exercise 

capacity. Despite limitations as a tool to monitor response to pharmacological 

interventions, one review concludes it is a helpful marker of response to CRT 

because results are generally concordant with symptoms (Olsson et al, 2005). Efforts 

must be made to standardise the test within a trial to improve interpretation of 

results.

Quality of life questionnaires have the advantage of assessing a breadth of symptoms 

related to heart failure such as physical, social and psychological aspects. However, 

one potential limitation is how to discern if a particular symptom is truly due to heart 

failure rather than a comorbid condition or other issue. For example, asking about 

shortness of breath is difficult if the patient also has chronic obstructive airways 

disease. With regards to the Minnesota living with heart failure questionnaire, there 

are other possible reasons why an individual patient may have difficulty sleeping, 

concentrating, eating or feel tired or worried in any particular month. Another
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limitation is similar to NYHA class in that quality of life is essentially a ‘patient 

perception’ of their health status (Dobre et al, 2008). In this aspect, how an 

individual deals with their illness can vary greatly dependant on their mindset and 

not necessarily on how severe the physical disease process is.

Hospitalisation episodes for heart failure may or may not reflect non-response to 

CRT. There are many reasons why an individual patient may experience an acute 

decompensation that does not necessarily mean failure of CRT including non- 

compliance with medication, infection, myocardial ischaemia, increased fluid intake 

or development of atrial fibrillation. Hospitalisation is usually defined as episodes 

requiring the use of intravenous drug therapy but if it is truly due to non-response to 

CRT there should be no obvious reversible precipitant. Transplantation is limited as 

a response marker because it cannot be applied to the whole CRT population due to 

various clinical factors that would exclude a large number from being eligible. 

Mortality is usually considered to be the most important outcome measure in 

randomised trials. However, larger trial numbers are required to draw statistically 

meaningful conclusions and so surrogate markers are usually applied. Whilst death is 

undoubtedly a key concern following CRT, it does not take quality of life prior to 

death into account. Simply wanting to feel better and be able to do more is a major 

desire for many with advanced heart failure. In addition, improved mortality does not 

necessarily correlate with improved symptoms (Anand et al, 2002). Finally, all cause 

mortality may not be the best assessment of response to CRT because patients may 

die from conditions (for example pneumonia) that do not represent a failure of device 

therapy.
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2) Echocardiographic parameters

Echocardiographic response measures are used to reflect whether reverse 

remodelling has taken place following CRT. They include:

• Left ventricular dimensions or volumes

Volume assessment is more typically used than simple dimension measurement as it 

better reflects total ventricular size and shape. Most studies use end-systolic volume 

because it has prognostic value and have viewed a decrease of 10-15% as defining 

meaningful clinical change between echo studies. One published report followed 141 

CRT patients (106 NYHA functional class 3, 68 ischemic aetiology) for a mean 695 

days and showed that a reduction in end-systolic volume of >9.5% had 70% 

sensitivity and specificity in predicting all cause mortality. Reverse remodelling of 

this degree was a strong predictor of long-term survival following CRT whilst 

clinical parameters were not (Yu et al, 2005a). A more accurate way of reporting 

ventricular volumes may be to correct the calculated value for body size by indexing 

to body surface area.

• Left ventricular ejection fraction

The recommended method for calculating ventricular volumes and hence ejection 

fraction (EF) is the biplane method of discs, also called the modified Simpson’s 

method (Lang et al, 2006a). EF provides a useful measure of ventricular function that 

can be serially followed to assess response to a particular therapy.

• Mitral regurgitation

Whilst not considered a measure of reverse remodelling, the severity of mitral 

regurgitation (MR) is an important consideration because it significantly contributes 

to the remodelling process. Ventricular dilatation results in geometric distortion of 

the mitral valve apparatus and functional MR. This can set up a vicious circle
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whereby the MR further worsens ventricular size, which further worsens the MR. In 

addition, the presence of dyssynchrony can cause or amplify MR. Applying CRT 

acutely (by improving coordination of contraction) and chronically (probably by 

reverse remodelling) reduces MR (Breithardt et al, 2003a; Porciani et al, 2006a). 

However, the exact link between MR severity, reverse remodelling and response to 

CRT is still to be unravelled (Brandt et al, 2004).

Limitations of echocardiographic parameters

The value of using echocardiographic CRT response measures is the more objective 

assessment they provide of charting disease progression or regression. Specific 

concerns would be the reproducibility of serial measurements within the same 

individual and technically difficult image acquisition (Marwick, 2003). Some of 

these problems have been partially overcome by recent advances in ultrasound 

equipment and development of contrast agents that aid definition of the endocardial 

border. Published studies also usually try to reduce the influence of variability by 

taking multiple measurements and calculating an average.

3) Physiological parameters 

• Oxygen consumption

Peak oxygen consumption in ml/kg/min (V02max) is calculated during 

cardiopulmonary exercise testing and gives an objective assessment of functional 

capacity and prognosis in heart failure (Kleber et al, 2004). Data from published 

trials suggests that CRT can increase V02max by about 1.5ml/kg/min (Lamp et al, 

2004). It has also been suggested that a baseline V02max of <14ml/kg/min results in 

the most benefit in terms of improved ventilatory capacity following CRT (Aurrichio
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et al, 2002). However, no study has defined response based on VCfimax change and 

compared the clinical and echocardiographic findings between the two groups.

• Biomarkers

A number of biomarkers have been identified that can be used as markers of disease 

severity and/or to assess response to therapeutic intervention in heart failure 

(Braunwald, 2008). There is some evidence that CRT can positively impact some of 

these markers and one study shows that preimplantation Brain Natriuretic Peptide 

(BNP) level could be a useful predictor of response (Lellouche et al, 2007). BNP is 

becoming a novel way of tracking response to pharmacological therapy but no study 

has to date defined response to CRT based on change in biomarker levels such as 

reduction in BNP.

Limitations of physiological parameters

Cardiopulmonary exercise testing is less convenient than other methods of measuring 

CRT response and requires specialised equipment and trained staff. Other means of 

assessing functional capacity may offer similar information but be much simpler to 

carry out. One study found that six-minute walk distance correlated with peak VO2 

and offered similar prognostic outlook in 113 patients with dilated cardiomyopathy 

(Zugck et al, 2000). However, this finding is not consistent with other studies that 

suggest the walk test is not a substitute for V02max (Opasich et al, 2001). 

Biomarkers have the value of being objective but are subject to normal variability 

and other physiological influences. More research is required to clarify their value as 

markers of CRT response.
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4) Long-term response

The concept of long-term response is one other important consideration that needs to 

be taken into account when discussing CRT outcomes and response. Most reports 

use a time frame of 6 to 12 months when defining a long-term positive response. In 

addition, most of the major trials published data from the first year of follow up. The 

CARE-HF trial had the longest follow up at 29 months. It has to be acknowledged 

that it is unclear whether benefits observed during the first 1 or 2 years of CRT will 

translate into maintained benefit out to, for example, 4 or 5 years. More published 

extended outcome data are required.

Predicting positive response

A number of factors have been proposed in the literature as independent markers that 

may help predict a good response following implant of a biventricular pacemaker. 

Some can be identified before implantation and some can be tested at the time of 

implant. This could help with clinical decision making and device programming but 

none have been studied in larger trials and hence no general consensus exists as to 

their usefulness. As published reports use various definitions of response, different 

time frames for assessing response and different technologies for measuring similar 

predictors, they have been summarised in table 8 to allow ease of comparison (a 

larger number of echocardiographic indices have been proposed than shown but 

these are discussed in detail in chapter 3).
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Publication Predictor(s) of

response
Definition of response Comments on study

Reuter et al,

2002

Lack of

response if prior

myocardial

infarction, low

cardiac output,

no significant

MR

Non-response defined as

no improvement in NYHA

or quality of life score at

12 months

n=102, 18 non

responders at 12

months

Yu et al, 2003a LV systolic

dyssynchrony

index (using

tissue Doppler

echo)

>15% decrease in LV end-

systolic volume at 3

months

n=30, 100% sensitivity

and specificity if

baseline index

>32.6msec (index= SD

of time to peak

contraction in 12 LV

segments)

Bax et al,

2004a

LV

dyssynchrony
(using tissue

Doppler echo)

Improvement by >1

NYHA class and >25%

increase in 6MWT at 6

months

n=85, maximal delay in

time to peak

contraction between 4

LV walls >65msec had

80% sensitivity and

specificity for response

Hummel et al,

2005

Myocardial

viability

assessed by

contrast echo

Clinical and echo measures

at 6 months were

correlated with perfusion

score index

n=21, ischaemic

aetiology. Patients with

poor viability had poor

response regardless of

baseline dyssynchrony

Diaz-Infante et

al, 2005

Lack of

response if

ischaemic

aetiology,

severe MR and

LVEDD>75mm

Alive + no transplantation

+ increase in 6MWT by

>10% at 6 months

n=143, if none of these

non-response predictors

were present there was

>90% chance of

positive response
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Lecoq et al,

2005

QRS shortening

with pacing at

implant

Alive + no HFH + fall in

>1 NYHA or >10%

increase in 6MWT or peak

VO2 at 6 months

n=139, retrospective,

no cut-off proposed

de Sisti et al,

2005

NYHA class Survival ± no HFH n=102, NYHA class 4

had significantly less

response

Singh et al,

2006

LV lead

electrical delay

Alive + no HFH at 12

months

n=71, delay <50% of

native QRS associated

with worse outcome

(HR 2.7)

White et al,

2006

Scar burden

assessed by

delay enhanced

MRI

Increase EF >5% or

6M WT by >30m + one

other including fall >1

NYHA class or>10

MLHFQ score at 3 months

n=23, cut-off 15% total

scar gave 85%

sensitivity and 90%

specificity for response

Mangiavacchi

et al, 2006

Non-ischaemic

aetiology

>10% increase in EF at 12

months

n=169, retrospective

Ted row et al,

2006

RVSP

<35mmHg

Alive + no transplant or

LVAD over mean 12

months

n=75, assessed as 2

groups (responder/non

responder) using

median RVSP 35

mmHg to define groups

Da Costa et al,

2006

Myocardial

contractile

reserve at DSE

Alive + no HFH + no

transplantation over mean

12 months

n=67, 1.25 fold

increase in EF at DSE

had 83% NPV, 62%

specificity for adverse

events

Soliman et al,

2007a

Lateral E/E'

ratio at mitral

annulus

Alive + no HFH over

median 24 months

n=74, E/E'>18

significantly increased

risk of adverse event
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Adelstein and

Saba, 2007

Scar burden by

nuclear

perfusion

imaging

Relative increase >15% in

EF at median 1 1 months

n=50, response

correlates with global

scar, scar near LV lead

tip and number of

severely scarred

segments

Ypenburg et al,

2007

Myocardial

contractile

reserve at DSE

>15% decrease in LV end-

systolic volume at 6

months

n=31,7.5% increase in

EF at DSE had 76%

sensitivity, 86%

specificity for response.

Non-responders had no

contractile reserve in

the area of the LV lead

Lellouche et al,

2007

B-type

natriuretic

peptide (BNP)

Improvement >1 NYHA

class + no HFH at 6

months

n=164, retrospective,

BNP>447 pg/ml had

sensitivity 62% and

specificity 79% for

response

Table 8: Summary of studies identifying predictors of response to CRT. LV left 
ventricular, EF ejection fraction, RVSP right ventricular systolic pressure, HFH heart 
failure hospitalisation, NYHA New York Fleart Association, 6MWT six-minute walk 
test, DSE dobutamine stress echocardiography, MLE1FQ Minnesota living with heart 
failure questionnaire, MR mitral regurgitation, LVAD left ventricular assist device, 
HR hazard ratio, NPV negative predictive value

There are obvious limitations to these studies. Small numbers limit the ability to 

interpret survival outcomes and most do not calculate specificity and sensitivity 

values to define cut-off values for their particular proposed predictor. Often, 

parameters are proposed on the basis of one study and are not replicated to add 

validity. The use of different definitions of response and different time frames of 

measuring response may explain very different results. For example, the finding of 

one study that non-response is predicted by the absence of mitral regurgitation 

(Reuter et al, 2002) is in direct conflict with one that shows lack of response is likely
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if severe mitral regurgitation is present (Diaz-Infante et al, 2006). Some studies do 

not assess response at the same time for all those enrolled, which makes comparison 

between participants difficult. In addition, most do not have a control group. 

Nonetheless, these studies do point to the complexity of how best to select the patient 

most likely to benefit from CRT with numerous potentially influential factors 

involved. The MIRACLE study group identified a large number of independent 

predictors of positive response from the combined MIRACLE and MIRACLE-ICD 

trials (Fires et al, 2006). These were NYEIA functional class 4, higher six-minute 

walk distance, use of (3-blockers, lack of endocrine disease, higher supine systolic 

blood pressure, absence of hepatomegaly, first-degree heart block and paroxysmal 

nocturnal dyspnoea. They did not go as far, however, as to suggest any of these be 

used when deciding whether a patient is offered CRT due to lack of predictive 

accuracy. This study shows that many factors may be calculated as statistically 

significant predictors of response if added to a logistic regression model but how 

clinically significant they are is harder to truly determine.

Proposed reasons for non-response

Factors that have been specifically emphasised as reasons why some patients do not 

display adequate response (either clinical or echocardiographic) to CRT, other than 

lack of baseline dyssynchrony, are:

• Incorrect LV lead placement

There is evidence that better outcomes are obtained if the left ventricular (LV) lead is 

placed at the site of maximal contractile delay. This is usually, but not exclusively, 

the lateral or posterolateral LV segment. One study compared, in terms of acute 

haemodynamic response, lateral and anterior wall biventricular pacing in 30 patients
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(Butter et al, 2001). A lateral paced lead position produced a significantly larger rate 

of left ventricular pressure increase in 22/30 patients compared to anterior position. 

In addition, pacing at the anterior site actually resulted in an adverse effect on 

haemodynamics in 11 patients. There is evidence that tailoring LV lead placement to 

the maximally delayed segment can result in better longer term response also. A 

study using strain imaging to locate the most delayed segment and subsequently 

attempt to optimally position the LV lead at implant accordingly resulted in 25 with 

and 22 without optimal position (Becker et al, 2007). At 3 months, LV ejection 

fraction increased by 9% v 5% and VCLmax by 2.0 v 1.1 ml/kg/min in optimal v 

non-optimal positioned groups respectively (both pO.OOl). Some have also 

suggested that detailed assessment of the actual electrical activation sequence (using 

endocardial contact mapping) may be useful because areas of conduction block can 

vary between individuals with a left bundle branch block pattern on 

electrocardiogram (Auricchio et al, 2004a; Fung et al, 2007b).

• Presence of myocardial scar

If response is more likely when left ventricular pacing is applied at a posterolateral 

segment it is desirable that myocardial cells capable of reacting to a pacing stimulus 

are present at that site. This has led to the idea that the presence of significant scar 

tissue can have a negative impact on response. This has been nicely shown in one 

study using contrast-enhanced magnetic resonance imaging to evaluate location and 

size of scar in 40 patients with ischaemic heart failure before CRT (Bleeker et al, 

2006c). Those who had a transmural posterolateral scar (14/40) had persistent 

dyssynchrony and no significant clinical or echocardiographic response at 6 months. 

Two further studies have subsequently assessed the usefulness of determining total 

scar burden as a predictor of response (White et al, 2006; Adelstein et al, 2007; see
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table 8 for details).

• Heart failure aetiology

A number of studies have tried to identify if certain clinical subgroups may be more 

or less likely to respond to CRT. No association has been shown between lack of 

CRT response and diabetes (Fantoni et al, 2008; Ghali et al, 2007; Kies et al, 2005a), 

age (Bleeker et al, 2005a; Delnoy et al, 2008) or gender (Bleeker et al, 2005b). 

However, there is a suggestion that aetiology is an important consideration but the 

evidence is conflicting. There have been three publications that have identified 

presence of ischaemia as negatively influencing likelihood of response (Reuter et al, 

2002; Diaz-Infante et al, 2005; Mangiavacchi et al, 2006; see table 8). Data from the 

MIRACLE trial showed that ischaemic patients had significant reverse remodelling 

at 6 months following CRT but by 12 months ventricular volumes were almost back 

to baseline values (although ventricular dimensions and ejection fraction remained 

improved). This was in contrast to non-ischaemic patients who continued to show 

sustained reductions in volumes at 12 months and had more significant reverse 

remodelling than the ischaemic group (Sutton et al, 2006). Another report also found 

a larger increase in ejection fraction over 12 months in those without coronary artery 

disease (Gasparini et al, 2003a). However the original published MIRACLE results 

had shown no difference in primary outcome based on aetiology. There was a similar 

finding in the COMPANION trial. Smaller studies comparing ischaemic with non- 

ischaemic groups have also failed to demonstrate significant differences in outcome 

(Molhoek et al, 2004b; Leclercq et al, 2004). Therefore, the exact influence of 

aetiology on long-term outcome following CRT is not clear. Less response may be 

related to presence of significant scar tissue or lack of viability or contractile reserve, 

which is more likely in those with an ischaemic heart failure origin. Most evidence
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shows that those with ischaemic heart failure do gain clinical and echocardiographic 

benefit, even if it may not be as sizeable as those without ischaemia. Hence, CRT 

should not be denied to a patient based solely on aetiology.

1.7.2 Beyond QRS duration- defining dyssynchrony

All of the randomised trials to date have selected patients for CRT using the QRS 

duration on the ECG as the primary means of identifying those with significant 

myocardial dyssynchrony. Evidence now suggests that this is not an ideal marker for 

predicting response to CRT and there are also a potentially large number of patients 

who could benefit from CRT who do not fit current recommended ECG selection 

criteria. Two particular groups of interest are those with a narrow QRS duration and 

those with a right bundle branch block pattern on ECG.

Narro-w QRS duration

The weight of available evidence suggests no significant correlation exists between 

baseline QRS width preCRT or narrowing of the QRS complex following CRT and 

degree of clinical change in terms of functional status or echocardiographic markers 

of reverse remodelling. Some reports suggest that responders to CRT demonstrate 

more significant QRS narrowing with pacing than non-responders (Alonso et al, 

1999; Boriani et al, 2006b). However, these are small studies with less than 30 

patients. Other investigators confirm that baseline QRS is not a helpful predictor of 

response but QRS shortening (Molhoek et al, 2004c; Lecoq et al, 2005) or 

lengthening (Her et al, 2008) post implant may help discriminate likely response. 

However, on further analysis none of these studies were able to recommend a cut-off 

value for QRS change that is clinically meaningful. A larger study divided 242 CRT
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patients into clinical and echocardiographic responders and non-responders and 

found baseline QRS could not predict either type of response at 6 months (Mollema 

et al, 2007). In addition, long-term CRT does not seem to have an electrical 

remodelling effect on the intrinsic electrocardiographic appearance (Vogt et al, 

2000). One of the reasons for poor correlation between CRT response and QRS 

width is the observation that presence of electrical dyssynchrony does not always 

mean presence of mechanical dyssynchrony and vice versa. One report, in a dog 

model of left bundle branch block heart failure, demonstrated that left ventricular 

pacing improved mechanical synchrony but increased electrical dispersion assessed 

by epicardial mapping (Leclercq et al, 2002b).

A number of studies have now shown that significant myocardial mechanical 

dyssynchrony can exist even in the presence of a normal QRS duration on ECG. 

These have used tissue Doppler echocardiography to evaluate regional ventricular 

wall contraction and/or relaxation delays (this technique is explored in greater detail 

in chapter 3). One study evaluated 200 subjects of whom 67 had heart failure and 

QRS <120msec, 45 had heart failure and QRS > 120msec and 88 were normal 

controls (Yu et al, 2003b). They assessed systolic and diastolic dyssynchrony using 

maximal difference in time to peak systolic contraction and early diastolic relaxation 

among 12 myocardial wall segments as well as the standard deviation of the timings 

of the 12 segments. The mean maximal difference in time to peak systolic 

contraction was 53msec in control, 107msec in narrow QRS and 130 in wide QRS 

groups. They found a prevalence of systolic and diastolic dyssynchrony of 73% and 

69%, respectively, in the wide QRS group and 51% and 46%, respectively, in the 

narrow QRS group (using a maximal difference in time to peak systolic or diastolic 

velocity of >100msec to define significant dyssynchrony). Another study of 158
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patients evaluated the prevalence of both interventricular and intraventricular 

dyssynchrony (Ohio et al, 2004). In the 61 subjects with narrow QRS duration, 

12.5% had significant interventricular dyssynchrony (defined as mechanical delay 

>40msec between left and right ventricles) and 29.5% had significant intraventricular 

dyssynchrony (defined as a maximal delay in time to onset of systolic contraction 

>50msec between 8 left ventricular wall segments). Using difference in time to peak 

contraction greater than 105msec between opposing wall segments resulted in 61/100 

patients demonstrating dyssynchrony and of these, 31/61 had a narrow QRS (Perry et 

al, 2006). One further small study of 64 patients with QRS <120msec measured only 

the delay between the septal and lateral left ventricular walls (Bleeker et al, 2005c). 

Using a definition of septal to lateral delay >60msec, they found significant 

dyssynchrony to be present in one third of patients. In summary, studies suggest 

mechanical dyssynchrony to be present in about one third to one half of those with 

heart failure and narrow QRS whilst approximately one in three with a wide QRS 

will not have any evidence of significant mechanical dyssynchrony as assessed by 

tissue Doppler imaging techniques. In addition, dyssynchrony with a narrow QRS 

duration does appear to have clinical consequences. In a study of 106 patients with 

normal QRS duration, a maximal difference in tissue Doppler derived time to peak 

systolic velocity between 8 wall segments >91msec was independently associated 

with increased risk of clinical events and death over a mean follow up of 17 months 

(Cho et al, 2005).

Given the prevalence and relevance of dyssynchrony in those with narrow QRS, 

there are reports of benefit from CRT in this group. In one study, of 52 patients with 

echocardiographic evidence of dyssynchrony, patients with QRS <120msec (n= 14) 

derived similar improvements in symptoms, walk distance and measures of reverse
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remodelling compared to those with QRS >120msec (Achilli et al, 2003). 

Interestingly, these clinical benefits occurred alongside a significant reduction in 

interventricular but not intraventricular dyssynchrony. Comparable responses to CRT 

between those with wide and those with narrow QRS (who have mechanical 

dyssynchrony) have also been found by other groups (Bleeker et al, 2006d; Yu et al, 

2006a). However, these studies were not controlled trials. The Cardiac 

resynchronization therapy in patients with heart failure and narrow QRS (RethinQ) 

trial found no difference between CRT and control using a primary end point of 

increase in VC^max by at least Iml/kg/min (Beshai et al, 2007). The study enrolled 

172 patients with a narrow QRS <130msec, NYHA functional class 3, left 

ventricular ejection fraction <35% and echocardiographic evidence of dyssynchrony. 

The primary end point was reached by 46% in the CRT group and 41% in the control 

group at 6 months. The CRT group did have a significantly better response in terms 

of NYHA functional class but other response markers (quality of life score, six- 

minute walk distance and echocardiographic measures) were not different. 

Therefore, the negative findings cannot be explained simply by how response was 

defined. More randomised trials are necessary to evaluate CRT in this group.

Right bundle branch block (RBBB)

It has traditionally been thought that LBBB is the conduction abnormality that is 

most malignant and that RBBB is generally benign with no significant prognostic 

value. However, this view has been challenged. One report, which excluded patients 

with heart failure, demonstrated RBBB to be an independent predictor of all cause 

mortality with a hazard ratio of 1.5 over 6 years in those with suspected or proven 

coronary artery disease. This was similar to the risk from LBBB (Hesse et al, 2001).
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Whilst CRT criteria are based on QRS duration rather than morphology, there is a 

shortage of published data on the usefulness of CRT in those with RBBB. One small 

report of 12 patients found improvement in NYHA class, treadmill walking distance 

and left ventricular diastolic size over 12 months (Garrigue et al, 2001). However, 

the benefit appeared to be limited to the 9 patients who also had significant left 

intraventricular delays as demonstrated by tissue Doppler echocardiography. A 

pooled analysis of the small number of patients (n=64) with RBBB enrolled in the 

MIRACLE and CONTAK CD trials showed only improvement in NYHA class at 6 

months but this was also observed in control subjects (Egoavil et al, 2005). Part of 

this lack of benefit may be explained by findings in an animal model that show pure 

RBBB induces less mechanical dyssynchrony than LBBB despite similar deleterious 

effects on ventricular function (Byrne et al, 2007). Also, with RBBB, the left 

ventricle contracts early relative to the right and so presumably pre-exciting the left 

ventricle is illogical. Therefore, it appears that isolated RBBB is unlikely to benefit 

from CRT but if there are concomitant left ventricular delays, which are not revealed 

on the ECG, a clinical advantage might be gained.

1.7.3 Beyond dyssynchrony- defining the mechanistic benefit 

It is believed that the main mechanism behind the clinical success of CRT is the 

reversal of dyssynchrony of myocardial contraction. There are a number of other 

mechanistic benefits that have been observed following CRT that are related to other 

aspects of heart failure pathophysiology. Whether all these flow from simply 

reversing the lack of coordination or if biventricular pacing has other direct 

physiological effects is unclear. Other important considerations concerning the 

mechanism of CRT benefit are:
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Dyssynchrony- cause or effect?

One issue that has not been adequately addressed in the CRT literature is whether, 

for an individual patient, electromechanical dyssynchrony has potentially been the 

initial insult that has triggered heart failure or if (as is usually assumed) it has 

occurred secondary to other processes such as remodelling, fibrosis or ischaemia. 

Isolated left bundle branch block has been implicated as a cause of heart failure 

(Zannad et al, 2007). This may explain why some patients with presumed idiopathic 

dilated cardiomyopathy seem to respond much better to CRT than some with 

ischaemic aetiology. It may be that the cause of the cardiomyopathy is the 

dyssynchrony and reversing it may allow complete recovery of function (in a similar 

way to how interrupting a tachyarrhythmia may allow reversal of tachycardia- 

induced cardiomyopathy). One report found 5/29 patients with left bundle branch 

block and dilated cardiomyopathy showed normalisation of ventricular function 12 

months following CRT with ejection fraction increasing from 19±6 to 55±3% (Blanc 

et al, 2005). The authors of this study suggest this condition be termed Teft 

ventricular dyssynchrony-induced cardiomyopathy. How chronic dyssynchrony may 

itself be a trigger for ventricular remodelling needs further study. However, in a dog 

model of LBBB, mean left ventricular volumes increased by 25% and ejection 

fraction fell by 23% after 16 weeks. This was thought to result from altered 

myocardial blood flow and wall motion induced by the conduction block (Vernooy et 

al, 2005). A follow up study, by the same group, showed that biventricular pacing 

could reverse the functional and structural abnormalities induced by the LBBB. They 

have suggested the term ‘dyssynchronopathy’ to describe LBBB induced 

remodelling (Vernooy et al, 2007).
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• Effect on myocardial energetics

Heart failure is a state of metabolic inefficiency. The presence of dyssynchrony of 

contraction only compounds this inefficiency with altered perfusion and oxidative 

metabolism. One of the problems with using inotropic agents to enhance systolic 

function is their need to increase myocardial utilization of already limited energy 

resources. In contrast, CRT has a positive effect on heart contractile strength without 

increased energy demand. One study demonstrated a 43±6% increase in maximal 

rate of left ventricular pressure rise (dP/dtmax) despite a 8±6.5% decline in 

myocardial oxygen consumption (MVO2) which contrasted with similar dP/dtmax 

increase following dobutamine but a 22+11% rise in MVO2 (Nelson et al, 2000). A 

number of studies have used positron emission tomography to evaluate the effect of 

CRT on perfusion and oxidative metabolism (Bax et al, 2005). Whilst all have 

involved small numbers (n=8 to 15) of participants, they together show that CRT 

does not affect myocardial blood flow or oxidative metabolism but does increase 

septal glucose utilization and systolic function. In addition, contractile efficiency is 

consistently improved. These mechanistic benefits do appear to be linked to more 

synchronous contraction patterns.

• Effects on remodelling

The ability of CRT to promote reverse remodelling of the left ventricle has already 

been discussed. However CRT can also improve left atrial (Yu et al, 2007a) and right 

ventricular (Bleeker et al, 2005d) function. Although limited data are available, 

remodelling of these chambers has the potential to contribute to the mechanism of 

CRT symptomatic benefit through reduced tricuspid regurgitation and pulmonary 

pressures (right ventricle) as well as likelihood of atrial fibrillation (left atrium). In
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addition, right ventricular failure worsens prognosis and should be a target of 

therapy. A number of possibilities could explain the exact mechanism behind 

remodelling after CRT including enhanced synchrony, reduced mitral regurgitation, 

improved myocardial metabolic efficiency and/or favourable neurohormonal 

profiles.

• Effects on neurohormonal activation

The key molecules with adverse effects in heart failure are norepinephrine and 

angiotensin II but many others have detrimental effects (table 3). CRT has been 

shown to reduce heart rate variability (HRV), which reflects sympathetic activation 

(Adamson et al, 2003). One study suggests that failure to improve HRV by 4 weeks 

after CRT increases the risk of an adverse outcome (Fantoni et al, 2005).

On the other hand, natriuretic peptides levels rise as a compensatory response to 

improve fluid loss. CRT reduces natriuretic peptide levels, which is likely linked to 

reduction in ventricular volumes and improved systolic function (Fruhwald et al, 

2007). Other studies have observed reductions in norepinephrine, inflammatory 

mediators and endothelin but results are not always consistent. This is explored in 

more detail in chapter 4 but alterations in biomarkers may be a useful way to monitor 

and predict CRT response.

• Effects on molecular abnormalities

Dyssynchrony is associated with altered protein expression (Spragg et al, 2003) and 

CRT has now been shown to impact on gene expression. In one study, responders 

demonstrated increased messenger ribonucleic acid (mRNA) levels of particular 

contractile and calcium regulatory genes that were depressed prior to CRT
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(Vanderheyden et al, 2008a). Another study by the same group showed CRT to be 

associated with up regulation of (31-adrenoreceptor gene expression (Vanderheyden 

et al, 2008b). One other study has demonstrated change in myocardial gene 

expression following CRT (Iyengar et al, 2007). These positive molecular changes 

reveal that true reverse remodelling is taking place in response to CRT. Further study 

would be useful to discern if true long-term survival for years after CRT is mainly 

linked to long-term beneficial alterations at the cellular/molecular level.

• Placebo effect?

Whilst evidence does show a true impact of CRT on disease pathophysiology, some 

have argued that implantation of a device has a significant placebo effect (Mehra and 

Greenberg, 2004). This is based on the observation that a sizeable proportion of 

patients in the control groups of large CRT trials (who received a device but were not 

paced) demonstrated symptomatic benefit. In the MIRACLE trial, which was double 

blind in design, 38% of the control group improved in terms of NYHA functional 

class. The placebo argument is partially valid but given the limitations of subjective 

measures of benefit, it may be better to move more towards a definition of CRT 

response that is more objective. It is difficult to argue for a placebo effect, as the 

mechanism of benefit, if the ventricular size reduces or natriuretic peptide levels 

normalise after initiation of a therapy.

In summary, CRT has the potential to impact on a number of different 

pathophysiological processes that contribute to progressive heart failure as well as 

offering a probable symptom placebo effect to some patients. As discussed earlier, 

current understanding views neurohormonal activation and reverse remodelling as

88



the main forces that lead to other detrimental factors including dyssynchrony. 

However, a key question is how much dyssynchrony itself may be driving the 

process and this may help predict the likely outcome after CRT is applied. More 

research is required in the area of mechanistic benefits to discern if this is a valid 

concept. Whilst studies show CRT response is related to reversal of dyssynchrony, 

not all who have reversal of dyssynchrony equally respond. Does true response only 

occur in those who have reversal of dyssynchrony plus improved metabolic 

efficiency plus improved neurohormonal profiles that then leads to reverse 

remodelling and enhanced survival? Do some patients still have reverse remodelling 

after CRT even if dyssynchrony persists and if so what is the mechanism? Further 

investigation to answer some of these questions may help improve selection for 

CRT.

1.7.4 Other considerations- defining the individual patient

A number of other clinical considerations concerning CRT are also viewed as 

important in improving the response rate to this treatment. Many are still active areas 

of research. There are reports of benefit in patient groups other than those included in 

large published trials and further trials are ongoing to investigate if CRT could be 

made available to a broader population than originally thought.

Origin of heart failure

All of the available trials enrolled patients with heart failure due to ischaemic or 

idiopathic dilated cardiomyopathy. There is future potential for CRT to extend to 

managing other conditions such as congenital heart disease in paediatric populations 

(Dubin et al, 2005; Janousek et al, 2004) and advanced hypertrophic cardiomyopathy
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(Rogers et al, 2008). There may also be potential benefits in refractory angina 

(Gasparini et al, 2003b), sleep apnoea (Kara et al, 2008) or after cardiac surgery 

(Weisse et al, 2002).

Pacemaker upgrades

Right ventricular (RV) based pacing is a risk factor for development of heart failure 

(Freudenberger et al, 2005). It reduces left ventricular function and may adversely 

affect prognosis. The Dual chamber and VVI Implantable Defibrillator (DAVID) 

trial showed increased primary end point (death or heart failure hospitalisation) 

occurrence with permanent pacing compared to back-up pacing in a cohort with left 

ventricular dysfunction (Wilkoff et al, 2002). The detrimental effects are probably 

due to the altered activation sequence induced by RV pacing (simulating a left 

bundle branch block) but other mechanisms may also play a role. One study used 

nuclear imaging to evaluate the effects of constant RV pacing on 12 subjects with 

normal baseline left ventricular function (Nahlawi et al, 2004). Ejection fraction fell 

from 66% to 60% after 2 hours pacing and 53% after 1 week of pacing. It remained 

depressed at 24 hours after cessation of pacing. The authors concluded that, because 

LV function progressively fell with time and remained depressed after the normal 

activation sequence was restored, other mechanisms were involved in addition to loss 

of synchrony. CRT may be a better option than RV pacing if there is concurrent heart 

failure (Ritter et al, 2006). A number of studies have now demonstrated the benefit in 

upgrading from a dual chamber pacemaker to a biventricular device in those who 

have heart failure and left ventricular dysfunction. Change from chronic right 

ventricular pacing to CRT results in clinical improvement, echocardiographic reverse 

remodelling and more synchronous myocardial contraction (Witte et al, 2006;
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Eldadah et al, 2006; Marai et al, 2006). Data from the MUSTIC study also shows 

that upgrading from VVIR pacing mode to CRT is beneficial, in terms of walk 

distance, VC^max and hospitalisations for heart failure, in patients with NYHA 

functional class 3 and chronic atrial fibrillation (Leclercq et al, 2002a). Based on this 

data, consideration should be given to CRT when a patient, who has a dual chamber 

pacemaker and high percentage pacing, presents with heart failure.

Left univentricular or biventricular pacing

Given that wall segments within the left ventricle are almost always the most delayed 

some have suggested that a pacing lead on the left ventricle only is required.

The first PATH-CHF trial showed no difference, in the early weeks, between best 

left ventricular (TV) pacing and biventricular (BY) pacing. This suggests that 

resynchronization can be achieved with one ventricular lead, rather than the need for 

two, if there is haemodynamic optimisation at the time of device implant. PATH- 

CHF II enrolled 86 patients with NYHA functional class 2-4, QRS > 120msec, left 

ventricular ejection fraction <30% and VC^max <18ml/kg/min in order to compare 

LV with control (inactive) pacing using a crossover design (Auricchio et al, 2003). 

Clinical benefit from LV pacing was only demonstrated in those with baseline QRS 

> 150msec. Others have shown that LV pacing results in similar clinical and 

echocardiographic response compared to BV pacing. The BELIEVE trial (Gasparini 

et al, 2006b) suggested equivalence of effect on ventricular function at 12 months 

while the DECREASE-HF trial (Rao et al, 2007) suggested a trend toward better 

remodelling at 6 months with simultaneous BV pacing, although there was really no 

significant differences between pacing modes overall. The proposed benefit of LV 

pacing is to make the procedure easier. However, the challenge of BV pacing is
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placement of the left ventricular lead and many patients require a right-sided lead for 

defibrillation purposes. In addition. LV leads are more prone to displacement. This is 

an important consideration in those patients who become pacemaker dependant. 

Therefore, unless subsequent studies show superiority, BY pacing is likely to remain 

the preferred approach.

ICD combination

Implantable cardioverter defibrillators (ICD’s) have become a standard treatment for 

a subgroup of patients with significant left ventricular dysfunction (Cesario and Dec, 

2006). The Multicentre Automatic Defibrillator Implantation Trial II (MADIT-II) 

demonstrated a 5.6% absolute mortality reduction following prophylactic ICD 

insertion in patients with a history of myocardial infarction, left ventricular ejection 

fraction <30% and NYHA functional class 1-3 (Moss et al, 2002). The Sudden 

Cardiac Death in Heart Failure Trial (SCD-HEFT) randomised patients with NYHA 

class 2 or 3 heart failure, ejection fraction <35% and ischaemic or dilated 

cardiomyopathies to receive placebo, amiodarone or an ICD (Bardy et al, 2005). 

There was no survival advantage for those on amiodarone but the ICD group had an 

absolute mortality reduction of 7.2% compared to placebo over a median follow up 

of five years. The Defibrillators in Non-Ischemic Cardiomyopathy Treatment 

Evaluation (DEFINITE) trial showed a significant benefit, in terms of reduced 

sudden death, by insertion of a prophylactic ICD in those with dilated (non- 

ischaemic) cardiomyopathy, ejection fraction <36% and evidence of non-sustained 

ventricular arrhythmia. Total mortality was also lower in the ICD group but not 

statistically significant (Kadish et al, 2004). These three trials together reveal the 

value of an ICD in both ischaemic and non-ischaemic patients with advanced left

92



ventricular dysfunction. However, the majority of those included in the studies were 

in NYHA functional class 2 heart failure, a group not currently recommended for 

CRT. Also, a predefined subgroup analysis in MADIT-II demonstrated no ICD 

survival advantage in those with NYHA class 3. In addition, ICD devices are not 

without drawbacks, especially in terms of cost and restrictions on patient lifestyle 

(e.g. motor driving and the psychological impact of shock delivery). A pooled 

analysis of ten primary prevention studies in patients with ventricular dysfunction 

calculated a 7.9% absolute mortality reduction from an ICD but the authors added 

the caveat that these devices need to be individualised to each patient (Nanthakumar 

et al, 2004). This has resulted in considerable debate as regards the merits/demerits 

of adding an ICD to those receiving a CRT device. Which patient should get a 

biventricular pacemaker alone (CRT-P) and who should get a combined biventricular 

pacemaker/ICD device (CRT-D)? Some advocate that all patients should be 

considered for the combined device (Ellenbogen et al, 2005) whilst others feel that 

CRT-D should be reserved for those with a secondary prevention indication for ICD 

or else for younger patients without comorbidities (Daubert et al, 2005).

There have been no head to head comparisons between the two types of device. The 

Multicentre InSync ICD Randomized Clinical Evaluation trial (MIRACLE ICD) was 

the first randomised trial to demonstrate the safety and clinical benefit of CRT-D 

(Young et al, 2003). However, it was primarily aimed at investigating the value of 

adding CRT in those with an already established indication for ICD. Therefore, 

CRT-D was compared with ICD alone rather than CRT-P. Enrolled patients had 

characteristics similar to those in the MIRACLE study with the additional inclusion 

criteria of prior cardiac arrest or poorly tolerated ventricular tachycardia. In other 

words, the ICD indication was for secondary prevention. The only clinical difference
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of adding CRT in this population, compared to the MIRACLE population, for 

unclear reasons, was a lack of improvement in six-minute walk distance.

The defibrillator group in COMPANION received an ICD for primary prevention 

reasons (no prior significant arrhythmia). Whilst there was a difference in mortality 

outcomes in COMPANION between groups, the trial was not designed to directly 

compare CRT-P against CRT-D. This makes it difficult to draw firm conclusions on 

any true advantage of CRT-D.

It does not seem to matter whether the ICD is implanted for primary or secondary 

prevention indications. One report showed appropriate ICD therapy was delivered 

within 2 years of device implant in 21% and 35% of primary and secondary 

prevention groups respectively. The authors could not identify any predictors of ICD 

therapy and so suggested that all CRT eligible patients should also have an ICD 

(Ypenburg et al, 2006).

Whilst CARE-HF showed the value of CRT-P, it could be argued that the study 

population were lower risk given that those with an established indication for ICD 

were excluded. Despite this, 29 out of the 82 (35%) deaths in the CARE-HF CRT 

group were classified as sudden suggesting a possible additional gain to be made 

using CRT-D. However, through its beneficial effects on reverse remodelling, CRT 

alone may theoretically reduce life threatening rhythm disturbance as cardiac size 

and function improves (Kies et al, 2005b). It also improves heart rate variability, 

which is a risk factor for cardiac death (Fantoni et al, 2005). The evidence 

investigating the impact of CRT on arrhythmia occurrence is conflicting with some 

suggesting CRT reduces risk (Ermis et al, 2005) while others suggest it is either 

neutral (Lin et al, 2008) or even promotes arrhythmias (Fish et al, 2005). One 

potential reason for this may be the fact that those with less severe heart failure are
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more at risk from sudden death as mode of death than pump failure and CRT 

promotes a shift from a severe to milder clinical state. If ongoing trials reveal CRT to 

also have a positive mortality impact on less severe heart failure (NYHA class 1 or 

2), this may be the group who would have most to gain from CRT-D (given the 

overall evidence seems to point to the main benefit of an ICD being in this 

population). Until further evidence is available the heart failure guidelines take a 

fairly pragmatic approach. For example, the European Society of Cardiology gives 

CRT-D a class 2a (opinion/evidence is conflicting but generally in favour of its 

usefulness), level of evidence B (single randomised trial) recommendation with the 

words that such a device “can be considered” in the symptomatic NYHA class 3 or 4 

patient with ejection fraction <35% and QRS >120msec.

Diastolic dyssynchrony

The focus on CRT as a treatment for systolic heart failure is well founded. However, 

there is evidence that dyssynchrony is not only a process that affects systole but also 

diastole (Yu et al, 2003b). One study actually revealed diastolic dyssynchrony to be 

more prevalent than systolic. Using tissue Doppler imaging to assess 116 patients 

with heart failure it was found that 58% had diastolic and 47% had systolic 

intraventricular dyssynchrony (Schuster et al, 2005). Following CRT in 42 of these 

patients, diastolic dyssynchrony reduced from 81% at baseline to 55% with 

biventricular pacing (p<0.0002). The authors hypothesised that persistent diastolic 

dyssynchrony may contribute to lack of response following CRT. Another study 

suggests that a restrictive left ventricular filling pattern prior to CRT may be 

associated with less clinical and reverse remodelling response (Salukhe et al, 2005). 

There is also evidence to show acute improvement in diastolic function post-CRT in
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those who have echocardiographic features of high left ventricular filling pressures 

pre-CRT (Waggoner et al, 2005a). However, results are not consistent across studies. 

Another study from the same authors suggests that any improvement in diastolic 

parameters is linked to improvement in systolic function (Waggoner et al, 2005b). A 

study of 76 patients showed no influence of baseline diastolic dysfunction or 

dyssynchrony on response to CRT. In addition, CRT did not improve diastolic 

function or dyssynchrony (Yu et al, 2006b). Part of the variation in results across 

studies may be inconsistent definitions of diastolic function or dyssynchrony. At 

present, there is not enough evidence to suggest diastolic function or dyssynchrony 

should play a significant role in the decision to implant a CRT device nor has a 

significant role in affecting response to CRT independent from systolic influences.

Effect of exercise on dyssynchrony

Almost all the available evidence for the ability of CRT to reverse dyssynchrony has 

been based on assessments carried out on patients when in a resting state. There is 

limited data on the how exercise impacts on dyssynchrony and CRT. One report of 

20 patients suggests rate adaptive pacing and an adaptive atrioventricular interval can 

improve exercise performance following CRT (Tse et al, 2005). In another study, 

CRT acutely reduced exercise induced increase in functional mitral regurgitation and 

improved left ventricular performance in 21 patients when compared to their device 

switched off (Ennezat et al, 2006). There is one study that demonstrates the mixed 

impact of exercise on ventricular dyssynchrony. A group of 65 heart failure patients 

had echocardiographic assessment of dyssynchrony before and during exercise. At 

least half showed some evidence of dyssynchrony at rest. Exercise resulted in 

marked differences between individuals with dyssynchrony increased in some.
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reduced in others and unchanged in the rest. It also induced dyssynchrony in some 

who had none at rest and normalised rest dyssynchrony in others (Lafitte et al, 2006). 

CRT may therefore potentially reverse dyssynchrony at rest but subsequently 

exercise may alter activation patterns, haemodynamics, degree of dyssynchrony and 

ventricular function. In one study, optimal interventricular delay settings were 

different at rest and during exercise in 13/23 patients (Bordachar et al, 2006). This 

limited data reveals that more research is required on the effects of exercise on the 

functioning of CRT and that it may be useful to reassess patients who become much 

more active following implantation in terms of device optimisation.

1.7.5 Summary

Reviewing all of the above issues and available evidence surrounding the debate on 

response to CRT reveals the importance of defining three things. First, define what 

response one is expecting and how one is going to measure if that response has been 

achieved. Usually more than just an improvement in symptoms is hoped for and so 

perhaps the focus should be more on CRT as a means of preventing disease 

progression. Thus, measures of reverse remodelling or other objective markers such 

as heart failure biomarkers may be preferable in assessing true response. Second, 

define what one means by dyssynchrony and the degree to which it is likely 

contributing to current disease status. The QRS duration is a useful marker but 

current evidence suggests additional assessment of dyssynchrony should be carried 

out. The ideal tool to do this is still a matter of active investigation and debate. A 

number of mechanistic benefits are gained from CRT. Research is required to assess 

if these can be obtained independent of dyssynchrony correction. Third, define the
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individual patient when considering whether this is an appropriate treatment option 

and whether it should be offered even if formal guideline criteria are not met.

1.8 Conclusion

Heart failure is a growing burden in terms of its impact on individuals and the 

healthcare system. It can result from a host of different causes and has a number of 

complex pathophysiological mechanisms that interact to produce the clinical 

syndrome. Despite great advances in pharmacological treatment, the resultant 

morbidity and mortality are still unacceptably high. Cardiac resynchronization 

therapy, through the implantation of a biventricular pacemaker, has emerged over the 

last 10 years as a novel treatment option in selected heart failure patients who display 

intraventricular conduction delay. Early studies demonstrating haemodynamic 

benefit have been followed by large randomised clinical studies that have now shown 

this therapy to produce a symptom and survival advantage that is in addition to 

standard medical treatments. The main mechanism of action of CRT is thought to be 

through the correction of myocardial electromechanical contraction delays 

(dyssynchrony). However about a third of those thought eligible for CRT do not 

appear to gain any benefit. In addition, other patient groups may benefit despite not 

meeting current guidelines for device implantation. Hence, significant questions 

remain to be answered concerning this therapy. Ongoing research is attempting to 

clarify why this therapy works, how long it works for, who is most likely to respond 

to it and what the best way to define response actually is.
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1.9 Purpose and direction of thesis

The purpose of this thesis is to investigate some of the unanswered questions 

surrounding the application of CRT to clinical medical practice. Chapter 2 explores 

the long-term clinical and echocardiographic response to this treatment, the influence 

of aetiology on long-term outcome and compares long-term survivors with non

survivors. Chapter 3 investigates the value and limitation of pulsed-wave tissue 

Doppler echocardiography as a tool for identifying myocardial dyssynchrony, which 

parameter may be most useful in routine clinical practice and whether dyssynchrony 

is a dynamic process over time. Chapter 4 explores the effect of CRT on some 

biomarkers that are associated with heart failure and on their potential to be used for 

defining, predicting and/or monitoring response to CRT. Finally, chapter 5 seeks to 

look forward and investigate how CRT theory and practice may be of benefit in other 

clinical situations. Chapter 6 contains concluding reflections on the future of CRT as 

a treatment for heart failure and suggests where further research should focus.
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Chapter 2

Long-term response to CRT: clinical and echocardiographic features

2.1 Introduction

The ultimate aim of CRT should be to prolong the duration of life and improve the 

quality of life in heart failure patients who fulfil the criteria for device implantation. 

In order to truly assess the ability of this therapy to fulfil these aims, long-term 

follow up is required. Early randomised CRT trials defined long-term as anything 

from 3 to 12 months. This is similar to smaller published studies seeking to identify 

predictors of response to therapy. However, just because a particular parameter 

predicts response (often defined using a surrogate end point) at 6 months does not 

automatically mean it will predict subsequent mortality reduction so that the patient 

will live for a number of years. In addition, whilst data now exist to show CRT 

improves morbidity and mortality, it is desirable that this benefit continues to extend 

beyond the time frame of the clinical trial. The concept of true long-term response 

could be considered under 3 categories:

1. Long-term mortality

Data beyond 2 years of follow up are limited. An observational study of 1298 

patients does suggest favourable long-term survival outcomes following CRT outside 

of a controlled trial setting (Auricchio et al, 2007). Over a median follow up of 34 

months there were 183 (14.1%) deaths (107 heart failure, 36 sudden death, 34 other 

causes, 6 unknown).
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The 2 large trials with mortality outcomes, COMPANION and CARE-HF, had 

follow up periods of 16 (median) and 29 (mean) months respectively. An extension 

phase to CARE-HF has also been published with mean follow up out to 37.4 months 

(Cleland et al, 2006). This revealed an absolute reduction in mortality between 

medical and CRT groups of 13.4% (figure 1). The reduction in mortality was similar 

across a number of pre-specified subgroups including baseline NYHA class, QRS 

duration, ejection fraction and heart failure aetiology. Whilst the original trial 

showed mortality benefit to be mainly due to reduction in heart failure death, the 

extension phase also reported a significant long-term benefit in terms of reduction in 

sudden cardiac death.

It would appear, therefore, that CRT continues to improve overall survival to at least 

3 years after device implant.

Hazard ratio 0.60

Medical
therapy

> 0.50-

Mean follow-up 37.4 months {range 26.1-52.6) 
CRT deaths = 101 (24.7%)
Medical therapy deaths = 154 (38.1%)

Time (days)
Figure 1: Kaplan-Meier survival curves from the CARE-HF extension phase 
(Cleland et al, 2006)

2. Long-term morbidity

Whilst prolongation of life is a primary desire, it must be accompanied by an
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improvement in quality of life so that the patient can enjoy the mortality benefit 

gained. This could be defined in terms of improvement in symptom score and/or 

exercise capacity or reduction in hospitalisation days for heart failure. There are 

reports that the benefits of CRT on morbidity observed in many studies over the first 

year of treatment are maintained out to 3 (Stahlberg et al, 2005) and 4 (Gasparini et 

al, 2006c) years. Data beyond 4 years are lacking.

3. Long-term reverse remodelling

It is likely that a significant part of the prolonged mortality and morbidity effect can 

be attributed to the process of reverse remodelling that is observed following CRT 

initiation. One study demonstrated a reduction in end-systolic volume of at least 10% 

at 6 months post-CRT to predict long-term survival whilst clinical improvements 

were unhelpful as guides to outcome (Yu et al, 2005a). Results from randomised 

CRT trials consistently demonstrate significant echocardiographic reverse 

remodelling during the first 6-12 months of therapy with reduction in left ventricular 

dimensions and volumes as well as improvement in ejection fraction (table 1). 

CARE-HF reported a mean 6.9% increase in left ventricular ejection fraction in the 

CRT group compared to the optimal medical therapy group at 18 months but have 

yet to publish any longer term echo results. How the remodelling process is affected 

over a prolonged period following CRT is unclear. It may be possible that the degree 

of reverse remodelling slows over time with an eventual further decline in heart 

function. This may partly explain why many CRT patients will still eventually die of 

progressive cardiac failure. Alternatively, reverse remodelling might potentially be a 

sustained or even continual process in long-term survivors of this treatment. One 

study proposed the term ‘heart failure remission phase’ to describe those who appear
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to almost completely recover ventricular function (ejection fraction >50%) after CRT 

(Gasparini et al, 2008). It is also likely, given the known link between degree of 

cardiac impairment and mortality, that those who do not display any significant 

reverse remodelling during the first year of CRT are more at risk of suffering adverse 

clinical outcomes as time progresses. A number of clinical parameters could 

potentially affect the degree of reverse remodelling seen over the long-term 

including age, renal function, cardiac rhythm, degree of resynchronization, baseline 

severity of ventricular dysfunction and heart failure aetiology.

Echo Variable PATH CHF, MUST1C, MIRACLE, (John

(Stellbrink et al, 2001) (Linde et al, 2002) Sutton et al, 2003)

LVEDD (mm)

• Baseline 71 ± 10 74 ± 10 (SR), 70 ± 9 (AF) 74 ± 10
• Follow up 68 ± 11 67 ± 12 (SR), 68 ± 8 (AF) -3 (-6,-1)

LVESD (mm)

• Baseline 63 ± 11 63 ± 10 (SR), 60 ± 10 (AF) 64 ± 11
• Follow up 58 ± 11 58 ± 12 (SR), 58 ± 9 (AF) -6 (-7, -2)

LVEDV (ml)

• Baseline 253 ± 83 NR 296 ± 103
• Follow up 227± 112 NR -27 (-37,-17)

LVESV (ml)

• Baseline 202 ± 79 NR 228 ± 94
• Follow up 174 ± 101 NR -26 (-37,-18)

LVEF(%)

• Baseline 22 ±7 24.5 ± 7.8 (SR), 26.7 ±6.9 (AF) 24.5 ±6.8
• Follow up 26 ±9 30 ± 12.1 (SR), 30.4 ± 7.8 (AF) +3.6 (+2.5, +5.8)

Table 1: Published changes in echocarc iographic measures of remodelling from randomised
trials of CRT. Values are mean ± SD except follow up in MIRACLE, which are mean 
change (95% Cl). LVEDD left ventricular end-diastolic dimension, LVESD left ventricular 
end-systolic dimension, LVEDV left ventricular end-diastolic volume, LVESV left 
ventricular end-systolic volume, LVEF left ventricular ejection fraction, SR sinus rhythm 
group, AF atrial fibrillation group, NR not reported
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Published reports examining the influence of aetiology on response appear to be 

conflicting. There does not appear to be a difference in survival rates up to 2 years 

(Molhoek et al, 2004b). Overall, both ischaemic and non-ischaemic heart failure 

patients appear to derive clinical and echocardiographic gain from CRT but the 

magnitude of benefit may be more in those without an ischaemic origin (table 2).

Study, number,

follow up

Parameter Ischaemic group

(Baseline - follow

up)

Non-ischaemic group

(Baseline - follow

up)

p value

Gasparini et al, LVEF (%) 29±7 - 34±l 1 29±7 - 42±12 0.007

2003a LVESV (ml) 144±63 - 131±70 150±65 - 98±56 NS

N=158, 11.2 months % NYHA3or4 83-23 79-5 0.0497

(median) 6MWD (m) 310±143 - 463±7I 332±133 -47l±l 19 NS

Molhoek et al. LVEF (%) 21±9 - 30±12 23±13 - 32±l1 NS
2004b NYHA class 3.1 ±0.3 - 2.2±0.7 3.2±0.4 - 2.3±0.9 NS
N=74, 6 months QOL score 39±17 -26±15 43±16 - 33±17 NS

6MWD (m) 305±137 - 422±133 258±146 - 362±I59 NS

Leclercq et al, 2004 NYHA class 3.3±0.5 - 2.2±0.7 3.3±0.5 - 2.2±0.7 NS

N=103, 12 months QOL SCORE 55±19 - 31±21 50±19 - 30±l8 NS

6MWD (M) 289±93 - 354+70 290±122 - 370±112 NS

Sutton et al, 2006 LVEF(%) 24.8±6.3 - 29.5±9.9 23.2±7.2-33.1±12.6 <0.05
N=228, 12 months LVEDV (cm3) 284±84 - 278±87 325±128 - 275±138 <0.05

LVESV (cm3) 217±77 - 201+79 256±18 - 198±132 <0.05
LVEDD (cm) 7.3±0.9 - 6.9±0.8 7.6±1.2 - 6.8±1.4 NS
LVESD (cm) 6.3±0.9-5.6±l.l 6.6±1.2-5.3±1.6 <0.05
NYHA class 3.1 ±0.3 - 2.2±0.8 3.1±0.3 - 2.2±0.8 NS
QOL score 59±19 - 38±23 60±20 - 39±24 NS
6MWD (m) 307±85 - 318±149 304±86 -342±120 NS

Table 2: Results from direct comparisons of CRT effects between ischaemic and non- 
ischaemic aetiologies. Values are mean ± SD. LVEF left ventricular ejection fraction, 
LVESV left ventricular end-systolic volume, NYHA New York Heart Association, 6MWD 
6-minute walk distance, QOL Quality of life (Minnesota questionnaire), LVEDV left 
ventricular end-diastolic volume, LVEDD left ventricular end-diastolic dimension, LVESD 
left ventricular end-systolic dimension
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Any potential advantage with non-ischaemic cardiomyopathy appears small and 

limited to a better degree of reverse remodelling rather than symptoms. It is unclear 

whether any difference exists beyond 1-2 years of follow up.

CRT is designed to correct pathological dyssynchrony of contraction and this then 

presumably translates to long-term benefit. Non-responders during the first year 

often show lack of resynchronization. However, there are no published data 

examining the relationship between long-term survival and the presence or absence 

of dyssynchrony. If long-term responders were to demonstrate evidence of ongoing 

myocardial dyssynchrony, questions would be raised concerning the 

pathophysiological basis of long-term CRT.

2.2 Aims

The above review highlights a lack of long-term clinical and echocardiographic data 

beyond 2-3 years of CRT with no available reports beyond 4 years. The influence of 

aetiology on outcome beyond 12 months is unknown. The proportion of patients with 

residual myocardial dyssynchrony following long-term CRT is unknown.

The aims of this chapter are therefore:

1. To observe the degree of reverse remodelling over time in 4-year CRT survivors 

and non-survivors.

2. To investigate the impact of heart failure aetiology on survival beyond 2 years of 

CRT.

3. To determine the prevalence of myocardial dyssynchrony in long-term (>2 years) 

survivors of CRT.
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2.3 Methods

2.3.1 Patient groups

We retrospectively reviewed consecutive patients from a single centre who had 

undergone biventricular pacemaker insertion between 2000 and 2006 in order to 

obtain available clinical and echocardiographic data. From patient interview, clinical 

records or liaison with the patient’s General Practitioner, 2 contrasting sets of 

patients were identified as follows:

Survivors and non-survivors

Patients were identified who had survived for longer than 4 years following device 

implantation. This group are referred to as survivors. Patients from the total CRT 

population who had a cardiac cause of death before reaching 4-year survival were 

also identified. This group are referred to as non-survivors. The cause of death was 

determined as cardiac (heart failure, sudden death or myocardial infarction) or non

cardiac by review of hospital notes or contacting the General Practitioner. Clinical 

and echocardiographic data were compared.

Ischaemic and non-ischaemic aetiology

All patients who had their device implanted longer than 2 years (prior to January 

2003) were divided into ischaemic and non-ischaemic groups based on the 

underlying cause of their cardiomyopathy. Heart failure was considered ischaemic if 

there was a known history of myocardial infarction, coronary intervention or 

angiographically proven coronary artery disease. Clinical and survival data were 

compared.
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2.3.2 CRT criteria, procedure and follow up

Criteria for device implant were heart failure of ischaemic or idiopathic aetiology. 

New York Heart Association (NYHA) class 3 or 4 symptoms, optimal 

pharmacological treatment, QRS duration >130ms and left ventricular ejection 

fraction less than 35%. All devices were implanted by a single operator cardiologist 

and optimised prior to hospital discharge. The decision to implant a biventricular 

pacemaker only or a combined biventricular pacemaker and implantable cardioverter 

defibrillator device was based on an individual patient’s clinical indication. All 

patients had been regularly reviewed at a pacemaker clinic to ensure ongoing optimal 

device function.

2.3.3 Echocardiography: survivors v non-survivors

Clinical echocardiographic studies carried out prior to implant, after 6-12 months 

CRT and after 4 years CRT were compared in the survivors. In the non-survivors, 

baseline and 6-12 month echocardiograms were reviewed and compared when 

available.

Echo images were obtained using either an Acuson Sequoia C256 or Philips Sonos 

5500 ultrasound machine with machine settings individually optimised for best 

quality image acquisition.

Reverse remodelling assessment

Left atrial and ventricular dimensions as well as left ventricular ejection fraction and 

degree of mitral regurgitation were measured as indicators of the degree of reverse 

remodelling following CRT.
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Left atrial (end-systolic) and ventricular (end-systolic and end-diastolic) dimensions 

were obtained from the parasternal long axis view. Left ventricular ejection fraction 

was determined from apical 4 and 2 chamber views using the biplane Simpson's 

method when image quality was adequate. When image quality prevented accurate 

Simpson’s calculation an independent visual assessment was made by a cardiologist 

with echocardiography expertise, who was also blinded to clinical details (McGowan 

and Cleland, 2003). Severity of mitral regurgitation was qualitatively assessed and 

graded on a scale 0-4.

Two trained reviewers analysed the echocardiograms. 10% of studies were double

read to estimate intra and inter observer variability in end-diastolic and end-systolic 

dimensions and ejection fraction.

2.3.4 Clinical data

Five variables, known to be prognostic markers in heart failure, were reviewed in 

addition to mortality data. These were QRS duration, serum sodium level, 

haemoglobin concentration, serum creatinine and New York Heart Association 

(NYHA) functional class. Baseline and 6-12 month follow up values were reviewed, 

where available, in survivors and non-survivors. If a patient died before 6 months, 

results from the month prior to death were used.

2.3.5 Dyssynchrony assessment

The prevalence of significant dyssynchrony, in those who had survived longer than 2 

years after device implant, was estimated from pulsed wave tissue Doppler analysis 

of basal right ventricular and basal left ventricular septal and lateral wall segments, 

from the apical 4-chamber view. Image settings were optimised for each patient.
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Time to peak systolic contraction from QRS onset for each wall segment was 

calculated from the average of three cardiac cycles. Interventricular dyssynchrony 

was deemed significant if the maximal difference in time to peak systolic contraction 

between right and left ventricles was greater than 50ms. Intraventricular 

dyssynchrony was deemed significant if the septal to lateral time to peak velocity 

difference was greater than 60ms (Bax et al, 2003).

2.5.6 Statistical analysis

Advice was sought from the Department of Epidemiology and Public Health, 

Queen’s University, Belfast. Results are presented as mean ± standard deviation 

unless otherwise stated. All analysis was carried out using SPSS 13.0 for Windows 

statistical package (SPSS Inc, Chicago, Illinois). Comparisons within the same group 

were carried out using the paired sample t-test. Comparisons between groups were 

carried out using the independent samples t-test. Checks were made for normality to 

ensure these tests were appropriate given the small group size. The Chi squared test 

was used to compare categorical data when required. Statistical significance was 

defined as p<0.05.

2.4 Results

2.4.1 Survivors v non-survivors

Baseline data

From a total of 117 patients, 22 had survived longer than 4 years since device
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implant and 34 had died before surviving 4 years. Full data were available for 

analysis on 21/22 survivors. Of the 34 non-survivors, 24/34 had a cardiac cause of 

death. Of these, 18/24 had echocardiographic 6-12 month follow up data available 

for analysis. Mean follow up in the survivor group was 50.7 months (range 48-60) 

and mean time to death in the non-survivor group was 19.8 months (range 6-44). 

Table 3 summarises the main features of each group at baseline. The only significant 

baseline difference between groups was QRS duration (178 v 163ms, p^O.034). 

Although there were more patients with ischaemic heart disease in the non-survivor 

group, this did not reach statistical significance.

Reverse remodelling

There was significant reverse remodelling in survivors at 6-12 months but no 

significant change in non-survivors. In addition, survivors demonstrated further 

significant reductions in left atrial size, left ventricular end-diastolic dimension and 

degree of mitral regurgitation at 4 years. There was no further significant change in 

left ventricular ejection fraction or end-systolic dimension between 6-12 months and 

4 years. Figure 2 shows result plots for each individual patient’s cardiac dimensions 

and ejection fractions. Table 4 summarises the overall results.

Clinical variables

There was a significant reduction in QRS duration in survivors at 6-12 months but 

not in non-survivors (178±18.9 to 166±18.7ms survivors, p=0.01 v 163±24.6 to 

171±28.9ms non-survivors, p=0.24). Creatinine did not significantly change in 

survivors from baseline to 6-12 months (130±30 to 122±39 pmol/L, p=0.385). 

However, non-survivors demonstrated a significant deterioration in creatinine
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(135±35 to 171±62 jamol/L, p=0.003). There was no significant change in 

haemoglobin or sodium levels in either group. Follow up NYHA class could not be 

accurately determined for comparison to baseline.

Observer variability

10/99 echocardiograms were randomly chosen for assessment of variability. Limits 

of agreement for intra observer variability and inter observer variability respectively 

were 1.9±2.57 and 2±4.22 for end diastolic dimension, 2.0±2.31 and 2.7±4.22 for 

end systolic dimension and 2.8±3.75 and 4.5±3.16 for ejection fraction.

SURVIVORS

(n=21)

NON-SURVIVORS

(n=18)
p value

Gender (M/F) 18/3 14/4 0.52

Mean age (yrs) 65.5±8.4 69.8±12.8 0.22

% Ischaemic aetiology 52.4 72.2 0.24

Rhythm (SR/AF) 20/1 15/3 0.22

Combined ICD 6/21 6/18 0.75

QRS duration (msec) 178±18.9 163±24.6 0.034*

NYHA class 3.1±0.36 3.2±0.54 0.59

Haemoglobin (mg/L) 13.4±1.9 12.5±1.4 0.10

Sodium (mmol/L) 141.2±3.7 139.6±1.9 0.10

Creatinine (pmol/L) 130.3±30.2 135.2±35.0 0.64

Mean LVEDD (mm) 68.0±10.0 66.8±9.5 0.72

Mean LVEF (%) 19.3±6.1 20.7±6.6 0.49

Table 3: Baseline characteristics between survivors and non-survivors (mean±SD). 
SR sinus rhythm, AF atrial fibrillation, NYHA New York Heart Association, 
LVEDD left ventricular end-diastolic dimension, LVEF left ventricular ejection 
fraction.
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Figure 2: Individual patient results for left ventricular end-diastolic dimension 
(LVEDD), end-systolic dimension (LVESD) and ejection fraction (LVEF) and left 
atrial dimension (LA) for both survivors (left) and non-survivors (right).
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SURVIVORS

(n=21)

NON-SURVIVORS

(n=18)

LA (mm)

• Baseline

• 6-12 month

• 4 year

43.5±5.1

40.6±7.9 p=0.028*

35.7±4.8 p=0.007#

42.3±7.1

43.4±7.0 p=0.162

LVEDD (mm)

• Baseline

• 6-12 month

• 4 year

68.0±10.0

61.9±8.7 p=0.003*

58.3±10.0 p=0.014#

66.8±9.5

67.6±10.6 p-0.578

LVESD (mm)

• Baseline

• 6-12 month

• 4 year

58.8±9.7

50.0±9.4 p<0.0001*

48.4±10.6 p=0.388

57.5±10.1

59.2±11.5 p=0.378

LVEF (%)

• Baseline

• 6-12 month

• 4 year

19.3±6.1
30.9±11.5 p<0.0001*

30.0±10.5 p=0.692

20.7±6.6

20.U7.0 p=0.658

MR grade

• Baseline

• 6-12 month

• 4 year

2.0±0.80

1.33±0.97 p=0.002*

0.95±0.80 p=0.029#

1.61±1.2

1.94±1.0 p=0.055

Table 4: Change over time in measures of reverse remodelling in survivor and non
survivor groups, p values are given for baseline v 6-12 month and 6-12 month v 4 
year comparisons within groups. LA (left atrium), LVEDD (left ventricular end 
diastolic dimension), LVESD (left ventricular end systolic dimension), LVEF (left 
ventricular ejection fraction), MR (mitral regurgitation)
*p<0.05 against baseline, #p<0.05 against 6-12 months
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2.4.2 Ischaemic v non-ischaemic aetiology

Baseline data

From a total population of 117 patients, 67 had their CRT device implanted longer 

than 2 years previous. Of these, 38/67 had an ischaemic and 29/67 had a non- 

ischaemic cause of heart failure. Mean follow up was 38.9 months in the ischaemic 

group and 37.2 months in the non-ischaemic group. Baseline data for each group is 

shown in table 5. There were significant differences between groups with regards to 

age, haemoglobin concentration and serum creatinine at time of implant. A higher 

number of ischaemic patients received a combined biventricular pacemaker and 

implantable cardioverter defibrillator (ICD) and this just reached statistical 

significance.

Survival data

A significantly larger proportion of the ischaemic patients died despite similar follow 

up periods in both groups. 17/38 (45%) in the ischaemic group and 5/29 (17%) in the 

non-ischaemic group died during the follow up period (p<0.005). One patient in the 

ischaemic group had a heart transplant within 6 months of device implant. Mean time 

to death was 21.8 months in the ischaemic group and 18.8 months in the non- 

ischaemic group. Mechanism of death for each group is shown in table 6. The 

majority of deaths in both groups were due to progressive heart failure (41% in the 

ischaemic group, 60% in the non-ischaemic group). Cumulative number of death 

curves show that significant separation between groups occurs at 12-18 months 

(figure 3). The number of deaths in the ischaemic group continues to progressively
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climb after 18 months whilst there is a plateau at 30 months in the non-ischaemic

group.

Ischaemic
(n=38)

Non-ischaemic
(n=29)

p value

Gender M/F 34/4 22/7 -

Mean age (yrs) 67.8±8.3 61.6±10.2 0.008*

ICD included 14 5 0.049*

NYHA class 3.3±0.5 3.3±0.5 0.73

QRS duration (msec) 176.6+19.7 171.2±15.6 0.23

Haemoglobin (mg/dL) 12.6±1.9 13.6±1.5 0.012*

Creatinine (mmol/L) 149.3±46.9 114.2+27.7 0.001*

Sodium (mmol/L) 139.2±3.4 140.4±3.2 0.12

Table 5: Baseline characteristics between ischaemic and non-ischaemic groups 
*p<0.05

Mechanism Ischaemic (n=17) Non-ischaemic (n=5)

Cardiac
• Ischaemia 3
• Heart failure 7 3
• Arrhythmia 1 1

Other vascular 2

Non-cardiovascular 4 1

Table 6: Mechanism of death in ischaemic and non-ischaemic patients
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Figure 3: Cumulative total deaths at 6 monthly intervals after CRT device implant in 
ischaemic (ICM) and non-ischaemic (IDM) groups. * p<0.005 between groups

2.4.3 Prevalence of dyssynchrony

44/45 patients who had survived for greater than 2 years post-CRT had pulsed wave 

tissue Doppler images that were of sufficient quality to adequately interpret (mean 

follow up 40.5 months). Mean interventricular time to peak velocity difference was 

52.3±34.3 msec. Mean intraventricular time to peak velocity difference was 

39.2±27.0 msec. 22/44 (50%) had no dyssynchrony, 15/44 (34%) had significant 

interventricular dyssynchrony and 7/44 (16%) had significant intraventricular 

dyssynchrony (table 7). Intraventricular dyssynchrony was not seen without 

coexisting interventricular dyssynchrony. Those who displayed dyssynchrony of 

either type were more likely to have an ischaemic cause of heart failure.
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Improvement in NYHA class and left ventricular ejection fraction was observed in 

all groups but a larger increase in ejection fraction was seen in those without 

intraventricular dyssynchrony.

Type of Patients Mean QRS (ms) Mean ejection Ischaemic
ventricular (n/44) NYHA fraction (%) aetiology

dyssynchrony Pre Post Pre Post Pre Post (%)

None 22 3.2 2.2 168 156 19.6 31.6 33.3

Inter only 15 3.2 2.0 176 160 21.7 32.6 53.3

Intra only 0 - - - -

Inter and intra 7 3.2 2.0 180 174 19.2 24.6 60

Table 7: Number of patients with different types of dyssynchrony and clinical 
characteristics of each.

2.5 Discussion

This was a retrospective analysis of a long-term CRT population and the findings 

must be viewed with this in mind. The lack of baseline data, both in terms of clinical 

and dyssynchrony variables, limits the conclusions that can be drawn. Despite this, a 

number of useful observations are presented. The main findings of this study are;

1. Long-term CRT survivors will display significant reverse remodelling during the 

first year of therapy and this is at least sustained after 4 years.

2. Patients who do not display significant reverse remodelling during the first year of 

CRT are unlikely to survive for 4 years.

3. Survival after 18 months of follow up is worse in those with an ischaemic cause of 

heart failure.

4. Approximately 1/3 of long-term CRT patients display persistent interventricular
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dyssynchrony and between 1/6 and 1/7 persistent intraventricular dyssynchrony.

2.5.1 Long-term reverse remodelling

This study demonstrates evidence of sustained reverse remodelling in 4-year 

survivors of CRT. It also reveals a lack of reverse remodelling at 6-12 months in 

those who subsequently die due to a cardiac cause before 4-year survival.

Despite modern pharmacological treatments for heart failure there is still an 

approximate 50% likelihood of death within 5 years (Levy et al, 2002). Device 

therapy now expands the therapeutic options and offers additional hope for these 

patients. However, the response of patients to this therapy varies greatly with as high 

as 45% deemed non-responders depending on how response is defined (Birnie et al, 

2006). An increasing number of pre-implant predictors of subsequent benefit 

following CRT are being advocated as potential selection criteria. These include 

clinical features (Fires et al, 2006), echocardiographic parameters (Flachskampf and 

Voigt, 2006) and more recently biochemical variables such as B-type natriuretic 

peptide (Lellouche et al, 2007).

Reverse remodelling is one desired positive response outcome from CRT and is 

linked to clinical outcome (Yu et al, 2005a; Vidal et al, 2006). As ejection fraction 

increases the risk of sudden death should decrease as well as the likelihood of 

significant symptoms. If the reverse remodelling process can be maintained or, better 

still, encouraged over a prolonged period of time then the risk of progressive pump 

failure will be reduced also. Conversely, if reverse remodelling does not occur, there 

is more likely to be an adverse outcome.

The results from this study confirm that a proportion of patients will have a 

significant long-term beneficial response to CRT. In these patients the reverse
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remodelling process appears to at least be maintained over a prolonged period. 

Whilst overall ejection fraction at 4 years was not significantly different to that after 

1 year there appears to be some further improvement in LV geometry (left atrial size, 

diastolic dimension) with consequent further reduction in the degree of mitral 

regurgitation. Individual responses at 4 years are variable with some patients 

showing improvement and some showing deterioration from 1-year values, which 

probably accounts for the statistical neutrality in some parameters. Having said this, 

some 4-year changes in ejection fraction are not matched by the expected change in 

ventricular dimensions and so it is possible that recognised limitations in measuring 

consistent ejection fraction values is introducing a degree of error in the results 

(Sievers et al, 2005). The reasons why some patients should respond positively to 

biventricular pacing during the first year but subsequently demonstrate further 

detrimental remodelling is an area for future study. Possible explanations include 

loss of effective resynchronization, development of atrial arrhythmias, change in 

medications, further ischaemic insults or recurrent pathological stimuli such as 

neurohormonal and inflammatory mediators. Of particular note, as stated in chapter 

one, CRT can allow titration of heart failure medications that are known to promote 

reverse remodelling. This could be a confounding factor in these results because it 

was not possible to accurately discern changes in medication during follow up. 

Another area for further study would be to observe the subsequent clinical course in 

those who, at 4 years, have deteriorated from 6-12 month values.

2.5.2 Survival v non-survival

Non-survivors do not appear to show any significant reverse remodelling at 6-12 

months post-CRT. It could therefore be argued that echocardiographic follow up of
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CRT patients is a useful tool in evaluating and charting long-term prognosis. With 

the development of more portable echo machines it may be possible to include a 

determination of ventricular size and function as part of the routine pacemaker clinic 

follow up. Those who do not demonstrate any reverse remodelling over the first year 

of CRT could then be considered for other therapeutic options such as transplantation 

evaluation, as survival for 4 years is less likely. This would be another interesting 

area for further study.

It appears that there are not many significant clinical differences between survivors 

and non-survivors at baseline; it would be difficult to predict a CRT responder based 

on these features. The five variables in this study (NYHA class, QRS duration, serum 

sodium, serum creatinine and haemoglobin) were selected because they are known to 

impact heart failure prognosis. However, due to the retrospective nature of this study, 

it was not possible to consider other variables such as baseline medication use and 

exercise capacity or change in variables such as NYHA class after CRT, which may 

be different between these groups. There was also no baseline echo dyssynchrony 

data available, as this was not considered essential in the early days of CRT. The 

non-survivors did have significantly worse creatinine levels at 6-12 months whilst 

renal function remained stable in survivors. Therefore monitoring of renal function 

post-CRT may be a reasonably simple way of monitoring clinical prognosis.

One other key aspect to long-term improvement, not examined in this study, may be 

long-term maintenance of continuous biventricular pacing. One report revealed 

161/443 patients (36%) lost effective CRT during a mean follow up of 2.5+1.1 years 

(Knight et al, 2004). This occurred for a number of reasons but could be corrected in 

all but 20/161 resulting in a 4.5% permanent loss of CRT overall. This does
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underscore the importance of regular assessment after device implant to ensure 

therapy has not been interrupted.

2.5.3 Impact of aetiology on long-term outcome

It has been suggested that aetiology of heart failure may influence long-term 

response although other factors such as degree of myocardial scar seem to have a 

role in determining outcome in ischaemic patients (Adelstein et al, 2007). Whilst 

more patients in the non-survivor group had ischaemic aetiology this did not reach 

statistical significance compared to 4-year survivors. There was a difference in total 

deaths when ischaemic and non-ischaemic groups were compared with respect to 2- 

year follow up despite more ICD use in the ischaemic group. This was not evident 

until after 18 months suggesting that any real difference in outcome following CRT, 

due to aetiology, occurs relatively late and this may explain why most studies 

examining this to date have shown no major clinical disadvantage in ischaemic 

patients. However, this study did not compare the change in reverse remodelling with 

time between these groups. Some echocardiographic parameters have been found to 

be significantly different in published reports (table 2). Part of the explanation for 

more deaths long-term in those with ischaemia may be due to less impressive reverse 

remodelling over time. This may in turn be related to the observation in this study 

that more ischaemic patients demonstrate dyssynchrony at long-term follow up. 

Alternatively, worse survival in the ischaemic group might be due to the ischaemic 

disease process. However, most of the deaths in both groups were due to progressive 

pump failure rather than ischaemic events although subclinical ischaemia may drive 

progression of ventricular dysfunction. This might limit the significance of higher 

use of an ICD in the ischaemic group. In one study with minimum follow up of 2
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years, 14% of ischaemic patients died compared to 8% non-ischaemic (p=0.002). 

Similar to the findings in this study, the majority of deaths were due to progressive 

heart failure (Gasparini et al, 2006c). There were other significant clinical 

differences between groups at baseline that may indicate the ischaemic group to be a 

sicker cohort. Further detailed statistical analysis to assess if ischaemia was an 

independent predictor of worse outcome was not carried out because the small study 

numbers would not allow sufficient confidence to draw firm conclusions. 

Nonetheless, these results do show that it may be difficult to separate aetiology from 

other clinical variables. The other studies investigating the impact of aetiology on 

response to CRT do not report creatinine or haemoglobin levels although two found 

the ischaemic group to be older and with longer QRS duration (Sutton et al, 2006; 

Leclercq et al, 2004). One other explanation for a true difference due to aetiology 

might be that the effect of CRT on ischaemic heart failure is different to non- 

ischaemic heart failure because of different primary pathophysiological mechanisms 

at work with each condition. Further research could investigate these possibilities.

2.5.4 Prevalence of dyssynchrony

There was a significant difference between survivors and non-survivors in baseline 

QRS duration and in QRS change at 6-12 months, which may reflect worse baseline 

dyssynchrony in survivors that CRT has then corrected. However, the value of the 

QRS duration as a reliable marker of mechanical dyssynchrony is questionable 

(Auricchio et al, 2004b). This study shows that there are a proportion of 2-year 

survivors who, despite CRT, demonstrate significant dyssynchrony as determined by 

pulsed wave tissue Doppler imaging. The results may even underestimate the 

prevalence of dyssynchrony because analysis was limited to differences between
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septal and lateral left ventricular and right ventricular wall segments only. At least a 

third of patients had interventricular dyssynchrony at long-term follow up. This 

group could not be considered non-responders to CRT given that they have survived 

for 2 years after device implant. This may suggest that optimising the VV interval 

has limited value in terms of survival. Whilst the clinical importance of 

interventricular dyssynchrony is debatable there are also those with intraventricular 

dyssynchrony (16% in this study). This group did demonstrate an improved ejection 

fraction at follow up. The correction of intraventricular dyssynchrony is presumed to 

be the main mechanism by which CRT exerts its beneficial effects (Spragg and Kass, 

2006). If there are true long-term survivors who have had reverse remodelling but 

still demonstrate persistent intraventricular dyssynchrony, questions are raised about 

the pathophysiology of CRT and what exactly a responder is. Whilst baseline tissue 

Doppler data was not available to consider this fully our observations raise important 

issues for future study.

2.5.5 Study limitations

A number of limitations should be considered in this study. Firstly, it is retrospective 

and largely observational in nature. The 4-year time period was chosen because of 

the lack of data in survivors beyond this time but it is arbitrary. There are also likely 

to be differences between those who die at 1 year compared to those who die after 3 

years but these are all included in the same group.

Secondly, in real life cardiology practice, echocardiographic imaging has a number 

of caveats. The most significant to this study are poor image quality that limits the 

ability to perform standard ejection fraction calculations in all patients and impacts 

observer variability in measurements.
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Finally, the numbers in this study are small because it is based on a single centre 

experience of CRT. Echocardiographic results from some of the large multicentre 

trials examining the degree of reverse remodelling over a prolonged time period 

would be welcome to determine if these results reflect the general CRT population. 

Despite these limitations, this study raises interesting questions to help direct future 

CRT research.

2.5.6 Conclusion

This study has demonstrated that CRT has the potential to not just prevent 

progression of heart failure but also actually encourage regression of the disease 

process (in terms of reverse remodelling) for a number of patients over at least 4 

years. The challenge remains to best identify such patients before the device is 

implanted. The underlying aetiology of heart failure may play a part in long-term 

outcome although this may be linked to other clinical variables. Studying a group of 

truly long-term survivors like this may offer more valuable insight into which of the 

many proposed factors may truly predict which patients will have a long-term 

positive response to this therapy. The fact that a significant proportion of patients 

have dyssynchrony of contraction at long-term follow up suggests that factors other 

than dyssynchrony play an important role in determining response. Further insight 

would require a prospective study, with larger numbers, multiple baseline 

measurements and with follow up for a much longer period of time than has been 

usual to date in studies seeking predictors of response to CRT. This may eventually 

lead to a common consensus as to what a positive response actually is and who is 

most likely to get it.
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Chapter 3

Echocardiography and CRT: the utilisation of pulsed wave tissue Doppler 

imaging in assessing dyssynchrony

3.1 Introduction

Given that the QRS duration on the electrocardiogram appears to be unreliable at 

detecting dyssynchrony of myocardial contraction, a number of other non-invasive 

imaging techniques have been investigated in recent years in order to try and identify 

a more specific and sensitive way of identifying those who have significant 

dyssynchrony that is likely to benefit from CRT. Cardiac magnetic resonance (CMR) 

and nuclear imaging have been used with success but have practical limitations in 

terms of availability, cost, radiation exposure (nuclear) and imaging with an in-situ 

device (CMR). Echocardiography (cardiac ultrasound) has evolved over the last 50 

years as an extremely useful investigative tool in cardiology (Gowda et al, 2004). It 

has wide application in the setting of heart failure (Kirkpatrick et al, 2007). Various 

imaging methods can be used to allow assessment of global and regional myocardial 

motion, function, structure, haemodynamics and blood flow. One major advantage of 

echocardiography over other techniques is its ease of use and access in everyday 

clinical practice. Therefore, a lot of attention has focussed on its potential as the ideal 

imaging modality for both identifying dyssynchrony and predicting CRT response. A 

large number of review articles have been published on this subject over the last few 

years (Knebel et al, 2004; Yu et al, 2004a; Burri and Lerch, 2006; Flachskampf and 

Voigt, 2006; Sleeker et al, 2007a; Zamorano and de Isla, 2007; Mullens et al, 2007).
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In addition, the key role of echocardiography in determining heart failure diagnosis, 

assessing ventricular function prior to device implantation and subsequent 

monitoring of the remodelling process, as a marker of response after CRT, has 

already been discussed. This chapter reviews the role of tissue Doppler imaging as a 

tool to identify dyssynchrony, the value of this technique in predicting response to 

CRT and explores some of the unanswered questions that currently limit the 

widespread utility of this method in clinical practice.

3.1.1 Tissue Doppler Imaging

Tissue Doppler Imaging (TDI) is a means of measuring the magnitude and timing of 

regional myocardial function during ventricular contraction and relaxation (Hatle and 

Sutherland, 2000). The Doppler principle (named after the Austrian physicist 

Christian Doppler) describes the shift in frequency observed when a sound wave 

encounters a moving object. Therefore, when an echocardiographic ultrasound pulse 

meets, for example, moving red blood cells, it is reflected with a frequency different 

to that emitted. Knowledge of the ultrasound transducer frequency (Fo), the reflected 

Doppler frequency shift (AF), the speed of sound in the tissue being examined (c) 

and the angle of incidence between the ultrasound beam and the moving object (0) 

allows calculation of the velocity of the moving object (V) by the equation:

V = AF x c 
2Fo x cos0

The use of Doppler echocardiography to assess blood flow is well established in 

clinical practice, including the area of dyssynchrony assessment. The time from the 

onset of the QRS complex to the start of the pulsed Doppler flow trace across the 

aortic valve (the aortic pre-ejection delay) is considered to represent intraventricular 

dyssynchrony. The difference in the pre-ejection delay between pulsed Doppler flow
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in the aorta and pulmonary artery is considered a marker of interventricular 

dyssynchrony. The CARE-HF trial used an aortic pre-ejection delay > 140msec and 

pulmonary-aortic difference >40msec as significant dyssynchrony selection criteria 

for those with QRS duration 120-149msec (Cleland et al, 2005). A predefined 

analysis on completion of the trial revealed that a pulmonary-aortic Doppler 

interventricular delay >49msec predicted response to CRT (Richardson et al, 2007). 

These parameters are easy to measure and give an assessment of global 

dyssynchrony (figure 1). However, they do not allow interpretation of regional 

delays or provide any indication of regional ventricular function.

Figure 1: Pulsed Doppler blood flow patterns across the aortic (above) and 
pulmonary (below) valves. An aortic pre-ejection delay of 200msec and an aortic- 
pulmonary difference of 60msec would be considered to represent significant intra 
and interventricular dyssynchrony, respectively, in this example.
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The application of Doppler imaging techniques to detect myocardial motion was first 

reported in the 1960’s but the first study to quantify regional myocardial function 

using TDI was more than twenty years later (Isaaz et al, 1989). Alteration of the 

ultrasound machine settings allows filtering of high frequency/low amplitude blood 

flow signals in order to display the low frequency/high amplitude signals from the 

myocardial wall. The technique has been validated in phantom models and human 

subjects as an accurate means of quantifying regional velocity and timing of events 

within the cardiac cycle (Sutherland, 2006a).

In order to understand what TDI is measuring it is important to understand the 

combination of forces that act on the heart. The orientation of myocardial muscle 

layers results in contraction occurring around three major axes, namely longitudinal, 

radial and circumferential. The resultant motion is a torsion vector with longitudinal 

shortening, radial thickening and reduction in circumferential diameter. In addition, 

external forces, related to the chest wall and respiration, influence overall cardiac 

motion. There are few echocardiographic windows that allow isolated display of true 

myocardial velocities from all ventricular wall segments and the technique is mainly 

limited to assessment of longitudinal axis function observed through an apical 

window. This approach enables the Doppler beam to be approximately parallel with 

the direction of longitudinal contraction, which is an important technical requirement 

for accurate velocity calculation (i.e. 0 must be close to 0). Longitudinally directed 

fibres are mainly found in the subendocardial and subepicardial layers. Hence, 

longitudinal function may be a sensitive marker of myocardial ischaemia (as the 

subendocardial layer is most susceptible to reduced coronary artery blood flow). 

Another important consideration when interpreting tissue Doppler images is whether 

the velocity observed is occurring due to active or passive contraction. One
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limitation of the technique is the inability to differentiate true contraction from 

movement of non-viable myocardium that is being generated from neighbouring 

active segments.

Clinical application ofTDI

There are currently 2 main TDI techniques for assessment of myocardial motion.

1. Pulsed-wave TDI (pTDI):

This method measures peak velocities with high temporal resolution of 

approximately 3-4msec (sampling rate of 250-300 samples/sec). A typical pTDI 

profile consists of an initial systolic wave (SI) coinciding with the isovolumic 

contraction period, a second systolic wave (S2) coinciding with ventricular ejection 

and diastolic waves that coincide with early relaxation (E) and atrial contraction (A). 

An example is shown in figure 2.

Figure 2: A typical pwTDI trace

Pulsed-wave Doppler allows accurate localisation of an area of interest (the sample 

volume). However, there is no spatial resolution within this sample volume. In
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addition, imaging can only take place along a single line of scanning. This means 

that simultaneous assessment of velocity timing within opposing ventricular wall 

segments is not possible. Individual tracings must be taken from various walls during 

different cardiac cycles.

2. Colour-coded TDI (cTDI):

Myocardial velocities are colour-coded red (towards the ultrasound probe) and blue 

(away from the probe) and superimposed on the 2D images. Velocity curves are then 

constructed using dedicated software. This means the TDI image can be stored 

digitally and processed ‘off-line’ without the patient present. An example of a cTDI 

generated velocity curve is shown in figure 3. This method allows for simultaneous 

comparison of different wall segments within the same cardiac cycle. However, high 

sampling frame rates are required for accurate velocity curve production. Therefore, 

narrow sector widths may be needed and this may then limit the ability to sample 

two walls simultaneously.

A number of studies have examined normal values for TDI velocities. Normal values 

are typically 10-20% lower with cTDI than pTDI because cTDI measures mean 

velocities rather than peak. They are also dependant on age and sampling position. 

Peak systolic velocities tend to decrease with age and there is usually a decrease in 

early diastolic velocity but increase in late atrial velocity values. Velocity of 

contraction is higher at the base of the heart and gradually decreases towards the 

apex, which is relatively stationary. The velocities in the lateral, posterior and 

anterior walls tend to be higher than the septum. Results from studies using pTDI
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(peak velocity) are summarised in table 1. Some clinical applications of TDI are 

summarised in table 2.

Figure 3: An example of cTDI generated myocardial velocity profile at the lateral 
mitral annulus position (taken from Van de Veire et al, 2008). At the annulus level 
peak systolic velocity is designated S', early diastolic velocity E' and late diastolic 
velocity A'.

Left ventricular wall segment

Study N Age
(years) Lateral Septum Anterior Inferior Posterior Anterior

septal
Isaaz et al, 
1993 17 31±13 10.3±1.8 8.7±1.4 - - - -

Pai and
Gill, 1998 20 44±16 11.7±2.5 10.9±2.2 10.5±2.3 12.4±3.7 - -

Galiuto et 
al, 1998 27 24±10 10.3±1.9 8.1±0.8 10.3+1.6 9.6+0.9 9.9+1.3 7.5±1.3

Kukulski 
et al, 2000 25 33

(16-68) 10.2±2.l 7.8±1.1 9.0±1.6 8.7±1.3 - -

Edner et al, 
2000 88 51

(20-81) 9.9±2.9 7.7±1.4 - - - -

Onose et 
al, 1999 80 <50

>50 - - - -
11.2±2.1
7.9±1.9 -

Table 1: Peak systolic velocities (in cm/sec) of left ventricular longitudinal motion in 
normal subjects using pTDl (adapted from Sutherland et al, 2006b).
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Clinical setting Potential value of assessment using TDI

Global left ventricular Systolic velocity at the mitral annulus correlates with

function LV ejection fraction and dP/dt and offers prognostic

information in heart failure.

Regional left ventricular
function

Timing and amplitude of regional velocities can allow

characterisation of regional function

Diastolic function The ratio of transmitral early velocity (E) to mitral

annulus early diastolic velocity (E') aids assessment of

left ventricular filling pressures. An E/E' >15 is

considered diagnostic of diastolic dysfunction.

Myocardial ischaemia Evaluation of systolic and/or diastolic velocities may

aid diagnosis of significant coronary artery disease and

help differentiate between viable myocardium and scar
tissue at dobutamine stress echocardiography.

Cardiomyopathy May detect early (subclinical) stages of an inherited or
acquired cardiomyopathy.

Restrictive versus E' >8cm/s is more likely to indicate a diagnosis of

constrictive physiology pericardial constriction.

Heart transplantation May allow early detection of possible acute or chronic

rejection.

Myocardial dyssynchrony May help assess the likely response to CRT (see
below).

Right ventricular function Can be used to assess the impact of various

pathological conditions on RV function e.g.

pulmonary hypertension, ischaemia, arrhythmogenic
right ventricular dysplasia

Table 2: Current potential utility of tissue Doppler imaging in clinical practice 
(summarised from Van de Veire et al, 2008). LV left ventricular, RV right 
ventricular
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3.1.2 Tissue Doppler Imaging and CRT

TDI has shown significant promise as a tool for both identifying dyssynchrony and 

predicting a positive CRT response. It relies on detection of myocardial regional wall 

motion velocities and calculation of the timing of the displayed velocity curves 

relative to the QRS complex of the ECG. The value of such an approach is the ability 

to determine clinically important differences in regional timing of contraction 

between ventricular wall segments that are not visible to the human eye (<80msec). 

However, tissue velocity imaging does not differentiate between active and passive 

contraction. This limits the ability to identify viable myocardial segments as opposed 

to areas, such as old infarction, that are simply being displaced by neighbouring 

segments.

Published studies consistently show a reduction in the degree of TDI derived 

dyssynchrony following CRT and the magnitude of this reduction correlates with 

clinical response (Ansalone et al, 2001; Yu et al, 2002). The presence of baseline 

dyssynchrony may also be a marker of improved prognosis after CRT. In one study, 

patients who had a septal-lateral LV wall delay >65msec at baseline were more 

likely to be free from death or heart failure hospitalisation at 12 months post-CRT 

than those without (Bax et al, 2004a). The degree of dyssynchrony, as determined by 

TDI, also correlates with haemodynamic changes observed after CRT. One study of 

41 patients found strong correlations between change in different markers of left 

intraventricular dyssynchrony (maximal difference in time to onset and time to peak 

systolic contraction in a 12 segment model and an index of dyssynchrony defined as 

the standard deviation in the 12 segmental delays) and changes in echocardiographic 

derived cardiac output and mitral regurgitation after 3 months of CRT. However, 

interventricular dyssynchrony was not significantly correlated with haemodynamic
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change (Bordachar et al, 2004). A number of different TDI velocity parameters have 

been proposed as a means of predicting a positive clinical and/or echocardiographic 

response to CRT. Most are based on relatively small, non-randomised reports. These 

are summarised in table 3. A comprehensive summary of all other proposed 

echocardiographic predictive parameters using different imaging modalities has been 

published (Anderson et al, 2008).

Publication

Design: TDI method, sample size,

segments analyzed, follow up,

response definition

Proposed

parameter and

cut-off (msec)

Sensitivity,

specificity

(%)

Yu et al,

2003a

cTDI, n=30, 12 (6 basal, 6 mid) LV

segments model, dyssynchrony

index defined as standard deviation

of time to peak systolic contraction

of 12 segments, response= >15%

reduction in ESV at 3 months

Dyssynchrony

index >32.6

100, 100

Bax et al,

2003

cTDI, n=25, 2 basal LV segment

(septal and lateral) model using time

to peak velocity, response= >5%

increase in LVEF at day 1 post

implant with 6 month follow up

Septal-lateral

peak velocity

delay >60

Not reported

Penicka et al,

2004

pTDI, n=49, 3 basal LV (septum,

lateral and posterior) and basal RV

segments model using maximal

difference in time to onset systolic

contraction to calculate inter and

intra ventricular dyssynchrony,

response= >25% relative increase in

LVEF at 6 months

‘Sum

asynchrony’

(maximal

intra + inter

ventricular

dyssynchrony

values) >102

96, 77
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Notabartolo

et al, 2004

cTDl, n=49 divided into 2 groups

based on peak velocity difference

from a 6 basal LV segment model

using time to peak systolic velocity,

clinical (composite score) and echo

response (>15% reduction in ESV)

Peak velocity

difference

>110

97, 55 for

echo

response

78, 33 for

clinical

response

Yu et al,

2004b

cTDI and strain imaging, n=54,

comparison of 18 dyssynchrony

parameters, dyssynchrony index was

the only independent predictor of

reverse remodelling (>15% reduction

in ESV at 3 months)

Dyssynchrony

index >31.4

96, 78

Bax et al,

2004a

cTDI, n=85, 4 basal LV segment

model (septum, lateral, anterior and

inferior) using time to peak systolic

velocity, clinical response=

improvement by >1 NYHA class and

>25% increase in 6min walk

distance, echo response= >15%

reduction in ESV

Maximal 4

segment delay

>65

80, 80 for

clinical

response

92, 92 for

echo

response

Jansen et al,

2006

pTDI, n=69, comparison of 2 and 6

segment models using time to onset

(TOV) and time to peak systolic

velocity measurements, response=

>15% reduction in ESV at 3 months

SD TOV of 6

segments >20

Maximal

TOV 6

segment delay

>60

97, 74

95, 73

Knebel et al,

2007

cTDI, n=38, comparison of tissue

velocity and strain, response^ >15%

reduction in ESV and >25% relative

increase in LVEF at mean 6 months

Maximal

opposing wall

velocity delay

>105

64, 80

135



Yu et al, cTDI, n=256, comparison of Dyssynchrony 93, 73

2007b multiple velocity and strain index>33

parameters using 2 and 12 segment

models, response= >15% reduction

in ESV at mean 6 months

Maximal 12

segment delay

>90

Maximal

92, 68

opposing wall

delay >90

81, 80

Septal-lateral

delay >60
70, 76

Table 3: Summary of published studies that have proposed predictors of response to 
CRT based on tissue Doppler imaging. cTDI colour-coded tissue Doppler imaging, 
pTDI pulsed wave tissue Doppler imaging, TV left ventricular, RV right ventricular, 
LVEF left ventricular ejection fraction, ESV end-systolic volume, NYHA New York 
Heart Association

Not all the published studies using TDI to determine dyssynchrony have reported a 

positive impact on the ability to identify CRT response. This may be due to the 

methodology employed to measure dyssynchrony. One study used pTDI to evaluate 

long-term predictive ability of septal-lateral delay >60msec after 12 months of CRT 

(Soliman et al, 2007b). Clinical response was defined as improvement by >1 NYHA 

class and >25% in six minute walk distance and echocardiographic response was 

defined as >15% reduction in left ventricular end-systolic volume at 12 months. 

Septal-lateral delay >60msec, using either time to onset or time to peak systolic 

contraction to calculate the parameter, was unable to predict any type of response. 

The authors state that if this parameter was used as a selection criterion for CRT in 

their series of patients, up to 90% of those with a septal-lateral delay <60msec 

(considered synchronous), who actually had a positive response, would have been 

denied therapy. Another study, of 133 patients, has also failed to show that septal-
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lateral delay measurement, using pTDI time to onset systolic velocity, predicts 

response at 6 months (Achilli et al, 2006). However, this study did report that 

interventricular delay >44msec was a predictor of a combined clinical and 

echocardiographic response, albeit with low sensitivity of 66% and specificity 55%. 

The different findings in these two studies over that which proposed septal-lateral 

delay (Bax et al, 2003), may be due to a number of factors including timing of follow 

up, definition of response or use of pTDI rather than cTDI.

Whilst many TDI response predictors have been proposed, there is no prospective 

evidence that any of them are effective discriminators between likely responders and 

non-responders. In the RETHINQ study, examining the impact of CRT in a heart 

failure group with narrow QRS duration, there was no significant clinical benefit 

from therapy when patients were selected on the basis of one of the proposed 

predictive parameters, namely a delay of two opposing walls >65msec (Beshai et al, 

2007). The Predictors of response to cardiac resynchronization therapy (PROSPECT) 

study has been the only trial designed to prospectively evaluate a number of potential 

echocardiographic dyssynchrony predictors of response to CRT (Yu et al, 2005b). 

The underlying hypothesis for this trial was that patients with echocardiographic 

evidence of extensive left ventricular dyssynchrony would be more likely to exhibit 

clinical benefit from CRT and therefore the echocardiographic parameter that could 

best quantify baseline dyssynchrony should best predict response. A total of 12 

parameters were tested, including TDI derived septal-lateral delay >60msec (Bax et 

al, 2003), dyssynchrony index >32msec (Yu et al, 2002), peak velocity difference 

>110msec (Notabartolo et al, 2004) and values > median of maximal differences in 

time to peak systolic displacement for 4 segments, time to peak velocity for 6 basal 

segments and time to onset velocity for 6 basal segments. Primary outcome response
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measures were a clinical composite score (worsened, improved or unchanged) and 

echocardiographic reduction in >15% of left ventricular end-systolic volume at six 

months. A range of secondary response measures was also included. The results have 

been published (Chung et al, 2008). From 498 enrolled patients, 426 formed the final 

study group. In summary, no parameter predicted either clinical or echocardiographic 

response with sufficient accuracy to endorse its adoption into routine clinical 

practice. A number of factors may have led to this surprising finding. It was a 

nonrandomised observational study, 20% of patients had a core echo lab ejection 

fraction measurement >35%, only 286/426 patients had baseline and six month end- 

systolic volume measurements for comparison, TDI images from Siemens machines 

could not be analysed, yield of interpretable echocardiograms to obtain each of the 

parameters varied between only 37% and 92% and there was a high degree of 

interobserver variability for TDI imaging (up to 34%) and SPWMD (72%). So, 

despite promising findings in small single centre studies, this first multicentre study 

could not recommend selection for CRT based on TDI.

Tissue Doppler imaging is also used to assess global and regional left ventricular 

function. Mitral annular systolic velocity, averaged from numerous sites as a marker 

of global function, may offer independent prognostic information in those with heart 

failure (Nikitin et al, 2006). One study suggests annular velocity <3cm/sec identifies 

patients at high risk in the subsequent two years (Wang et al, 2003). Peak systolic 

velocity, recorded within individual wall segments, may be considered a marker of 

regional systolic function. It would be conceivable that responders to CRT should 

demonstrate an increase in absolute velocity values compared to non-responders. 

However, results of studies investigating the impact of CRT on peak velocity values
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appear mixed. One study found a significant mean increase in peak systolic velocity 

of 1.8cm/sec in the septal and 2.1 cm/sec in the lateral left ventricular walls after CRT 

and this was associated with an increase in left ventricular ejection fraction (Bax et 

al, 2003). Another has shown improvement in mean mitral annular velocity at 6 basal 

sites after 3 and 6 months of CRT compared to baseline but no change at 1 month 

(Kanzaki et al, 2003). Conversely, others have found no change in myocardial 

velocities after CRT, even when there is evidence of reverse remodelling and 

improved synchronicity (Yu et al, 2002; Schuster et al, 2004).

3.1.3 Other echocardiographic markers of dyssynchrony

In addition to pulsed-wave and colour-coded tissue Doppler velocity imaging, a 

number of other echocardiographic methods have been used to assess myocardial 

dyssynchrony and predict response to CRT. All have specific advantages and 

disadvantages.

M-mode septal to posterior wall motion delay (SPWMD)

An Italian group has advocated this parameter (figure 4). They found, by measuring 

the time difference between peak inward displacement of the septum and posterior 

left ventricular wall segments from an M-mode echo image of the parasternal short 

axis view at papillary muscle level, that a delay >130msec at baseline predicted 

response (defined as a >15% reduction in end-systolic volume index at one month) to 

CRT with 100% sensitivity and 63% specificity (Pitzalis et al, 2002). This initial 

report was from a small group of 20 patients. A follow up publication with 60 

patients found a cut-off value of >130msec also predicted reverse remodelling (an 

increase in LVEF >5%) after 6 months of CRT with 92% sensitivity and 78%
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specificity (Pitzalis et la, 2005). It also was able to predict likelihood of clinical 

outcomes in terms of heart failure hospitalisation and death. The advantage of this 

parameter is the ease and speed of image acquisition on standard echo machines. 

However, measurement is difficult if there is wall segment akinesis and is limited to 

assessment of only 2 segments. One study found that measurement was not possible 

in 41% of cases (Bleeker et al, 2007b). In addition, others have failed to replicate the 

positive predictive capability of SPWMD, although they used a parasternal long axis, 

rather than short axis, image for measurement (Marcus et al, 2005; Diaz-1 nfante, 

2007).

Figure 4: The septal-posterior wall delay taken from an M-Mode short axis view. In 
this example the delay is 110msec.

Tissue synchronization imaging

This technique is TDI based. Software automatically calculates time to maximum 

systolic velocity in relation to the QRS complex for each sampling point in the TDI 

image and assigns a colour code ranging from green (earliest activation) through 

yellow to red (latest or delayed activation). The advantage of this technique is visual 

in that an observer can easily see areas of significant delay on the live image. One of
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the first reports of using this method to quantify dyssynchrony and predict CRT 

response found that a >65msec delay in time to peak velocity, between the posterior 

and anteroseptal walls from the apical long axis view, predicted acute haemodynamic 

response with 87% sensitivity and 100% specificity (Gorscan et al, 2004). In another 

study of 60 patients, a septal-lateral delay >65msec predicted clinical response 

(reduction >1 NYHA functional class and >25% increase in six-minute walk 

distance) with 80% sensitivity, 92% specificity and echocardiographic response 

(>15% reduction in end-systolic volume) after 6 months CRT with 81% sensitivity, 

89% specificity (Van de Veire et al, 2007). This automatic detection method shows 

good correlation with colour coded TDI manually derived dyssynchrony index (Yu 

et al, 2005c).

Strain imaging

This method attempts to overcome the inability of TDI to differentiate between 

active and passive contraction by measuring myocardial deformation. Fibres that are 

only passively moving will produce a TDI velocity curve (due to motion) but are not 

actually shortening and lengthening (a process known as active deformation). Strain 

represents active motion rather than passive pulling and is defined as the deformation 

of an object relative to its original shape (D'Hooge et al, 2000). This can be 

described mathematically as e=(L-Lo/Lo, where e is the symbol for strain, Lo is the 

original length of an object and L is the length after deformation. Therefore, by 

convention, negative strain represents regional shortening and positive strain 

represents regional lengthening. The strain rate can be derived from regional Doppler 

velocity data and represents rate of change of shortening/lengthening. Strain is 

obtained by integrating strain rate over time and represents percentage change in
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shortening/lengthening from a baseline value. In patients with left bundle branch 

block, there is an abnormal strain distribution between septal and lateral walls that 

can be corrected by CRT (Breithardt et al, 2003b). A number of studies have been 

published evaluating the value of tissue Doppler derived strain parameters in 

predicting response to CRT. However, the results are conflicting. A frequently 

quoted study that compared tissue Doppler velocity dyssynchrony parameters with 

strain parameters found strain imaging was unable to predict reverse remodelling 

while TDI was (Yu et al, 2004b). This finding was replicated in two later studies by 

the same author (Yu et al, 2006c; Yu et al, 2007b). Another group have also found 

strain to be unable to predict an echocardiographic CRT response (Knebel et al, 

2007). In contrast to these negative results, two studies have reported strain 

parameters that do predict reduction in left ventricular end-systolic volume after 

CRT (Mele et al, 2006; Porciani et al, 2006b). Part of the explanation for these 

conflicting findings may be the current limitations to this methodology in terms of 

image quality and reliability.

Tissue tracking

This method automatically detects displacement of myocardial segments towards or 

away from the ultrasound transducer. A colour code can be superimposed depending 

on the distance each segment moves towards the probe in systole. The distribution of 

colour bands can provide a rough visual display of regional strain distribution. A 

small study of 20 patients found that the extent of longitudinal delayed contraction, 

determined by tissue tracking, correlated with improvement in ventricular ejection 

fraction after CRT (Sogaard et al, 2002b). No larger study has investigated this 

technique further as a predictor of CRT response.
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Speckle tracking

This is another method of calculating strain from 2D-echocardiographic images 

without reliance on Doppler signals. Speckles are ultrasound reflectors within tissue 

and strain is determined by comparing these reflectors from frame to frame 

(Marwick, 2006). The advantage of this method is the potential to measure strain in 

two dimensions. Whilst the focus of investigation has been on longitudinal left 

ventricular function, speckle tracking can allow assessment of myocardial 

contraction in the radial direction and this may provide additional insight into CRT 

response. One study examined radial dyssynchrony by speckle tracking in 64 patients 

who underwent CRT (Suffoletto et al, 2006). A baseline time difference in peak 

septal to posterior wall strain of >130msec, calculated from parasternal short axis 

speckle tracking imaging, was able to predict acute haemodynamic response and 

longer term echocardiographic response. This study also used tissue longitudinal 

velocity imaging and found that a combination of both techniques could increase the 

sensitivity but not specificity of predicting CRT response.

3D echocardiography

This is a relatively new technology and allows quantification of left ventricular 

volumes to be determined (Lang et al, 2006b). Limited data are available on its 

application to the assessment of dyssynchrony and response to CRT. A dyssynchrony 

index based on standard deviation of the difference in time to minimal regional 

volume in 16 left ventricular segments has been proposed (Kapetanakis et al, 2005). 

This study also evaluated 26 CRT patients and found that responders (defined as 

reduction in NYHA class at follow up) had a significant reduction in 3D volumetric 

dyssynchrony index while non-responders had increased dyssynchrony. No study has
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evaluated the ability of 3D echocardiography to predict long-term CRT response. 

This method has the advantage of being able to acquire a full volume data set within 

several consecutive cardiac cycles and so is less time consuming than TDI. However, 

the temporal resolution is not as impressive as TDI and image acquisition requires 

regular RR intervals (therefore use in atrial fibrillation is limited).

3.1.4 Limitations of using echocardiography in CRT

No large randomised prospective trial has shown any echocardiographic 

dyssynchrony parameter to be a significant predictor of CRT response. Therefore, no 

consensus currently exists as to which, if any, of the many possible variables should 

be adopted into routine clinical use. A number of published reviews on the use of 

echocardiography in CRT were initially enthusiastic about the potential of such 

imaging as the ideal marker of dyssynchrony and suggested adopting some form of 

analysis into pre-implant assessments (Bax et al, 2004b; Lane et al, 2004; Bank and 

Kelly, 2006). More recently, other reviewers have been less enthusiastic and 

conclude that echocardiography should not be used until more evidence is available 

(Hawkins et al, 2006; Anderson et al, 2008). In addition, none of the international 

guidelines list echocardiographic dyssynchrony parameters as CRT selection criteria. 

There are limitations to using definite cut-off values when most of the proposed 

parameters are continuous variables. Only one study has quoted sensitivity and 

specificity values of 100% but the numbers used were small and a follow up study 

did not find a similar cut-off value or predictive accuracy (Yu et al, 2003a; Yu et al, 

2004b). These echo variables can therefore guide a clinician as to the likelihood of 

response but are not yet robust enough to be the final judge of whether to offer or 

deny CRT to a particular patient. Another important observation is that other groups
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have not replicated studies that have reported particular parameters as beneficial. A 

useful echocardiographic parameter will only be one that is easy to measure, is 

reproducible across institutions and will provide reliable clinical information. There 

are a number of possible reasons that may explain why results of CRT response 

studies employing TDI have been conflicting.

First, there is a potential for significant inter and intra observer variability in 

analysing the velocity profiles. This has been highlighted by the results of the 

PROSPECT study.

Second, the number of ventricular wall segments used for the determination of 

dyssynchrony has varied between studies. Some have used only the septum and 

lateral basal walls (2 segments), others have analysed the septum, lateral, inferior, 

anterior, posterior and anteroseptal walls at basal level (6 segments) whilst others 

have studied these six walls at basal and mid wall level (12 segments). It is unclear 

exactly how many segments are optimally required to detect dyssynchrony and little 

comparative data from the same patient group are available. It is also unclear 

whether the ideal measurement should be the maximal absolute difference in velocity 

timing or the standard deviation from multiple segments. One study has compared 

eighteen parameters in a group of 54 patients, which included 7 TDI measurements 

of intraventricular dyssynchrony (Yu et al, 2004b). They found the standard 

deviation of time to peak systolic contraction among 12 left ventricular segments to 

be the most powerful predictor of reverse remodelling (defined as >15% reduction in 

end-systolic volume). However, models using maximal difference in time to peak 

contraction between 2, 6 or 12 left ventricular segments were also significant
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predictors (although predictive accuracy increased with increasing number of 

segments). Interventricular dyssynchrony and strain rate derived parameters of 

dyssynchrony were not predictive of reverse remodelling. Another study used pTDI 

assessment in 69 patients to compare left ventricular dyssynchrony calculated using 

time to onset (TOY) and time to peak (TPV) velocity from a 2 and 6 basal segment 

model (Jansen et al, 2006). Measurements made preCRT and after 3 months of CRT 

included the standard deviation of TOY and TPV from 6 basal segments, maximal 

absolute difference between septum and lateral wall, maximal absolute difference 

between anteroseptal and posterior walls and the longest delay between any 2 wall 

segments. Using a definition of CRT response as >15% decrease in end-systolic 

volume, the authors found the 6 segment TOY standard deviation model predicted 

response with a value >20msec resulting in sensitivity of 97% and specificity of 

74%. Using longest delay >60msec between any two wall segments produced 

sensitivity of 95% and specificity of 73%. The other 2 segment models were not 

accurate predictors of response and using time to peak velocity was not as accurate 

as time to onset velocity.

Third, the velocity parameter used to define dyssynchrony varies between studies. 

Many have used the time to peak systolic velocity whilst others use the time to onset 

of systolic velocity. One study that investigated the prevalence of dyssynchrony in 

patients with systolic dysfunction used time to end systolic velocity (Perez de Isla et 

al, 2005). This group also published a similar follow up study that used time to end 

systolic velocity (Perez de Isla et al, 2006). It is unclear if the degree of 

dyssynchrony differs depending on which of these parameters is used as no direct 

comparison of the three time intervals has been published. However, some data

146



exists to show time to onset may be preferable to time to peak velocity when pulsed 

TDI is used. This includes the study mentioned above (Jansen et al, 2006). One other 

small study (n=44) compared CARE-HF dyssynchrony criteria (using standard 

echocardiography) with time to onset and time to peak TDI velocity values from a 4 

basal left ventricular and basal right ventricular segment model of inter and 

intraventricular dyssynchrony (Burri et al, 2008). Time to peak velocity 

measurements were highly variable with poor reproducibility and could not be 

advocated as useful parameters for patient assessment. Inter-observer variability 

could be up to 100msec. This is usually due to the presence of flat velocity profiles 

that limit the ability to discern a clear peak. This may be less of a concern with the 

colour coded TDI technique. In addition, TDI in this study had poor agreement with 

standard echocardiographic measures of dyssynchrony. Hence, how dyssynchrony is 

actually defined by echocardiography is a confused area.

Fourth, the timing of analysis could potentially be important. Most studies determine 

dyssynchrony at baseline and at a fixed follow up point on one occasion. It is unclear 

if dyssynchrony is a dynamic process rather than one that is just corrected by CRT 

and not to be worried about again. It is possible that the degree of dyssynchrony 

changes over time after CRT as the ventricular remodelling process either regresses 

or progresses.

Fifth, as discussed in previous chapters, the definition of a responder is an important 

consideration. However, most of the published echocardiographic studies have 

defined CRT response as a reduction in end-systolic volume of >15% measured 3-6 

months after CRT and so this limits the potential influence of this factor when
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comparing studies. Nonetheless, one group has proposed a dyssynchrony parameter 

termed ‘sum asynchrony' and found a value >102msec to predict echocardiographic 

response at 6 months with 96% sensitivity and 77% specificity (Penicka et al, 2004). 

However, a follow up publication derived a cut-off value >98msec to predict clinical 

non-response, defined as death or hospitalisation for worsening heart failure, with 

92% sensitivity and 67% specificity (Penicka et al, 2008). This does demonstrate that 

cut-off values and predictive accuracy can depend on the definition of response.

Sixth, there are clinically important factors that may influence response to CRT that 

are not well determined by tissue Doppler echocardiographic techniques. These 

include myocardial viability and the extent of myocardial scar.

3.2 Aims

The purpose of the remainder of this chapter is to describe an original study that aims 

to address some of the limitations raised above concerning the use of TDI in the 

assessment of dyssynchrony and explore if this really is a useful method that can be 

applied to routine clinical decision making and practice in regard to CRT.

The objectives of this study are:

1. To determine if the extent of baseline dyssynchrony or change in dyssynchrony 

after CRT, as assessed by pTDI, depends on whether the parameter used is time to 

onset, time to peak or time to end systolic velocity.

2. To determine if the extent of baseline dyssynchrony or change in dyssynchrony 

after CRT. as assessed by pTDI, depends on the number of wall segments used for
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the assessment of dyssynchrony.

3. To determine if the extent of dyssynchrony change after CRT, as assessed by 

pTDI, depends on the follow up time point after CRT at which it is measured.

4. To examine the effect of CRT on maximal myocardial systolic velocity and 

diastolic dyssynchrony.

3.3 Methods

3.3.1 Patient enrolment

Consecutive patients were prospectively recruited who were admitted for elective 

insertion of a biventricular pacemaker, with or without implantable cardioverter 

defibrillator, at Belfast City Hospital Cardiology Department. Absolute criteria for 

device implantation were heart failure of ischaemic or non-ischaemic origin, stable 

medical therapy for at least 3 months and left ventricular ejection fraction <35%. 

Typical additional criteria were NYHA functional class 3 or 4, QRS duration 

>120msec and sinus rhythm. Heart failure was considered ischaemic if there was a 

history of myocardial infarction, coronary artery bypass surgery or percutaneous 

coronary intervention and/or proven coronary artery disease by coronary 

angiography. At Belfast City Hospital, patients with atrial fibrillation, NYHA 

functional class 2 and QRS duration <120msec could be offered CRT after clinical 

assessment and at the discretion of the consultant cardiologist and were therefore 

also included in this study. No patient was excluded because of these criteria. 

Specific exclusion criteria were significant comorbidity that would either limit life 

expectancy or interfere with the study protocol. All patients gave written informed
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consent and the Regional Ethics Committee approved the protocol.

3.3.2 Device implantation and follow up

The same cardiologist carried out all procedures. Pacing leads were placed in the 

right atrium and right ventricular apex. The coronary sinus was cannulated and a left 

ventricular lead advanced into a lateral or posterolateral position when possible. 

When this was not possible, an anterior venous branch could be used. The decision to 

implant a biventricular pacemaker only or a combined biventricular pacemaker and 

implantable cardioverter defibrillator device was based on an individual patient's 

clinical indication. A number of different pacing leads and pacemaker devices, 

produced by different companies, were utilised. Prior to hospital discharge the device 

was optimally programmed to ensure as close to 100% pacing as possible and the 

atrioventricular delay was optimised by the Ritter method (Ritter et al, 1999). After 

hospital discharge, all patients were regularly reviewed at a pacemaker clinic, which 

was separate to the study protocol follow up visits, to ensure optimal device function.

3.3.3 Echocardiography protocol

Echocardiograms were carried out using a Philips 7500 ultrasound machine with S3 

transducer (Philips Medical Systems, Andover, MA). Patients were studied within 

the 48 hours before device implantation and then after 1, 3, 6 and 12 months of CRT. 

Images were stored on optical digital disc and analysed at a later date. The same 

physician performed and reported all studies in order to standardise image 

acquisition, quality and measurements. Five full studies were selected and re

analysed to allow calculation of intra and inter-observer variability. For inter

observer variability, a cardiologist with expertise in echocardiography analysed the

150



studies and was blinded to the clinical status of the patient and time point at which 

the echocardiogram was acquired. Left ventricular ejection fraction was calculated 

using Simpson’s biplane method.

Pulsed-wave tissue Doppler image acquisition and optimisation 

Before imaging, the ECG signal was optimised in terms of gain and clarity of the 

QRS complex onset for subsequent calculation of systolic and diastolic time 

intervals. For pTDI acquisition, the fdter, gain, velocity scale and image depth were 

individually set to optimise image quality. The sweep speed was set at lOOmm/sec. 

The sample volume was 19mm. Care was taken to ensure the angle between the 

transducer imaging plane and the ventricular wall being examined was as close to 

zero as possible. Each image was taken during quiet respiration at rest. Doppler 

traces from a minimum of three cardiac cycles were acquired from the basal and mid 

segments of the right ventricle and the basal and mid levels of the six left ventricular 

wall segments (septal, lateral, inferior, anterior, posterior and anteroseptal). An 

average of three measurements from three different cycles was calculated for each 

wall segment. Measurements included peak systolic velocity, time to onset systolic 

velocity, time to peak systolic velocity, time to end systolic velocity and time to 

diastolic e-wave velocity. Time intervals were calculated relative to the onset of the 

QRS complex. An example is shown in figure 5.
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Figure 5: Shows how each timing measurement was calculated. From the onset of the 
QRS complex time to onset systole (white arrow), peak systole (yellow arrow), end 
systole (green arrow) and onset diastole (red arrow) were determined.

Dyssynchrony parameters

The following parameters of dyssynchrony were determined from the initial timing 

measurements:

1. Intraventricular dyssynchrony

• Maximal difference in time to onset systolic velocity between the 12 left ventricular 

wall segments (ToV12)

• Maximal difference in time to peak systolic velocity between the 12 left ventricular 

wall segments (TpV12)

• Maximal difference in time to end systolic velocity between the 12 left ventricular 

wall segments (TeV12)
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• Maximal difference in time to onset systolic velocity between the 6 basal left 

ventricular wall segments (T0V6)

• Maximal difference in time to onset systolic velocity between the basal septal and 

lateral left ventricular wall segments (ToV2)

2. Interventricular (IV) dyssynchrony

•Maximal difference in time to onset systolic velocity between the 2 right 

ventricular and 12 left ventricular wall segments (IVol2)

• Maximal difference in time to peak systolic velocity between the 2 right 

ventricular and 12 left ventricular wall segments (IVpl2)

• Maximal difference in time to end systolic velocity between the 2 right ventricular 

and 12 left ventricular wall segments (lVel2)

3. Diastolic dyssynchrony

• Maximal difference in time to diastolic e-wave onset between the 12 left ventricular 

wall segments (TdV12)

Comparing different systolic velocity time intervals 

Comparison was made between:

• ToV 12, TpV 12 and TeV 12 values at baseline

•The difference between baseline and 6 month values of ToV 12, TpV 12 and TeV 12

• IVol2, IVpl2 and IVel2 values at baseline

Comparing different wall segment models 

Comparison was made between:
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ToV12, T0V6 and ToV2 at baseline

• The difference between baseline and 6 month values of ToVI2, To V6 and ToV2

Comparing the timing of dyssynchrony assessment 

Comparison was made between:

•ToV12 at baseline, 1, 3, 6 and 12 months

• IVol2 at baseline, 1, 3, 6 and 12 months

Change in peak velocity

Comparison was made between mean peak systolic velocity among the 12 left 

ventricular wall segments at baseline and after 6 months CRT.

Diastolic dyssynchrony assessment

Comparison was made between TdV12 at baseline and after 6 months CRT.

3.3.4 Statistical analysis

Advice was sought from the Department of Epidemiology and Public Health, 

Queen’s University, Belfast. All analysis was carried out using SPSS 13.0 for 

Windows statistical package (SPSS Inc, Chicago, Illinois). Single comparisons 

between 2 groups were carried out using the independent or paired samples t-tests as 

appropriate. Calculations involving multiple comparisons were carried out using 

univariate analysis of variance with post-hoc Bonferroni correction. Correlation was 

conducted using Pearson’s correlation coefficient. A p value <0.05 was considered 

statistically significant.
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3.4 Results

3.4.1 Clinical characteristics

A total of 50 patients were enrolled. 42/50 underwent successful device implantation. 

Adequate echocardiographic imaging was not possible in 2 patients. Therefore, the 

final study group consisted of 40 patients. Baseline characteristics are summarised in 

table 4.

A lateral left ventricular lead vein position was achieved in 28/40 (70%), 

posterolateral in 11/40 (27.5%) and anterior in 1/40 (2.5%). A biventricular 

pacemaker alone was implanted in 28/40 (70%) and 12/40 (30%) received a 

combined biventricular pacemaker and implantable cardioverter defibrillator. 3/40 

were upgrades from a dual chamber pacemaker device. Only 1/40 had baseline QRS 

duration less than 120msec. Three patients died from congestive heart failure 

between 6 and 12 month follow up visits and three did not attend for 12 month 

follow up.

After six months of CRT, mean NYHA functional class had improved from 2.93 to 

2.22 (pO.OOOl) and left ventricular ejection fraction from 24.9% to 31.4% 

(pO.0001). Mean QRS did not significantly change (159.7 to 151.8msec, p=0.077).
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Characteristic

Gender (M/F) 30/10

Age (years) 68.2± 11.1

Ischaemic aetiology n/40 26
• Prior myocardial infarction 24
• Revascularisation - PCI 3

-CABG 11
- Both 3

NYHA class (2/3/4) 6/31/3

QRS duration (msec) 159.7 ±25

Left ventricular ejection fraction (%) 24.9 ±5.8

Rhythm (sinus/atrial fibrillation) 30/10

Medications: n/40 (%)
• ACE-I 31 (77.5)
•ARB 6(15)
• (3-blocker 34 (85)
• Aldosterone antagonist 30 (75)
• Digoxin 16(40)
• Diuretic 36 (90)
• Statin 33 (82.5)

Presence of symptoms
•<1 year 6
• 1 -2 years 12
• >2 years 22

Table 4: Baseline characteristics of the final study group (n=40). Results for age, 
QRS duration and ejection fraction are mean±SD. PCI percutaneous coronary 
intervention, CABG coronary artery bypass grafting, NYHA New York Heart 
Association, ACE-I angiotensin converting enzyme inhibitor, ARB angiotensin 
receptor blocker
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3.4.2 Tissue Doppler interpretation and variability

Interpretation of images

Of the 40 patients, only 10 had interpretable pulsed-wave TD1 images for all wall 

segments (12 left ventricular and 2 right ventricular) at all time points of follow up. 

The number of wall segments that could not be interpreted was seen to vary within 

an individual at different follow up visits. Table 5 shows the number of patients with 

the number of wall segments at each follow up visit that could not be interpreted.

Number of patients at each time point in the study

Number of 
missing 

segments
Baseline 1 month 3 months 6 months 12 months

1 6 5 3 6 4

2 4 5 3 6 4

3 2 4 6 3 2

4 3 0 2 3 3

5 3 1 1 1 1

6 1 1 0 0 0

19 16 15 19 14

Table 5: The number of patients at each follow up visit with the different number of 
wall segment images that could not be interpreted. The bottom line gives the total 
patients (from the study population of 40) with missing segment data at each visit.

Variability

Inter and intra observer variability was assessed from repeat analysis of five 

echocardiograms taken at representative times across the entire study period. There 

were no significant differences between intraobserver sets of readings for any of the
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five tissue Doppler measurements. There were significant differences between 

interobserver readings for time to peak systolic velocity and time to diastolic e wave 

onset (both p<0.0001). Limits of agreement for each of the measured tissue Doppler 

parameters are presented in table 6. There was excellent agreement in calculation of 

the peak systolic velocity. The variability was high for time to peak and time to end 

systolic velocity but was better for time to onset systolic velocity.

Parameter Intraobserver limits of 
agreement

Interobserver limits of 
agreement

Peak systolic velocity 0.01 ±0.7 -0.28 ±1.1

Time to onset systole -3.1 ±22.8 1.1 ±22.6

Time to peak systole -0.7 ± 26.2 15.1 ±30.4

Time to end systole 1.1 ±26.1 10.4 ±40.2

Time to e wave diastole -0.6 ±31.6 14.8 ±44.4
Table 6: Limits of agreement are displayed as the mean ± 2SD of the differences
between the two sets of observations.

3.4.3 Dyssynchrony evaluation

For the results below and each of the tables and figures the following abbreviation 

code system applies to the presented dyssynchrony parameters:

The first letter/number refers to the time point of analysis. This will be b (baseline 

before implant) 1 (1 month post), 3 (3 months post), 6 (months post), or 12 (12 

months post).

The second three letters describe the velocity parameter and type of dyssynchrony 

assessment. Intraventricular dyssynchrony is displayed as ToV (using time to onset 

systolic velocity), TpV (using time to peak systolic velocity) or TeV (using time to 

end systolic velocity). Interventricular dyssynchrony is displayed as I Vo (using time 

to onset systole), IVp (using time to peak systole) or IVe (using time to end systole).
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Diastolic dyssynchrony is designated TdV (time to diastolic velocity onset). Peak 

systolic velocity is PSV.

The last number refers to the number of ventricular wall segments being used to 

calculate maximal differences in velocities. This will be 2, 6 or 12.

For example, 6TpV6 means maximal difference in time to peak systolic velocity 

among 6 wall segments measured at 6 months post CRT.

The dyssynchrony values are given in msec, shown on the y axis of each figure. 

Descriptive statistics for all measured dyssynchrony parameters are shown in table 7. 

This reveals a wide spread of results in terms of baseline dyssynchrony severity and 

the difference in dyssynchrony depending on the velocity parameter used.

• Comparing velocity time intervals

There were significant correlations between the three velocity parameters at baseline 

with correlation coefficient varying between 0.5 and 0.7 (table 8, figure 6). Box plots 

for baseline ToV12, TpV12 and TeV12 are shown in figure 7. Mean baseline values 

for ToV12, TpV12 and TeV12 were 72.1msec, 82.9msec and 90.83msec 

respectively. There was no significant difference between mean ToV12 and TpV12 

or between mean TpV12 and TeV12. However, there was a significant difference 

between mean ToV12 and TeV12 at baseline (p=0.001, table 9).
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N Minimum Maximum Mean Std.
Statistic Statistic Statistic Statistic Std. Error Statistic

bToV12 40 23 153 72.10 4.505 28.493
bTpV12 40 23 220 82.90 6.303 39.862
bTeV12 40 36 164 90.83 5.219 33.008
6ToV12 40 10 98 47.35 3.294 20.836
6TpV12 40 22 132 70.00 4.609 29.147
6TeV12 40 25 138 61.05 4.269 26.999
bToV2 35 0 100 29.74 4.295 25.410
bToV6 40 17 153 57.65 4.273 27.026
6ToV2 37 2 80 21.11 2.941 17.887
6T0V6 40 10 80 35.48 2.650 16.762
1ToV12 40 13 93 50.33 2.783 17.599
3ToV12 40 13 104 47.33 3.554 22.477
12ToV12 34 13 86 40.97 2.695 15.712
bTdV12 40 36 223 109.38 6.395 40.447
6TdV12 40 27 155 82.00 5.090 32.190
blVo12 39 18 190 82.03 6.119 38.212
1IVo12 40 20 120 52.25 3.607 22.814
3IVo12 40 17 140 49.45 4.516 28.560
6IVo12 40 8 129 48.23 4.777 30.210
12IV012 33 10 288 53.88 8.554 49.139
blVp12 39 17 250 85.03 7.038 43.953
blVe12 39 37 170 87.56 5.167 32.271
bPSV12 40 2.4 8.8 4.043 .1919 1.2136
6PSV12 40 2.8 7.5 4.353 .1774 1.1218

Table 7: Shows the mean, standard deviation (Std) and range (minimum, maximum) for each 
measured dyssynchrony parameter. N<40 means the particular parameter could not be 
calculated in some individuals due to uninterpretable segments. For parameter code 
explanation see page 158.

Correlations

bToV12 bTpV12 bTeV12
bToV12 Pearson Correlation 1 .695** .504**

Sig. (2-tailed) .000 .001
N 40 40 40

bTpV12 Pearson Correlation .695** 1 .518**
Sig. (2-tailed) .000 .001
N 40 40 40

bTeV12 Pearson Correlation .504** .518** 1
Sig. (2-tailed) .001 .001
N 40 40 40

**• Correlation is significant at the 0.01 level (2-tailed).

Table 8: Correlation analysis between the three different velocity time parameter models of 
dyssynchrony at baseline.
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Figure 6: Scatter diagrams showing the relationships between the three velocity time 
parameter models of dyssynchrony at baseline. For parameter code explanation see 
page 158.
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Figure 7: Box plots for each velocity time parameter dyssynchrony model at 
baseline.

Multiple Comparisons

Dependent Variable: VelParameter 
Bonferroni

(1) outcome (J) outcome

Mean
Difference

(l-J) Std. Error Siq.
95% Confidence Interval

Lower Bound Upper Bound
ToV12 TpV12 -10.80 5.075 .109 -23.22 1.62

TeV12 -18.73* 5.075 .001 -31.14 -6.31
TpV12 ToV12 10.80 5.075 .109 -1.62 23.22

TeV12 -7.93 5.075 .367 -20.34 4.49
TeV12 ToV12 18.73* 5.075 .001 6.31 31.14

TpV12 7.93 5.075 .367 -4.49 20.34
Based on observed means.

* The mean difference is significant at the .05 level.

Table 9: Results of ANOVA comparison between each of the velocity time 
parameter dyssynchrony models at baseline. There is a significant difference 
between time to onset and time to end systolic velocity. ToVl2 maximal difference in time 
to onset systolic velocity among 12 LV wall segments at baseline, TpV12 maximal difference in time 
to peak systolic velocity among 12 LV wall segments at baseline, TeV12 maximal difference in time 
to end systolic velocity among 12 LV wall segments at baseline
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There was a significant reduction in mean ToV12 and TeV12 after 6 months of CRT 

(both p<0.0001 v baseline). However, there was no significant reduction in mean 

TpV12 after 6 months (p=0.093 v baseline). A summary bar chart showing the mean 

values at baseline and after 6 months is given in figure 8. Box plots for the difference 

in ToV12, TpV12 and TeV12 between baseline and after six months CRT are shown 

in figure 9. The mean±SD reduction in dyssynchrony at 6 months was 

24.75+37.68msec using ToV12, 12.9±47.4msec using TpV12 and 29.78+40.1msec 

using TeV12. There was no significant difference in reduction in dyssynchrony when 

comparing ToV12 and TpV12 values or ToV12 and TeV12 values. However, there 

was a significant difference in observed reduction in dyssynchrony after 6 months 

CRT when comparing TpV12 and TeV12 values (p=0.038, table 10).
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Figure 8: Shows the mean (±95%CI) for each velocity time parameter dyssynchrony 
model at baseline and after 6 months. * Significant (p<0.05) reduction in 6 months 
value versus baseline. For parameter code explanation see page 158.
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Figure 9: Box plots for the difference (diff) in each velocity time parameter 
dyssynchrony model (ToV time to onset, TpV time to peak and TeV time to end 
systolic velocity) between baseline and 6 month values.

Multiple Comparisons

Dependent Variable: Diffdyssynchrony 
Bonferroni______________________

(1) DiffVelpara (J) DiffVelpara

Mean
Difference

(l-J) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound
DiffToV12 DiffTpV12 -11.8500 6.61697 .232 -28.0398 4.3398

DiffTeV12 5.0250 6.61697 1.000 -11.1648 21.2148
DiffTpV12 DiffToV12 11.8500 6.61697 .232 -4.3398 28.0398

DiffTeV12 16.8750* 6.61697 .038 .6852 33.0648
DiffTeV12 DiffToV12 -5.0250 6.61697 1.000 -21.2148 11.1648

DiffTpV12 -16.8750* 6.61697 .038 -33.0648 -.6852

Based on observed means.
*■ The mean difference is significant at the .05 level.

Table 10: Results of ANOVA comparing the difference in velocity time parameter 
dyssynchrony models between baseline and 6 months. There is a significant 
difference when comparing time to peak with time to end systolic velocity.

Mean baseline values for IVol2, IVpl2 and IVel2 were 82.03msec, 85.03msec and 

87.56msec respectively. There was no significant difference in baseline
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interventricular dyssynchrony when comparing IVol2, IVpl2 and IVel2 (table 11). 

Box plots for baseline interventricular dyssynchrony using IVol2, IVpl2 and IVel2 

are shown in figure 10.

Multiple Comparisons

Dependent Variable: IVdyssync 
Bonferroni

(1) Velpara (J) Velpara

Mean
Difference

0-J) Std. Error Siq.
95% Confidence Interval

Lower Bound Upper Bound
IVo12 IVp12

IVe12
-3.0000
-5.5385

5.50637
5.50637

1.000
.953

-16.4803
-19.0187

10.4803
7.9418

IVp12 IVo12
IVe12

3.0000
-2.5385

5.50637
5.50637

1.000
1.000

-10.4803
-16.0187

16.4803
10.9418

IVe12 IVo12
IVp12

5.5385
2.5385

5.50637
5.50637

.953
1.000

-7.9418
-10.9418

19.0187
16.0187

Based on observed means.

Table 1 1: Results of ANOVA comparing the three velocity time parameters in assessing 
baseline interventricular dyssynchrony. No significant differences are detected. IVol2 
baseline interventricular dyssynchrony using time to onset systolic velocity, lVp!2 baseline 
interventricular dyssynchrony using time to peak systolic velocity, IVel2 baseline 
interventricular dyssynchrony using time to end systolic velocity

250-
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Figure 10: Box plots of baseline interventricular dyssynchrony using the three velocity time 
parameters. For parameter code explanation see page 158.
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• Comparing wall segment models

There were significant correlations between the three different wall segment models 

at baseline although the relationship was weaker when a 2-segment model was 

employed (table 12, figure 11). Box plots for baseline ToV2, ToV6 and ToV12 are 

shown in figure 12. Mean baseline values for ToV12, ToV6 and ToV2 were 

72.1msec, 57.65msec and 29.74msec respectively. There were significant differences 

between baseline ToV12 and ToV6 (p=0.001), ToV12 and ToV2 (pO.OOOl) and 

ToV6 and ToV2 (pO.OOOl). These comparisons are summarised in table 13.

Box plots for the differences between baseline and six month values are shown in 

figure 13. There was a significant reduction in mean ToV12 (72.1 to 47.35, 

pO.OOOl) and ToV6 (mean 57.65 to 35.48, pO.OOOl) but not ToV2 (mean 31.24 to 

20.27, p=0.055) after 6 months of CRT. There was a significant difference in the 

degree of dyssynchrony reduction when using ToV12 compared to ToV2 (p=0.015, 

table 14).

Correlations

bToV12 bToV2 biove
bToV12 Pearson Correlation 1 .458** .847**

Sig. (2-tailed) .006 .000
N 40 35 40

bToV2 Pearson Correlation .458** 1 .496**
Sig. (2-tailed) .006 .002
N 35 35 35

bToV6 Pearson Correlation .847** .496** 1
Sig. (2-tailed) .000 .002
N 40 35 40

**• Correlation is significant at the 0.01 level (2-tailed).

Table 12: Correlation analysis between the three wall segment models of 
dyssynchrony at baseline. For parameter code explanation see page 158.
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Figure 11: Scatter diagrams showing the relationships between the three wall segment 
models of dyssynchrony at baseline. For parameter code explanation see page 158.
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Figure 12: Box plots for each of the wall segment models of dyssynchrony at 
baseline. For parameter code explanation see page 158.

Multiple Comparisons

Dependent Variable: WallModel 
Bonferroni

(1) Parameter (J) Parameter

Mean
Difference

(l-J) Std. Error Siq.
95% Confidence Interval

Lower Bound Upper Bound
ToV12 ToV6 14.4500* 3.72153 .001 5.3308 23.5692

ToV2 42.3571* 3.85215 .000 32.9179 51.7964
ToV6 ToV12 -14.4500* 3.72153 .001 -23.5692 -5.3308

ToV2 27.9071* 3.85215 .000 18.4679 37.3464
ToV2 ToV12 -42.3571* 3.85215 .000 -51.7964 -32.9179

ToV6 -27.9071* 3.85215 .000 -37.3464 -18.4679
Based on observed means.

*• The mean difference is significant at the .05 level.

Table 13: Results of ANOVA comparisons between the three wall segments models 
at baseline. There were significant differences between all three models. ToVI2 
baseline maximal difference in time to onset systolic velocity among 12 LV wall segments, ToV6 
baseline maximal difference in time to onset systolic velocity among 6 LV wall segments, ToV2 
baseline maximal difference in time to onset systolic velocity among 2 LV wall segments (namely, 
basal septum and lateral walls)
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Figure 13: Box plots for the difference (diff) in dyssynchrony, using time to onset 
(ToV) systolic velocity, for each wall segment model (2, 6 or 12) between baseline 
and 6 months.

Multiple Comparisons

Dependent Variable: Diffdyssync 
Bonferroni

(1) Parameter (J) Parameter

Mean
Difference

(l-J) Std. Error Siq.
95% Confidence Interval

Lower Bound Upper Bound
DiffToV12 DiffToVO -2.5750 4.51549 1.000 -13.0471 8.4971

DiffToV2 -13.7803* 4.74891 .015 -25.4247 -2.1359
DiffToVO DiffToV12 2.5750 4.51549 1.000 -8.4971 13.0471

DiffToV2 -11.2053 4.74891 .003 -22.8497 .4391
DiffToV2 DiffToV12 13.7803* 4.74891 .015 2.1359 25.4247

DiffToVO 11.2053 4.74891 .003 -.4391 22.8497

Based on observed means.
*• The mean difference is significant at the .05 level.

Table 14: Results of ANOVA comparing the differences in dyssynchrony from 
baseline to 6 months between each wall segment model. diffToV12, diff ToV6, 
diffToV2 difference between baseline and 6 month values of maximal dispersion in 
time to onset systolic velocity among 12, 6 and 2 LV segments respectively
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• Comparing time point of dyssynchrony assessment

Left ventricular ejection fraction significantly improved after one month of CRT 

(24.9 to 28.5%, p=0.002). There was further significant improvement between one 

and six months after CRT (28.5 to 31.4%, p=0.024) that was maintained to 12 

months. Mean change in ejection fraction with time is shown in figure 14. The 

improvement in ejection fraction after 6 months CRT was not correlated with the 

reduction in dyssynchrony (using ToV12) after 6 months (r -0.201, p=0.215). Box 

plots for assessment of intraventricular and interventricular dyssynchrony using time 

to onset velocity in a 12 segment model at baseline and after 1, 3, 6 and 12 months of 

CRT are shown in figure 15. Mean ToV12 and IVol2 were significantly reduced 

after 1 month and remained significantly reduced at 3, 6 and 12 months. There were 

no significant differences between mean values at each follow up point (table 15 and 

16).

> so.oo-

Figure 14: Mean (±95% Cl) left ventricular ejection fraction (LVEF) at baseline 
(efO) and each follow up time point after CRT (efl, ef3, ef6 and efl2). * Significant 
at p<0.05 versus baseline, # significant at p<0.05 versus 1 month
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Figure 15: Box plots for intraventricular (above) and interventricular (below) 
dyssynchrony, using the time to onset 12 segment model, at baseline and after 1, 3, 6 
and 12 months CRT. For parameter code explanation see page 158.
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Multiple Comparisons

Dependent Variable: ToV12 
Bonferroni

(1) time (J) time

Mean
Difference

(l-J) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound
Base 1.00 21.7750* 4.29396 .000 9.5409 34.0091

3.00 24.7750* 4.29396 .000 12.5409 37.0091
6.00 24.7500* 4.29396 .000 12.5159 36.9841
12.00 31.1294* 4.47939 .000 18.3669 43.8919

1.00 Base -21.7750* 4.29396 .000 -34.0091 -9.5409
3.00 3.0000 4.29396 1.000 -9.2341 15.2341
6.00 2.9750 4.29396 1.000 -9.2591 15.2091
12.00 9.3544 4.47939 .385 -3.4081 22.1169

3.00 Base -24.7750* 4.29396 .000 -37.0091 -12.5409
1.00 -3.0000 4.29396 1.000 -15.2341 9.2341
6.00 -.0250 4.29396 1.000 -12.2591 12.2091
12.00 6.3544 4.47939 1.000 -6.4081 19.1169

6.00 Base -24.7500* 4.29396 .000 -36.9841 -12.5159
1.00 -2.9750 4.29396 1.000 -15.2091 9.2591
3.00 .0250 4.29396 1.000 -12.2091 12.2591
12.00 6.3794 4.47939 1.000 -6.3831 19.1419

12.00 Base -31.1294* 4.47939 .000 -43.8919 -18.3669
1.00 -9.3544 4.47939 .385 -22.1169 3.4081
3.00 -6.3544 4.47939 1.000 -19.1169 6.4081
6.00 -6.3794 4.47939 1.000 -19.1419 6.3831

Based on observed means.
* The mean difference is significant at the .05 level.

Table 15: Results of ANOVA comparing intraventricular dyssynchrony at baseline 
and each follow up point using the time to onset systolic velocity 12 LV segment 
model. Each follow up assessment is significantly different to baseline but there are 
no significant differences between 1, 3, 6, and 12 month assessments. For parameter 
code explanation see page 158.
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Dependent Variable: IVo12 
Bonferroni

Multiple Comparisons

(1) time (J) time

Mean
Difference

(l-J) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound
Base 1.00 29.7756* 6.75656 .000 10.5213 49.0300

3.00 32.5756* 6.75656 .000 13.3213 51.8300
6.00 33.8006* 6.75656 .000 14.5463 53.0550
12.00 28.1469* 7.10152 .001 7.9094 48.3843

1.00 Base -29.7756* 6.75656 .000 -49.0300 -10.5213
3.00 2.8000 6.71366 1.000 -16.3321 21.9321
6.00 4.0250 6.71366 1.000 -15.1071 23.1571
12.00 -1.6288 7.06072 1.000 -21.7499 18.4924

3.00 Base -32.5756* 6.75656 .000 -51.8300 -13.3213
1.00 -2.8000 6.71366 1.000 -21.9321 16.3321
6.00 1.2250 6.71366 1.000 -17.9071 20.3571
12.00 -4.4288 7.06072 1.000 -24.5499 15.6924

6.00 Base -33.8006* 6.75656 .000 -53.0550 -14.5463
1.00 -4.0250 6.71366 1.000 -23.1571 15.1071
3.00 -1.2250 6.71366 1.000 -20.3571 17.9071
12.00 -5.6538 7.06072 1.000 -25.7749 14.4674

12.00 Base -28.1469* 7.10152 .001 -48.3843 -7.9094
1.00 1.6288 7.06072 1.000 -18.4924 21.7499
3.00 4.4288 7.06072 1.000 -15.6924 24.5499
6.00 5.6538 7.06072 1.000 -14.4674 25.7749

Based on observed means.
*■ The mean difference is significant at the .05 level.

Table 16: Results of ANOVA comparing interventricular dyssynchrony at baseline 
and each follow up point using time to onset systolic velocity 12 LV/2 RV segment 
model. Each follow up assessment is significantly different to baseline but there are 
no significant differences between 1, 3, 6, and 12 month assessments. For parameter 
code explanation see page 158.

• Peak systolic velocity

The mean peak systolic velocity across the 12 left ventricular wall segments was 

4.04 cm/sec at baseline and 4.35 cm/sec after 6 months CRT (NS, p=0.08). This is 

illustrated in figure 16. There was a significant correlation (although modest) 

between change in peak systolic velocity and change in left ventricular ejection 

fraction at 6 months (r=0.378, p=0.016). This is shown in figure 17.
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Figure 16: Change in mean peak systolic velocity (PSV) among 12 left ventricular 
segments from baseline to 6 months. The change was not significant.
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Figure 17: Scatter diagram showing the relationship between change in mean 12 
segment peak systolic velocity and change in left ventricular ejection fraction after 6 
months CRT. There is a weakly positive correlation.

• Diastolic dyssynchrony

There was a significant reduction in the maximal difference in time to onset of the 

diastolic E wave among the 12 left ventricular segments (TdV12) from a mean 

109.4msec at baseline to 82msec after 6 months CRT (p=0.002). This is illustrated in
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figure 18. The change in diastolic dyssynchrony after CRT was correlated with the 

change in systolic dyssynchrony (r=0.403, p=0.01, figure 19).

bTdV12 6TdV12

Figure 18: Change in diastolic dyssynchrony from baseline to 6months. * Significant 
at p<0.05 level. For parameter code explanation see page 158.
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Figure 19: Scatter diagram showing the relationship between the reduction in 
diastolic dyssynchrony after 6 months CRT with the reduction in systolic 
dyssynchrony. diffTdV12 difference in maximal dispersion of time to onset diastolic e wave 
among 12 LV segments, diftToVI2 difference in maximal dispersion of time to onset systolic wave 
among 12 LV segments
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3.5 Discussion

The main findings of this study are:

1. The degree of dyssynchrony, as determined by tissue Doppler imaging both before 

and after CRT, will differ depending on the velocity parameter and segment model 

chosen for assessing dyssynchrony.

2. The degree of dyssynchrony after CRT does not differ depending on the time 

interval after CRT when assessment of dyssynchrony takes place.

3. Peak systolic velocities are unchanged following 6 months of CRT but change in 

systolic velocity is correlated with change in ventricular function.

4. Whilst diastolic dyssynchrony is reduced with CRT, variation in regional time to 

onset of diastolic velocity remains after CRT.

3.5.1 Which velocity parameter?

Published studies examining the value of tissue Doppler imaging (TDI) as a means 

of assessing the degree of baseline myocardial dyssynchrony, the change in 

dyssynchrony after CRT and/or the value of this assessment as a means of predicting 

response to CRT, have used either time to onset, time to peak or time to end systolic 

velocity as the time interval of choice. This study is the first to compare these three 

velocity parameters in the same patient population. Whilst correlations exist between 

the three, this does not appear to be strong enough to allow them to be used 

interchangeably. There was a significant difference in baseline dyssynchrony 

comparing time to onset with time to end systolic velocity. In addition, when 

examining the reduction of dyssynchrony following CRT, there was no significant 

change when using time to peak systolic velocity despite significant changes using
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time to onset and time to end systolic velocity. This may be partly due to the higher 

variability that has been found when using time to peak velocity (Burri et al, 2008). 

The mean reduction in dyssynchrony was significantly different when determined 

using time to peak compared with time to end systolic velocity. These results have 

implications for those who are using this methodology for assessment of 

dyssynchrony prior to CRT and for follow up assessment of the ability of CRT to 

reduce dyssynchrony. Baseline dyssynchrony appears to be higher when analysed 

using time to end systolic velocity and change in dyssynchrony after CRT is less 

when using analysis of time to peak systolic velocity as the marker of dyssynchrony. 

The intra and interobserver variability of time to peak and end systole values found 

in this study likely contribute significantly to the dyssynchrony differences outlined 

above. Time to onset systolic velocity is much less variable and therefore future 

studies should perhaps focus on this time interval.

3.5.2 Which segment model?

The direct comparison of different wall segment models in this study aids 

understanding of why some parameters have displayed conflicting value as 

predictors of response. For example, septal-lateral delay has been proposed by one 

group but found to be clinically unhelpful by others. The results of this study show 

that septal-lateral delay is likely to underestimate the true degree of dyssynchrony by 

assuming that these are often the most delayed segments. Baseline dyssynchrony 

severity using septal-lateral delay was significantly less than when using the 6 basal 

segment or 12 segment (6 basal/6 mid) models. In addition, the septal-lateral delay 

was not significantly reduced after 6 months compared with the other models.
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Therefore, these results would not support the use of a septal-lateral approach for 

accurate assessment and follow up of dyssynchrony.

One of the limitations of pulsed-wave tissue Doppler imaging is the requirement for 

on-line processing of the data. Therefore, it is a time consuming method if multiple 

wall segments are required for every analysis. In this study, there were 12 wall 

segments with 5 measurements that were each made three times. This means a full 

study required 180 individual measurements before the calculation of timing 

differences could be made. There was a significant difference between the 6 and 12 

segment models at baseline. However, both produced significant reductions after six 

months CRT and the differences were not significant between the two models. In 

addition, the baseline values were strongly correlated. Therefore, these results would 

suggest that in clinical practice, a pragmatic approach using the 6 basal segment 

model for dyssynchrony assessment would produce similar data to using a 12 

segment model and potentially save a considerable amount of time required for 

analysis.

3.5.3 Which time interval?

Studies investigating TDI and response to CRT measure dyssynchrony at different 

follow up times after CRT (from one day to one year). It is conceivable that as the 

left ventricle reverse remodels after CRT that the change in size and shape over time 

may affect the degree of dyssynchrony. This study is the first to compare the 

reduction in dyssynchrony after CRT at a number of different time points after 

device implant. There was a significant improvement in left ventricular ejection 

fraction after one month of CRT. There was further significant improvement after six 

months reflecting an overall positive and progressive effect of therapy on the
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remodelling process. The degree of dyssynchrony fell significantly after one month 

of CRT and stayed significantly reduced during the 12 months of the study. 

However, there was no progression in the reduction of dyssynchrony, with similar 

values at 1, 3, 6 and 12 months. This suggests that progressive remodelling does not 

have any additional effect on the reduction in dyssynchrony seen early after CRT. 

These results raise questions for further study in order to investigate the mechanism 

of progressive remodelling over time post CRT. These results also imply that if a 

patient has not shown reduction in dyssynchrony after one month, they are unlikely 

to show any change at a later date. This might mean that early optimisation of the 

device or reassessment of left ventricular lead position may be useful. One other 

published study, which included 100 patients, has shown that reduction in 

dyssynchrony is an acute effect immediately after device implant, with no further 

reduction after six months follow up (Bleeker et al, 2007c). Of interest, the degree of 

baseline dyssynchrony in this study was similar between echocardiographic 

responders and non-responders, suggesting that the amount of resynchronization is a 

more important factor. If the degree of acute left ventricular resynchronization was 

greater than 20%, then there was a 93% chance of echocardiographic response after 

six months. The authors conclude that reduction in dyssynchrony is ‘mandatory’ for 

response to CRT and that their results strongly support the role of echocardiography 

in selection of suitable CRT candidates. This study also reported a positive 

correlation between acute resynchronization and the reduction in end-systolic 

volume after six months. However, an accompanying editorial reflects that the 

relationship is small and not sufficient to explain all the reverse remodelling that 

occurs following CRT (Kass, 2007). Hence, reversal of dyssynchrony is likely to
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explain the short term benefits of CRT but further investigation of the factors that 

produce long-term improvements in cardiac function are required.

3.5.4 Diastolic delays

The difference in regional time to onset of diastolic motion can vary between 35- 

70msec in normal subjects, with early relaxation occurring in the lateral wall before 

the septum (Hatle and Sutherland, 2000). This study has shown that CRT does 

reduce the degree of diastolic dyssynchrony although this is correlated with the 

reduction in systolic dyssynchrony. In addition, the mean difference in timing of 

diastole onset was still high after CRT at 82msec, which is above the value quoted 

above as normal. Therefore, significant diastolic dyssynchrony potentially remains 

after CRT. One other study has shown that diastolic dyssynchrony is less improved 

after CRT and suggests that this might be contributing to non-response in some 

individuals (Schuster et al, 2005). Further study to clarify the role and clinical 

relevance of diastolic dyssynchrony on response to CRT is merited.

3.5.5 Regional ventricular function

There was no significant improvement in overall regional wall velocity following 

CRT despite reduction in dyssynchrony and improvement in global ejection fraction. 

In addition, individual changes in mean 12 segment peak systolic velocity after 6 

months CRT were only weakly correlated with change in ejection fraction. This is in 

keeping with a number of other published studies. This might be related to the fact 

that ejection fraction is a measure of global ventricular function whilst pulsed-TDI 

only measures longitudinal axis function. Another potential reason may be that the 

dispersion of regional velocities is altered as dyssynchrony reduces with some wall
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segments contracting with higher velocity and some with lower. The net effect is no 

overall increase. Further study to investigate this hypothesis would be useful.

3.5.6 Tissue Doppler imaging as a means of assessing dyssynchrony 

There is evidence that dyssynchrony determined by tissue Doppler imaging can 

predict clinical events regardless of QRS duration (Cho et al, 2005). Pulsed wave 

tissue Doppler imaging (pTDI) has strong arguments in favour of its use as a means 

of assessing regional ventricular time intervals and hence intraventricular and 

interventricular dyssynchrony. It has excellent temporal resolution and is available 

on most echocardiography machines that are in current clinical use. It could therefore 

be considered a strong contender as the imaging modality of choice for dyssynchrony 

assessments in CRT. However, there are a number of important technical issues with 

image acquisition that may hinder interpretation with the degree of accuracy and 

reproducibility required to allow pTDI to be a robust tool for clinical use across 

institutions. A number of these issues were apparent during the course of this study:

1. Variation in wall patterns

The velocity trace of longitudinal motion obtained by pTDI is not uniform across left 

ventricular wall segments. Typically, the septal, anteroseptal and inferior walls 

display a single velocity peak during systolic ejection whilst the anterior, lateral and 

posterolateral display a biphasic pattern. By comparing the biphasic traces to aortic 

Doppler flow it can be shown that the first peak should be taken as peak systolic 

contraction for measurement of timing interval. In addition the lateral wall tends to 

show a more rapid acceleration than the septum. How these differences affect the 

assessment of dyssynchrony is unclear.
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2. Difficulty assessing velocity peaks

The onset and end of the systolic velocity trace is usually much easier to discern than 

the peak. Often, there may not be a clear peak and the velocity trace appears more 

like a plateau. This makes using time to peak systolic velocity much more open to 

observer variability.

3. Scarred areas

Those with previous full thickness myocardial infarctions have areas of myocardium 

that have become thin and do not contract. The pTDI trace becomes either 

impossible to interpret or else a velocity artefact due to passive motion occurs that 

may be erroneously viewed as a very delayed segment.

4. Proper alignment

The accurate measurement of velocity values relies on parallel alignment of the 

Doppler probe with the ventricular wall under investigation. This is relatively easy to 

obtain when a young healthy heart is being studied. However, the patients in this 

study had large dilated and often spherically shaped ventricles that made this 

technically difficult. Care was taken to minimise the angle between the probe and the 

myocardial wall but parallel alignment is often impossible in many heart failure 

subjects.

5. Difficulty interpreting velocity traces

A number of published studies have assessed dyssynchrony using a 12 segment TDI 

model. This study has found that full analysis of all 12 left ventricular and 2 right 

ventricular segments is only possible in a minority of patients at all time points of
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follow up. The number that had at least one segment that could not be interpreted at a 

particular time point varied between 35-48%. Often, for any particular patient, a 

number of segments cannot be interpreted at one time point but at the next follow up 

visit the same walls do have valid tracings whilst others may not produce useful 

images. This fluctuation automatically raises questions about the ability of this 

technique to provide robust, repeatable and accurate dyssynchrony analysis. The 

reasons for the inability to obtain images that can be interpreted may be varied 

including very small velocity values (reflecting contractile performance), scarred 

areas of myocardium, patient size and position, machine settings and poor imaging 

windows.

6. Observer variability

High intra and inter observer variability is one of the reasons that is thought to partly 

explain the negative findings of the PROSPECT study (Marwick, 2008). This current 

study reveals that pulsed wave TDI has reasonable intraobserver variability but high 

interobserver variability for measuring timing intervals. Part of the interobserver 

variability is undoubtedly related to the other limiting factors outlined above. The 

biphasic appearance of some wall segments and the plateau velocity trace can make 

time to peak systole particularly difficult. Once an individual develops a consistent 

approach to analysis the intraobserver variability can be minimised. However, 

interobserver variability is a key factor that is likely to limit the widespread 

application of this technique across different institutions. If pTDI is to be pursued as 

a means of measuring dyssynchrony, this study would suggest that time to onset 

systolic velocity should be the timing parameter of choice.
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Example images showing some of the variability in velocity tracing and the 

difficulties involved in measuring timing parameters, as outlined above, are shown in 

figure 20.

Figure 20: Examples of images that demonstrate some of the difficulty with pTDI 
interpretation. The above left image is from an akinetic lateral wall. Velocities could 
be misinterpreted as true contraction. Above right shows the biphasic pattern seen in 
some segments that can cause confusion in choice of peak systolic velocity. Below is 
a plateau systolic waveform that makes discernment of true peak systolic velocity 
difficult. This image also shows how it can be difficult to gain true parallel alignment 
of the Doppler beam and wall under interrogation.

Tissue Doppler imaging is an effective means of assessing longitudinal myocardial 

dyssynchrony. However, there are reports, based on strain imaging, that 

dyssynchrony of both radial and circumferential contraction is also likely to be an 

important influence on CRT outcome (Suffoletto et al, 2006; Helm et al, 2005). 

Therefore, pTDI is limited by only being able to effectively assess one of the three 

vectors of myocardial motion. Further studies assessing the relative importance of
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longitudinal, radial and circumferential dyssynchrony on CRT response in the same 

patient group are merited.

One other concern is whether different echocardiographic modalities are comparable 

within the same study group. Little comparative data has been published. There is 

one study that has compared TDI with 3D-echo and found poor correlation between 

the two techniques for identifying significant dyssynchrony (Burgess et al, 2007). 

Studies that have compared tissue Doppler and strain imaging have found tissue 

Doppler to be better at predicting CRT response. Therefore, whilst all these imaging 

methods are providing an assessment of what tends to be placed under the umbrella 

term of ‘dyssynchrony’, it is important to remember that they are all measuring 

different things. Dyssynchrony of myocardial motion (TDI), dyssynchrony of 

myocardial deformation (strain) and dyssynchrony of myocardial volume (3D-echo) 

are not synonymous and further studies on which is the most important contributor to 

CRT response would be useful.

How much imaging is needed preCRT? This question was the title of an editorial that 

suggested that a multi-modality strategy including echocardiography and CMR 

would provide the best approach to maximising the chance of a clinically and cost 

effective procedure (Briethardt and Breithardt, 2006). Tissue Doppler imaging 

provides a similar assessment of dyssynchrony to velocity encoded magnetic 

resonance imaging (Westenberg et al, 2006) but CMR will provide useful 

information about myocardial scar and viability, which are important considerations 

beyond simply quantifying the dyssynchrony. There is also a good correlation 

between TDI and nuclear imaging assessment of dyssynchrony (Henneman et al, 

2007). So it is likely that TDI only provides part of the answer in predicting response
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to CRT and the degree of baseline dyssynchrony should not be taken alone as a 

guarantee of success.

3.5.7 Dyssynchrony derived CRT response parameters

The concern with current selection criteria for CRT is the high non-response rate of 

up to 40%. Therefore it is right that new criteria are sought that improve the ability to 

predict those that will gain most from a surgical procedure with associated morbidity 

and high cost. However, the danger of any form of selection criteria is that some will 

be excluded that potentially could clinically gain. Just as a wide QRS selection 

criterion may exclude those with a narrow QRS who might actually respond, so a 

dyssynchrony parameter selection criterion may exclude some who, by that 

definition do not have dyssynchrony, but who would also respond if a device was 

implanted. The challenge, therefore, is to understand the underlying pathophysiology 

of why one person responds and another does not. This is likely to be multifactorial 

and so no one parameter on its own will hold the key to predicting positive response. 

Drawing the right conclusions from research data is important. One study, for 

example, concludes that a baseline peak velocity difference (PVD) >110msec could 

be used to predict subsequent response to CRT (Notabartolo et al, 2004). The group 

with PVD >110msec demonstrated a reduction in PVD from mean 304msec to 

181msec. However, the group that had a PVD <110msec showed an increase in PVD 

after CRT from a mean 75msec to 207msec. Therefore, is the lack of response in this 

group due to the low baseline PVD or the significant increase in PVD after CRT? 

Another study reported an increase in dyssynchrony in echocardiographic non

responders (Yu et al, 2002). This finding raises the interesting concept that 

biventricular pacing may actually result in worsening dyssynchrony in some patients.
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The problem of non-response may therefore be due to what could be termed ‘cardiac 

desynchronization therapy’. A more important consideration than simply the degree 

of baseline dyssynchrony may therefore actually be trying to discern which patient is 

likely to show a decrease and which is likely to show an increase in the burden of 

dyssynchrony following biventricular pacemaker insertion. This may be related to 

other factors known to affect response such as left ventricular lead position, amount 

of myocardial scar, presence of myocardial viability and device programmed 

settings. Other potential factors may potentially be ventricular size and shape, 

presence of right ventricular dysfunction and degree of valvular regurgitation. More 

detailed studies examining the influence of all these features in the same population 

would be helpful.

3.5.8 Study limitations

This is a small single centre study. Given the findings of the PROSPECT study, the 

TD1 analysis and findings may not be consistent if repeated at other centres. A full 

comparison of clinical and echocardiographic features between those that had a 

reduction in dyssynchrony and those that had an increase in dyssynchrony following 

CRT was not conducted in order to focus more on TDI as an imaging method rather 

than response predictor. However, such an analysis would have provided useful 

insights. Many different comparisons could have been made using multiple 

parameters. However, with small numbers, the choice had to be limited to those that 

were likely to offer the most useful findings. The choice of maximal difference in 

time to onset systolic velocity to study the wall segment models and time points of 

follow up after CRT was due to some evidence in the literature that this is more 

reliable than time to peak systolic velocity. It is not known if similar results would
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have been reached if time to peak or time to end systolic velocity had been used to 

examine wall segment models or follow up times after CRT. Finally, the clinical and 

echocardiographic analyses were not blinded.

3.5.9 Conclusion

Whilst pTDI dyssynchrony parameters can be helpful guides to the likelihood of 

response following CRT, they cannot be recommended at present to form the basis of 

selection for device implantation. This is in part due to limitations of the technique, 

in part due to a simplistic view of dyssynchrony implied by the method and in part 

due to an ongoing poor understanding of the true role of dyssynchrony in the heart 

failure process. In fact, one controversial viewpoint has stated that, for TDI, “all data 

using this modality is flawed” because of the complexity of overall cardiac motion 

and a misunderstanding of the Doppler principle (Thomas, 2004). This current study 

has found that tissue Doppler assessment of dyssynchrony is dependent on the 

velocity time parameter and wall segment model chosen for the analysis. There is a 

significant interobserver variability in most timing measurements although time to 

onset systolic velocity seems the most reproducible. In addition, ventricular 

remodelling after CRT is not correlated with reduction in dyssynchrony. Two 

questions that have not been adequately answered to date are how important 

dyssynchrony is to the short and long-term outcome following CRT and how best to 

quantify that dyssynchrony. A key trial, that has not been undertaken, would be to 

prospectively and randomly select patients for CRT based on tissue Doppler/other 

imaging modality assessment of dyssynchrony and compare with a group selected on 

the basis of current standard criteria. This would allow direct assessment of the 

response and non-response rates with each method. Given the difficulties with
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imaging techniques, highlighted by the PROSPECT study and the findings of the 

above study, it may be that TDI guided selection would produce similar rates of non

response to CRT than QRS duration. Other strategies for assessing and predicting 

response should be explored because of the limitations outlined above. This may 

include new imaging modalities such as multiscale motion mapping, which is able to 

quantify local velocity direction and strain rates (Suhling et al, 2004). Alternatively, 

examining other aspects of heart failure pathophysiology may provide useful 

information. This includes the expanding field of cardiac biomarkers, which is 

explored in more detail in the next chapter.
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Chapter 4

Biomarkers and CRT: a new concept of responder?

4.1 Introduction

Heart failure is a complex pathophysiological state with numerous interacting 

systems and processes. In addition, each patient is an individual whose clinical 

condition can vary over time. As a result, trying to unravel which processes are the 

major contributors to an individual’s clinical state at any particular stage of the 

disease can be difficult. The different ways of defining and charting dyssynchrony 

and response to CRT have already been explored and a number of problems 

identified. One potential way of gaining additional information and guidance on the 

effect and impact of CRT may be by measuring blood markers that are considered to 

represent different aspects of the underlying pathophysiology. The number of heart 

failure biomarkers that have been identified is extensive but not all are readily 

applicable to daily clinical practice. For example, levels of norepinephrine or renin 

may be helpful in monitoring sympathetic drive or renin-angiotensin system 

activation respectively but require specific methods of sample collection in order to 

obtain a meaningful result. This may not be routinely possible in an outpatient clinic 

setting (Givertz and Braunwald, 2004). To be clinically useful, a biomarker needs to 

fulfil a number of criteria. It should be easy to measure, reproducible, specific to the 

condition it represents, correlate with severity of the condition as well as be cost 

effective (Vasan, 2006). A list of heart failure biomarkers is given in table 1. The 

purpose of this chapter is to briefly review a number of biomarkers known to have
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prognostic significance in heart failure and investigate the impact of CRT on these

biomarkers.

Neurohormonal activation Extracellular-matrix remodelling

• Norepinephrine • Matrix metalloproteinases

• Renin • Tissue inhibitors of metalloproteinases

• Angiotensin 11 • Collagen propeptides

• Aldosterone • Propeptide procollagen type I

• Arginine vasopressin • Plasma procollagen type III

• Endothelin

Myocyte stress

Myocyte injury • B-type (Brain) natriuretic peptide

• Cardiac-specific troponins 1 and T • N-terminal pro-brain natriuretic peptide

• Myosin light-chain kinase 1 • Midregional fragment of proadrenomedullin

• Heart-type fatty-acid protein • ST2

• Creatine kinase MB fraction
New biomarkers

Inflammation • Chromogranin

• C-reactive protein • Galectin 3

• Tumor necrosis factor a • Osteoprotegerin

• Fas(APO-l) • Adiponectin

• Interleukins 1,6, and 18 • Growth differentiation factor 15

Oxidative stress

• Oxidized low-density lipoproteins

• Myeloperoxidase

• Urinary biopyrrins

• Urinary and plasma isoprostanes

• Plasma malondialdehyde

Table 1: Classification of biomarkers in heart failure (as proposed by Braunwald, 2008)
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4.1.1 B-type natriuretic peptide

The natriuretic peptide family includes atrial (ANP), B-type (BNP), C-type (CNP) 

and D-type natriuretic peptides as well as other related peptides such as urodilatin 

(Vanderheyden et al, 2004). The discovery of ANP came in 1981 when it was 

observed that infusion of atrial tissue extract into rats resulted in a significant 

natriuresis (de Bold et al, 1981). Seven years later a further peptide was isolated from 

porcine brain (Sudoh et al, 1988). This led to the term ‘brain natriuretic peptide' but 

this has now been renamed B-type in recognition that BNP is released predominantly 

from the cardiac ventricular myocyte rather than brain tissue. Most of the clinical 

investigation of natriuretic peptides in recent years has focussed on BNP due to a 

number of commercially available automated assays for accurate measurement and 

better clinical performance compared to ANP.

Structure of BNP

A precursor protein (pre-proBNP) is modified to a prehormone (proBNP) and then 

cleaved by a protease to produce the biologically active 32 amino acid C-terminal 

(BNP) and the inactive 76 amino acid N-terminal fragment, NT-ProBNP (figure 1).

pre-proBNP (134 aa)

1-26

signal peptide

[=

A
27-102 103-134

proBNP (108 aa)

] [
1-76 77-108

NT-proBNP (76 aa) A
1-76

BNP (32 aa)

1-32

Figure 1: Synthesis of B-type natriuretic peptide (from Jarolim, 2006)
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Physiology of BNP

The main stimulus for BNP synthesis and release is myocardial wall stretch/stress (or 

volume/pressure overload) but other mechanisms such as ischaemia and modulation 

due to the presence of other neurohormones also influence circulating 

concentrations. Whilst ANP is largely secreted from stored granules almost 

immediately after stimulation, BNP is predominantly synthesised following rapid 

gene expression. They both exert their biological effects by binding preferentially to 

natriuretic peptide receptor-A, which then activates intracellular gyanylyl cyclase 

and the production of cyclic guanosine monophosphate (cGMP). The main 

physiological effects of B-type natriuretic peptide and subsequent role in heart 

failure are summarised in table 2.

BNP target Biological effect Clinical benefit in heart failure

Renal Increased glomerular filtration

Reduced sodium reabsorption

Diuresis and natriuresis

Vascular Reduced arterial and venous tone Vasodilatation, reduced blood

pressure and reduced ventricular

preload

Cardiac Antiproliferative and antifibrotic

Lusitropic

Counteracts ventricular

remodelling

Endocrine Reduced renin and aldosterone release Counter-balance of adverse

neurohormones e.g. angiotensin II

Nervous

system

Increased vagal tone

Reduced sympathetic activity

Reduced adrenergic drive

Table 2: Summary of the biological effects of BNP and hence beneficial role in heart 
failure

BNP as a biomarker

Both BNP and NT-ProBNP can be measured from venous blood and used as heart 

failure biomarkers. There is evidence that they can offer diagnostic and prognostic
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information as well as be used to monitor the effects of treatment. They are currently 

considered the standard against which other potential heart failure biomarkers need 

to be compared (Maisel, 2007).

• Diagnosis

Both BNP and NT-ProBNP can be very useful in the diagnosis of acute or new onset 

heart failure. They are most valuable when the cause of breathlessness is unclear and 

a number of other diagnostic possibilities exist. The Breathing Not Properly (BNP) 

trial assessed 1586 patients presenting to the emergency room with shortness of 

breath (Maisel et al, 2002). Measurement of BNP was superior to clinical assessment 

in determining a diagnosis of heart failure and the measured concentration was 

associated with severity of heart failure as determined by New York Heart 

Association (NYHA) functional class. A BNP cut-off value of lOOpg/ml had 90% 

sensitivity, 76% specificity and a negative predictive value of 89% for differentiating 

dyspnoea due to heart failure from other causes. The ProBNP Investigation of 

Dyspnea in the Emergency Department (PRIDE) study compared clinical assessment 

to NT-ProBNP measurement in 600 patients presenting to the emergency room with 

symptoms suggestive of acute heart failure (Januzzi et al, 2005). NT-ProBNP was 

better than clinical assessment but a combination of the two strategies was superior 

in accurate diagnosis than either on its own. A NT-ProBNP cut-off value of 

300pg/ml (independent of age) ruled out heart failure with 99% sensitivity, 68% 

specificity and a 99% negative predictive value (the assay manufacturers recommend 

a ‘rule out' of 125pg/ml if age <75 years and 450pg/ml if age >75 years). Patients 

with severe renal dysfunction (serum creatinine 221pmol/L) were excluded from the 

study so cut-off values for such patients are unknown. However, within the spectrum
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of renal function included in the trial, NT-ProBNP remained a useful marker for

diagnosis of dyspnoea (Anwaruddin et al, 2006). The PRIDE study also reported that 

a cut-off for NT-ProBNP of 450pg/ml (age <50) or 900pg/ml (age >50) made heart 

failure the likely diagnosis (‘rule in’ cut-off). However, that does mean there is a 

grey-zone where the predictive value is not strong and therefore biomarker 

interpretation should always be in the context of proper individual clinical 

assessment (van Kimmenade et al, 2008). In addition, the cut-off value for presence 

of acute heart failure does not necessarily apply to those with stable chronic heart 

failure as some may have levels that would not be considered diagnostic. One study 

found that 106/498 (21.3%) patients with symptomatic chronic heart failure in the 

community had BNP levels below lOOpg/ml (Tang et al, 2003). Further potential 

roles for BNP or NT-ProBNP measurement have been advocated in a primary care 

setting for diagnosis (Hildebrandt and Collinson, 2008) or extending to the general 

population as a screening tool (de Lemos and Hilebrandt, 2008). If the diagnosis of 

heart failure is clinically obvious then BNP testing is unlikely to add much additional 

diagnostic benefit but can offer prognostic information.

• Prognosis

A significant body of evidence now reveals the association between BNP and NT- 

ProBNP levels and the prognosis for both acute and chronic heart failure. There are 

also additional reports that natriuretic peptide measurement adds prognostic value in 

other conditions such as acute coronary syndromes (de Lemos et al, 2001) and 

valvular heart disease (Detaint et al, 2005; Ray, 2006).

The absolute BNP or NT-ProBNP value or change in value over time is linked to 

severity of heart failure as well as risk of hospitalisation or death. One

195



comprehensive review concluded that for each lOOpg/ml increase in BNP in heart 

failure patients the relative risk of death increased by 35% (Doust et al, 2005). The 

authors also suggest that BNP is a stronger predictor of death, cardiac events or 

hospital admission than many other clinical indicators of poor prognosis such as 

NYHA class or serum creatinine. In addition, an analysis of the VAL-HEFT trial 

showed BNP to be a superior predictor of morbidity and mortality than 

norepinephrine, renin, aldosterone or endothelin measurement (Latini et al, 2004). 

Failure of BNP to fall following treatment for heart failure or an increasing value 

over time is particularly associated with a high risk of poor outcome (Bettencourt et 

al, 2004; Anand et al, 2003). The available evidence demonstrates BNP or NT- 

ProBNP to be a valuable tool in heart failure risk stratification and to give 

independent incremental prognostic information over other features e.g. left 

ventricular ejection fraction. A separate VAL-HEFT analysis suggests NT-ProBNP 

may be superior to BNP in predicting death and rehospitalisation for heart failure. 

(Masson et al, 2006).

• Monitoring

The first report to suggest that treating heart failure guided by B-type natriuretic 

peptide levels is clinically useful was published in 2000. A group of 69 patients were 

randomly assigned to receive pharmacological intensification based on clinical 

assessment or NT-ProBNP levels (treating to a target of 200 pmol/L). There were 

less adverse cardiac events (death, hospitalisation or heart failure decompensation) 

during a median 9.5 months follow up in the NT-ProBNP group (Troughton et al, 

2000). The difference was mainly driven by more outpatient decompensation 

episodes in the clinical group and the study did not use B-blocker therapy. The
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Systolic Heart Failure Treatment Supported by BNP (STARS-BNP) trial randomised 

220 heart failure patients to guideline based treatment adjustments or a goal of 

lowering plasma BNP to <100pg/ml (Jourdain et al, 2007). Over median follow up of 

15 months the primary end point (heart failure related death or hospitalisation) was 

reached by 24% in the BNP group and 52% in the guideline group (p<0.001). The 

difference was considered to be due to a higher likelihood of increasing ACE- 

inhibitor and 6-blocker dose at follow up visits in the BNP guided group. The 

specific population was potentially younger than that observed in routine practice 

and those with renal failure were excluded. Outcomes following a BNP or NT- 

ProBNP guided treatment strategy from ongoing large international randomised trials 

are yet to be published. Nonetheless, the available evidence suggests that it is an 

approach that could yield long-term clinical advantage.

Limitations of BNP as a biomarker

Potential limitations to the use of BNP or NT-ProBNP as biomarkers are related to 

the assay used and clinical variability. BNP can be measured by rapid fluorescence 

immunoassay (Biosite Diagnostic), enzyme immunoassay (Abbott Laboratories) or 

chemiluminescent immunoassay (Bayer Healthcare) whilst NT-ProBNP is measured 

by an electrochemiluminescent assay (Roche Diagnostics). Both BNP and NT- 

ProBNP are stable in whole blood at room temperature for at least 24 hours and 

remain stable during freezing and thawing (Weber and Hamm, 2006). Values are 

measured in pg/ml or pmol/L (for BNP, lpg/ml=0.289pmol/L and for NT-ProBNP, 

lpg/ml=0.118pmol/L). It is not possible to compare values obtained by different 

assays or use a conversion factor to obtain NT-ProBNP from BNP. Therefore, 

interpreting BNP values measured in different laboratories is limited. Despite this, all
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the assays have similar sensitivities for diagnosis of heart failure and low analytical 

variability. A number of clinical factors and disease states can also influence BNP 

concentration other than the severity of heart failure (table 3). This means that 

interpretation of comparisons between different groups must take baseline clinical 

differences into account. In addition, comparison of results from the same individual 

at different time points should consider biological variation and whether other factors 

have changed also (e.g. renal function) before reaching any conclusion about the 

effects of new therapies. One study of 20 patients demonstrated that unexplained 

week-to-week variation in BNP and NT-ProBNP is low if heart failure is in a steady 

state (Schou et al, 2007). Another study revealed stable plasma and urinary NT- 

ProBNP levels measured at baseline, 12 months and 24 months in 74 patients with 

stable heart failure in terms of functional status and ventricular function. The authors 

also suggest that a >22% change between plasma measurements within 12 months is 

likely to represent a pathological variation (Cortes et al, 2007).

Whilst both can be used as biomarkers, a number of significant differences exist 

between the active BNP molecule and the inactive NT-ProBNP. Despite 1:1 

production, circulating levels of NT-ProBNP are 5 to 6 times higher than BNP. This 

is probably related to a combination of different half-lives and different clearance 

mechanisms. BNP has a half-life of 20 minutes and is cleared by binding to 

natriuretic peptide receptor-C, proteolysis by neutral endopeptidases and through 

renal excretion. NT-ProBNP has a half-life of 120 minutes and is predominantly 

cleared by the renal route. NT-ProBNP also appears to be more affected by renal 

failure than BNP but the clinical implications of this appear to be limited (Tuchner et 

al, 2005).
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Factors that increase BNP Factors that decrease BNP

• Increasing age

• Female gender

• Pulmonary disease

• Acute coronary syndrome

• Atrial fibrillation

• Systemic hypertension

• Hyperthyroidism

• Cushing’s syndrome

• Exogenous steroid use

• Conn’s syndrome

• Advanced hepatic cirrhosis

• Renal impairment

• Paraneoplastic syndromes

• Subarachnoid haemorrhage

• Obesity

• Pericardial constriction

• Cardiovascular drugs

Table 3: Possible confounders in the measurement of BNP (from Bettencourt, 2005; Daniels 
and Maisel, 2007)

4.1.2 C-reactive protein

Inflammation is a key component in heart failure pathophysiology and a number of 

potential biomarkers of a proinflammatory state have been advocated for use in heart 

failure (table 1). Possible theories for an inflammatory immune activation include 

myocardial injury, tissue hypoperfusion and presence of endotoxin (Anker and von 

Haehling, 2004). The cytokines tumour necrosis factor-a (TNF-a), interleukin-1 (IL- 

1) and interleukin-6 (IL-6) appear to be the main proinflammatory mediators. The 

pathological consequences of inflammation in heart failure include left ventricular 

dysfunction, pulmonary oedema, reduced skeletal muscle blood flow, endothelial 

dysfunction, anorexia/cachexia and potentially myocyte apoptosis and gene 

alterations (Mann, 2002). Many of these effects may contribute to the ventricular 

remodelling process. C-reactive protein (CRP) was discovered in 1930 and was first
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detected as elevated in heart failure in 1956 (Elster et al, 1956). CRP is produced by 

hepatocytes and coronary artery smooth muscle in response to cytokines, in 

particular IL-6. Whilst it does have direct effects on the vasculature and can induce 

other inflammatory mediators, it is unclear whether it has a direct role in the heart 

failure process or is simply a marker of inflammation. High sensitivity C-reactive 

protein (hsCRP) simply refers to measurement of CRP by an assay with high 

sensitivity and hence allows lower concentrations to be accurately detected.

CRP/hsCRP as a biomarker

Evidence has shown elevated hsCRP to be an independent marker of increased 

cardiovascular risk and all-cause mortality, especially in the presence of 

atherosclerosis (Ridker, 2001). Guidelines suggest measuring hsCRP in those with 

intermediate cardiac risk and give cut-off values of <lmg/L as low risk, l-3mg/L as 

average risk and >3mg/L as high risk (Pearson et al, 2003). CRP and hsCRP are also 

markers of adverse outcomes in the setting of acute or chronic heart failure of 

ischaemic or non-ischaemic aetiology. In a study of 123 men undergoing cardiac 

catheterisation with reduced ejection fraction and coronary artery disease, CRP was a 

predictor of mortality over 3 years follow up (Chirinos et al, 2005). In 214 patients 

presenting with acute heart failure, CRP was an independent predictor of death over 

24 months follow up (Mueller et al, 2006). An analysis of the VAL-HEFT trial 

divided patients with chronic heart failure (of whom 43% had a non-ischaemic 

aetiology) into quartiles based on CRP level. The likelihood of death and worsening 

morbidity increased with each quartile and CRP gave added prognostic value beyond 

BNP measurement (Anand et al, 2005). A study of 108 patients with stable heart 

failure (NYHA class 2-4, LVEF<50%, 34/108 ischaemic) found hsCRP >2.97mg/L
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to be an independent predictor of major adverse cardiac events (cardiac death, heart 

transplantation, hospitalisation for worsening heart failure) with a hazard ratio of 

3.048 over 403 days median follow up (Yin et al, 2004). There was no correlation 

between hsCRP level and left ventricular ejection fraction (also an independent 

predictor of adverse events) and so combining these parameters may improve risk 

stratification in heart failure. Aetiology of heart failure did not influence the results. 

Another study of 546 patients with stable heart failure and ejection fraction <45% 

found hsCRP >3mg/L to be an independent predictor of cardiovascular mortality 

with a hazard ratio of 1.78 (Lamblin et al, 2005). However, this appeared to be 

limited to those with ischaemic aetiology. One further study of 128 patients admitted 

with decompensated heart failure found a raised hsCRP >3.2 mg/L was associated 

with a hazard ratio for cardiac death or heart failure hospitalisation of 3.81 during a 

mean 378 days follow up (Xue et al, 2006). hsCRP is related to a number of other 

prognostic variables. A study in an outpatient setting shows that hsCRP correlates 

with severity of heart failure in terms of NYHA class, 6-minute walk distance, 

haemoglobin, renal dysfunction and NT-ProBNP but not the degree of left 

ventricular dysfunction (Windram et al, 2007). In addition to its prognostic value in 

established heart failure, the Cardiovascular Health Study, an epidemiological 

observational study of 5888 patients of >65 years of age, reveals that raised CRP is 

also an independent risk factor for development of heart failure (Gottdiener et al, 

2000).

Limitations of CRP/hsCRP as a biomarker

Whilst CRP can be elevated in chronic heart failure, it is a marker of acute 

inflammation and therefore can potentially be raised for a number of reasons. It
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therefore lacks specificity. In addition, levels are often mildly elevated in heart 

failure within a range that may be considered as normal in the general population. 

Standard CRP assays lack sensitivity at this lower range to make predictions on 

future risk of cardiac events. The majority of healthy subjects will have a CRP 

<2mg/L but the range may be up to lOmg/L whilst the lower level of detection with 

standard assays is usually in the range 3-8mg/L. Measurement of hsCRP improves 

sensitivity but not specificity. Patients with concurrent acute infection or trauma as 

well as those with systemic inflammatory conditions (e.g. rheumatoid arthritis or 

Crohn’s disease) will limit the application of hsCRP to some patients with heart 

failure. Elevated hsCRP is strongly correlated with severity of renal impairment 

whilst pharmacological interventions may decrease hsCRP levels (Bassuk et al, 

2004). Other factors associated with increased hsCRP levels include smoking, 

increased blood pressure and body mass index, metabolic syndrome, diabetes 

mellitus and use of hormone replacement therapy (Pearson et al, 2003). One other 

limitation of hsCRP relates to the assay used for measurement. More than 30 

different automated assays are available for hsCRP and there are currently a number 

of analytical considerations that need to be considered when drawing conclusions 

about a particular result (Ledue et al, 2003). These include a lack of standardisation 

that makes interpretation difficult across institutions and also may limit extrapolation 

of published cut-off values to local settings. One assessment of nine different assays 

found that only five had reproducibility of >90% (Roberts et al, 2001).

4.1.3 Troponin

Troponin (Tn) is a protein complex that forms part of the contractile apparatus of 

cardiac and skeletal myofibrils. A small amount is also present in the cytosol. It
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consists of three subunits (Tnl, TnT and TnC) but cardiac isoforms of Tnl and TnT 

are only expressed in cardiac myocytes (figure 2). Elevated cardiac Tnl or TnT in 

blood is a highly specific marker of myocyte injury or necrosis. The usual 

mechanism of cardiac injury prompting troponin release is ischaemia and so raised 

troponin has become established as a key component in the diagnosis and risk 

stratification of acute coronary syndromes and myocardial infarction. However, 

additional mechanisms can contribute to cell injury and hence troponin can be 

elevated in heart failure or numerous other conditions, even in the absence of 

ischaemia (table 4).

Figure 2: The cardiac contractile apparatus and mechanism of power stroke generation. The 
troponin complex is part of the actin (thin) filament and regulates excitation-contraction 
coupling. TnC binds calcium thereby activating the actin filament and leading to 
conformational change in the head of the myosin heavy chain and myocyte contraction. Tnl 
inhibits contraction in the absence of calcium binding. TnT attaches the troponin complex to 
tropomyosin and the actin filament (image from Kamisago et al, 2000).
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Primary cardiac cause Secondary to other disease

Acute myocardial infarction Infiltrative disease

Arrhythmia • Amyloid

Hyper/hypotension • Sarcoid

Heart failure- acute or chronic • Haemochromatosis

Aortic dissection Systemic vasculitis

Valvular heart disease Renal failure

Hypertrophic cardiomyopathy Stroke/subarachnoid haemorrhage

Takotsubo cardiomyopathy Drug toxicity

Myopericarditis Pulmonary embolism or hypertension

Rheumatic fever Severe sepsis/critical illness

Transplant vasculopathy Hypothyroidism

Cardiac trauma Phaeochromocytoma

• Defibrillation Extreme exertion

• Radiofrequency ablation

• Cardiac surgery

Table 4: Causes of cardiac troponin elevation (adapted from White and Chew, 2008)

Regardless of the cause, an elevated blood troponin is a poor prognostic indicator in 

the majority of cases. Hypothetical mechanisms for myocyte injury and troponin 

release in the setting of heart failure include neurohormonal and inflammatory 

activation, increased wall stress, subendocardial ischaemia and remodelling that 

results in myocyte necrosis and apoptosis. In addition to being a marker of myocyte 

injury in heart failure, evidence suggests that structural or genetic alterations to the 

troponin complex (Adamcova et al, 2006) and/or autoantibodies to circulating 

troponin (Goser et al, 2006) may directly contribute to heart failure pathogenesis.

Troponin as a biomarker

Troponin I and/or T are elevated in a significant proportion of patients with
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decompensated heart failure of ischaemic or non-ischaemic origin and correlates 

with disease severity and prognosis. A study of 238 patients referred for heart 

transplant evaluation (50% NYHA class 4) found 117/238 (49.1%) had raised Tnl 

levels >0.04ng/ml. This group had significantly higher BNP, higher pulmonary 

capillary wedge pressure, lower cardiac index and an increased risk of progressive 

ventricular dysfunction or death (Horwich et al, 2003). Those with both raised Tnl 

and BNP had a 12 fold increased risk of death and the authors suggest that elevation 

of these markers could help guide decisions about early transplant consideration. In a 

less sick cohort of 136 ambulatory heart failure patients, 33/136 (24%) had a 

TnT>0.02ng/ml and were followed for a mean 14 months. At multivariate analysis, 

baseline TnT>0.02ng/ml was an independent predictor of death or heart failure 

hospitalisation with a risk ratio of 2.42 (Hudson et al, 2004). These larger studies 

confirm findings from earlier smaller reports documenting elevated troponin levels in 

heart failure (Setsuta et al, 1999; Missov and Mair, 1999). In addition to the 

prognostic value of baseline troponin measurement, a persistently raised value on 

repeated testing is also a marker of poor outcome. One retrospective analysis divided 

60 patients with non-ischaemic cardiomyopathy into three groups based on the 

results of repeated TnT testing over at least 15 months (Sato et al, 2001). Group 1 

(n=33) had TnT always <0.02ng/ml, group 2 (n=10) had TnT >0.02ng/ml at baseline 

but a fall to <0.02ng/ml during follow up and group 3 (n=17) had persistent TnT 

>0.02ng/ml. Group 3 displayed worsening left ventricular remodelling and had a 

higher likelihood of hospitalisation or death compared to groups 1 or 2. Similar 

conclusions were reached in a prospective study of 115 outpatients who were divided 

into groups dependent on number of elevated troponin levels on repeated testing over 

one year of follow up (Perna et al, 2004). One other larger study of 190 chronic heart
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failure patients (ischaemic and non-ischaemic) examined clinical outcomes based on 

the pattern of serial troponin measurements. They found that elevated baseline TnT, 

normal baseline to elevated TnT, persistently raised TnT and progressively rising 

TnT were all associated with increased risk of cardiac transplantation or death with 

hazard ratios of 4.37, 3.38, 3.4 and 5.09 respectively (Miller et al, 2007). The 

consistent findings across these publications would suggest that troponin monitoring 

might be a useful way of identifying high-risk patients. This strategy is 

acknowledged as potentially helpful in published guidelines (Tang et al, 2007).

Limitations of troponin as a biomarker

There are numerous Tnl assays available with variable analytical sensitivities that 

can make standardization a problem (Jaffe et al, 2006). There is only one TnT assay, 

which eliminates this particular limitation with Tnl. However, early TnT assays (first 

and second generation) lacked both sensitivity for detection of low concentrations 

and specificity that led to false positive results due to renal impairment or skeletal 

muscle cross reactivity. Newer generation assays have largely overcome these 

difficulties. Renal failure, often present in patients with heart failure, can cause 

raised troponin, especially TnT (Korff et al, 2006). This can make interpretation of 

persistently elevated troponin levels difficult in terms of how much is attributable to 

the heart failure process and how much to the co-morbid condition.

4.1.4 Adrenomedullin

This peptide was first isolated from phaeochromocytoma tissue (Kitamura et al, 

1993) but it is now known to be expressed by many normal tissue types including 

heart, kidney, lung and adrenal (Hinson et al, 2000). However, the main source of
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circulating plasma adrenomedullin appears to be from the endothelium. It usually 

circulates at low picomolar concentrations in plasma but is elevated in response to a 

number of pathological stimuli. In the cardiovascular system, the main effect of 

adrenomedullin is vasodilatation.

Structure

Adrenomedullin is a 52 amino acid peptide and is closely related to calcitonin gene 

related peptide and amylin, which is a protein produced by the B cells of the 

pancreas. Another recently discovered substance, adrenomedullin-2 (also called 

intermedin), is also a member of this peptide superfamily. The gene for 

adrenomedullin encodes a peptide precursor, preproadrenomedullin. This is cleaved 

to proadrenomedullin and then further processed to produce two biologically active 

peptides, adrenomedullin and proadrenomedullin N-terminal 20 peptide (PAMP). 

Further cleavage produces peptide fragments that can also be measured. These 

include midregional fragment of proadrenomedullin (45-92).

Function

Adrenomedullin has physiological effects on a number of body systems that are 

generally deemed to be protective and beneficial (table 5). These effects are 

mediated through binding to receptor complexes composed of calcitonin receptor

like receptor and specific receptor-activity modifying proteins. The adrenomedullin 

related fragment, PAMP, also has biological functions that include vasodilatation, 

sympathetic nervous system suppression and aldosterone inhibition (Ishimitsu et al, 

2006). Due to its diverse actions, there are a number of pathological conditions in 

which adrenomedullin may play a significant protective or compensatory role.

207



Plasma levels are raised in essential hypertension, renal failure, heart failure, 

myocardial infarction, sepsis, hypoxia and some malignancies.

End-organ target Physiological effect

Heart • Probable positive inotrope (through

reduced afterload and coronary dilatation)

• Inhibition of myocyte hypertrophy and

extracellular matrix proliferation

Blood vessels • Vasodilatation

Kidney • Diuresis and natriuresis

Lung • Reduced pulmonary arterial pressure

Central nervous system • Regulation of hypothalamic-pituitary-

adrenal axis

Endocrine • Modulates insulin release

• Antagonises angiotensin II, aldosterone and

endothelin-1

Other • Anti-apoptotic

• Anti-inflammatory

• Anti-microbial

• Anti-oxidant

Table 5: The physiological role of adrenomedullin (summarised from Bunton et al, 
2004)

The full pathophysiological influence of adrenomedullin in human heart failure is not 

fully understood and the therapeutic potential is still at an experimental stage. 

However, infusions of adrenomedullin have beneficial haemodynamic and hormonal 

effects in animal models of heart failure (Rademaker et al, 2002; Nishikimi et al, 

2003). In a rat model of myocardial infarction, adrenomedullin infusion ameliorated 

progression of left ventricular remodelling and heart failure (Nakamura et al, 2004). 

Data on adrenomedullin administration in humans are limited but there would appear 

to be haemodynamic and renal results. In one study comprising seven patients and
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seven controls, adrenomedullin was infused at a rate of 0.05[xg/kg/min. Infusion 

resulted in reduced mean arterial pressure and pulmonary wedge pressure, increased 

heart rate and cardiac index, increased urinary sodium excretion and reduced plasma 

aldosterone levels (Nagaya et al, 2000). One other study found almost similar 

benefits in eight heart failure patients although cardiac output was not affected 

(Lainchbury et al, 1999).

Adrenomedullin as a biomarker

Heart failure is associated with elevated adrenomedullin and there is evidence that 

this correlates with disease severity. The failing ventricular myocytes seem to 

increase expression of adrenomedullin and contribute directly to raised plasma levels 

(Jougasaki et al, 1995). One early report found plasma adrenomedullin level 

progressively increased with worsening NYHA functional class (Nishikimi et al, 

1995). Whilst those in NYHA class 1 had similar levels to control subjects (mean 

2.85pmol/L v 2.52pmol/L in controls), those in NYHA class 3 and 4 had 

significantly higher levels (mean 4.78pmol/L and 8.74pmol/L respectively). 

Adrenomedullin also correlated with BNP and degree of left ventricular dysfunction. 

In addition, a subgroup of eight patients had a fall in adrenomedullin following 

treatment for heart failure (although the exact treatment employed was not 

mentioned). This study raises the potential for adrenomedullin to be a useful marker 

of heart failure severity and a guide for positive treatment effect. Similar elevations 

and correlation with NYHA class have been reported (Kobayashi et al, 1996). 

Adrenomedullin also appears to add independent prognostic value above 

measurement of natriuretic peptides. In a study of 297 patients with ischaemic left 

ventricular dysfunction, baseline adrenomedullin above the median value
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(9.8pmol/L) predicted death (risk ratio 3.92) and heart failure hospitalisation (risk 

ratio 2.4) over 18 months, independent of left ventricular ejection fraction, NYHA 

functional class or NT-ProBNP (Richards et al, 2001). Another study of 117 patients 

with mild to moderate heart failure of both ischaemic and non-ischaemic cause also 

found adrenomedullin to be a predictor of poor outcome with a risk ratio of 1.56 for 

each standard deviation increment in adrenomedullin above the sample mean 

(Pousset et al, 2000).

Limitations of adrenomedullin as a biomarker

There is an overlap between adrenomedullin levels in healthy subjects and those with 

heart failure that limits its use as a diagnostic marker. Adrenomedullin is released in 

an inactive form that requires amidation to produce the biologically active peptide. 

Ideally the ratio of inactive to active circulating peptide should be known to fully 

interpret plasma levels of the active peptide. In addition, adrenomedullin circulates in 

plasma bound to adrenomedullin binding protein (complement factor H) and this 

cannot be detected by current assays. Therefore, the true level of active peptide may 

be underestimated. The mid-regional fragment of the proadrenomedullin peptide 

(amino acids 45-92) may represent a more stable molecule and be easier to measure. 

It is a useful prognostic marker for death and heart failure after myocardial infarction 

and gives additional prognostic information when combined with NT-ProBNP (Khan 

et al, 2007).

4.1.5 Intermedin

Two research groups isolated a new 148 amino acid prepropeptide in the same year 

that yielded a mature peptide named intermedin by one (Roh et al, 2004) and
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adrenomedullin-2 by the other (Takei et al, 2004). They were subsequently shown to 

represent the same molecule. Intermedin is a 47 amino acid peptide that shares 

approximately 30% sequence identity with adrenomedullin. Other fragments of the 

prepropeptide can also be detected, which may also have biological activity. 

Intermedin is implicated in a number of physiological systems including fluid 

homeostasis, endocrine stress response, gastrointestinal regulation and renal vascular 

control (Bell and McDermott, 2008). Intermedin can also be detected in healthy 

human myocardium but in much smaller concentration than adrenomedullin. 

Unpublished data from 111 human volunteers found mean+SE values of 27.1+1.5 

pgmf1 for adrenomedullin and 7.2+0.6 pgmf1 for intermedin (Bell and Harbinson, 

Queen’s University Belfast). Infusion of intermedin produces vasodilatation and a 

hypotensive effect but the physiological role of the endogenous peptide is still to be 

fully elucidated. It would appear to have both chronotropic and inotropic effects 

through direct action on the myocyte in addition to vascular, renal and cerebral 

mechanisms. Levels of intermedin are increased within diseased myocardium, which 

supports a pathophysiological role for this molecule in cardiovascular disease states. 

Expression is upregulated in models of cardiac hypertrophy and myocardial 

ischaemia-reperfusion injury. It would appear that the elevated levels of the active 

peptide play a cardioprotective role during oxidative stress and ischaemic insult by 

countering reactive oxygen species and nitric oxide deficiency. The role of 

intermedin in heart failure has not been studied in depth. However, in an 

isoproterenol induced model of ischaemic injury that led to elevated left ventricular 

end-diastolic pressure, concurrent infusion of intermedin led to reduced pressures 

and improved contractility (Jia et al, 2006). This raises the possibility that 

intermedin, like adrenomedullin, could be elevated in more advanced heart failure.
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4.1.6 The heart, the kidney and the haematopoietic system

In addition to the list of biomarkers directly involved in the heart failure process, 

other blood biochemical markers that represent heart failure comorbidity can indicate 

more severe disease. Whilst not biomarkers in the traditional sense, they can provide 

prognostic information. Anaemia and renal dysfunction are common comorbidities 

that are adverse prognostic indicators.

Cardio-renal syndrome

The combination of cardiac and renal dysfunction with persistent fluid overload 

(cardio-renal syndrome) is still a poorly understood pathological state and the 

clinical management is a challenge. In established heart failure, a serum creatinine 

>1.3mg/dL (115pmol/L) is associated with increased mortality and has similar 

strength to left ventricular ejection fraction or NYHA functional class as an adverse 

prognostic indicator (Shlipak and Massie, 2004). A large proportion of the increased 

risk is attributed to progressive heart failure (Dries et al, 2000). This has led to the 

theory that reduced renal function is not just a marker of impaired ventricular pump 

function but is a mechanistic driver of advancing disease (Schrier et al, 2006). In 

recent years, chronic kidney disease (CKD) has been internationally defined using a 

five-category classification based on the estimated glomerular filtration rate (eGFR). 

A number of methods can be employed to estimate the true GFR (Stevens et al, 

2006). The simplified Modification of Diet in Renal Disease (sMDRD) equation uses 

serum creatinine, age, sex and ethnicity, which makes it easy to apply in routine 

clinical practice. The use of the sMDRD formula to calculate eGFR is a valid means 

of assessing renal function in patients with heart failure (O’Meara et al, 2006a; 

Smilde et al, 2006).
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The CKD classification and sMDRD equation are shown below.

eGFR (ml/min/1.73m2)= 186.3x(serum creatinine)'1 l54x(age)'°203 
(Correction factors: femalexO.742, blackxl.212)

Stage of chronic kidney disease (CKD) eGFR (ml/min/1.73m2)

1 CKD with normal GFR >90

2 Mild CKD 60-89

3 Moderate CKD 30-59

4 Severe CKD 15-29

5 Established renal failure <15 or on dialysis

In an analysis from the CHARM study population, eGFR (using sMDRD) and left 

ventricular ejection fraction were independent predictors of cardiovascular death or 

hospitalisation for heart failure (Hillege et al, 2006). Adjusted hazard ratios for eGFR 

values of 45-60 and <45 ml/min/1.73m were 1.54 and 1.86 respectively. The 

adverse impact of reduced renal function was significant in those with impaired and 

preserved systolic function.

Anaemia and erythropoietin in heart failure

The World Health Organisation defines anaemia as a haemoglobin <13g/dL in men 

and <12g/dL in women. Whilst not all studies use these cut-off values, the estimated 

prevalence of anaemia in heart failure can vary from 4% to 61% depending on a 

number of other clinical correlates such as heart failure severity. The exact cause of 

anaemia is unclear but likely to be multifactorial. Its presence can be linked to a 

combination of factors including advanced age, female gender, chronic kidney 

disease, reduced body mass index, use of ACE-inhibitors and presence of peripheral 

oedema (Tang and Katz, 2006). In a large, unselected population of 12065 patients 

with heart failure, 17% had anaemia. Of these, the underlying mechanism was
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deemed anaemia of chronic disease in 58% and iron deficiency in 21% (Ezekowitz et 

al, 2003). The presence of anaemia is an independent poor prognostic indicator in 

heart failure. It is associated with more severe functional limitation, increased 

hospitalisation and worse survival (Go et al, 2006; O’Meara et al, 2006b). 

Erythropoietin (EPO) is a glycoprotein growth factor that is released from the kidney 

and plays a key role in the regulation of red blood cell production and tissue oxygen 

delivery. Anaemia can result from reduced renal production of, or bone marrow 

response to, erythropoietin. EPO levels are elevated in some patients with chronic 

heart failure and are associated with poor outcome. In a study of 74 patients with 

follow up for 3 years, raised EPO was a predictor of increased mortality independent 

of haemoglobin concentration (van der Meer et al, 2004). Whilst EPO levels are 

increased in heart failure related anaemia, there is only a weak correlation between 

haemoglobin and EPO. This suggests that the EPO response at kidney level is 

inadequate and/or the sensitivity to elevated EPO is poor. Therapeutic treatment of 

anaemia with human recombinant EPO and supplemental iron or darbepoetin-a is 

associated with increased haemoglobin and clinical improvement (Katz et al, 2004). 

Current practice limits this strategy to those with concomitant significant renal 

failure (van Veldhuisen and McMurray, 2007).

EPO as a heart failure biomarker

Very little data exists on the potential value of EPO as a biomarker in heart failure. 

One study measured baseline NT-ProBNP, CRP and EPO in 188 patients from an 

outpatient heart failure clinic (64 had anaemia, 78 had renal failure, mean LVEF 

38%) and followed them for adverse outcomes over 24 months (George et al, 2005). 

EPO correlated with both NT-ProBNP and CRP but not LVEF. EPO>23mU/ml was
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deemed an independent predictor of death or heart failure hospitalisation although no 

sensitivity and specificity values were given.

Summary

Chronic kidney disease and anaemia are important markers of increased risk in heart 

failure. They often co-exist and are closely related. The term cardio-renal syndrome 

has been extended to “cardio-renal-anaemia syndrome” and a helpful conceptual 

model of the current understanding of the interplay between cardiac performance, 

neurohormonal and inflammatory mediators, renal function, EPO and bone marrow 

response has been proposed (figure 3).

J, Perfusion 
RAS activation 
tsympathetic tone 
ACE inhibitor therapyHeart Failure Kidney

Relative | in EPi

ischemia
Apoptosis

Vasoconstriction

EPO resistance

Bone Marrow Anemia
i RBC Production

Figure 3: A conceptual model of the cardio-renal-anaemia syndrome (taken from 
Felker et al, 2004). RAS renin-angiotensin system, LVH left ventricular hypertrophy, 
TNF tumour necrosis factor, RBC red blood cells
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4.1.7 CRT and biomarkers

There is emerging evidence of a positive influence on a number of biomarkers 

following CRT. The majority of published data relates to change in B-type 

natriuretic peptide levels but other studies report effects on other neurohormones, 

some inflammatory mediators, some markers of extracellular matrix remodelling and 

novel markers such as apelin (an endogenous inotrope). Some have also investigated 

the potential value of natriuretic peptides in predicting or monitoring response to 

CRT. The results of available published reports are summarised in table 6.

Publication
Design; size (n=), key features,

follow up (FU)

Biomarkers

studied
Main results

Sinha et al,

2003

n=17 with CRT for >6 months,

divided into 2 groups based on BNP

levels < or > median with exercise

and echo evaluation during chronic

on/off for 10 daj^ack on pacing

phases

• BNP

Only the group with

lower BNP during CRT

displayed significant

reverse remodelling.

Pacing off phase

increased BNP.

Study limited by no

baseline BNP values.

Molhoek et

al, 2004d

n=30, clinical/echo/TDI evaluation

at baseline and with CRT, divided

into responders/non-responders

based on NYHA change at 7 months

FU

• ANP

• BNP

Both ANP and BNP fell

in clinical responders

(by >10% in 15/20) but

not in non-responders.

Braun et al,

2005

n=124 randomised to control (59) or

CRT (65), clinical/echo/CPEX test

evaluation at baseline and with CRT

at 1, 12 and 24 months FU

• NT-ProBNP

• NT-ProANP

• Norepinephrine

• Endothelin

• Aldosterone

• Vasopressin

Peak V02 and LV

ejection fraction

improved with CRT but

not LV dimensions.

Significant reduction in

norepinephrine and NT-

ProBNP at 1 and 12

months FU only. Other

markers not changed.
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n=42, clinical/echo evaluation at Significant reduction in

baseline and after 3months CRT, NT-ProBNP at 1

mean FU 20.9 months (p<0.03) and 3

Yu et al,

2005d
• NT-ProBNP

(p<0.001) months FU.

Change in NT-proBNP

correlated with degree of

reverse remodelling and

exercise capacity but not

NYHA or QOL.

n=43, clinical/echo at baseline and Significant reduction in

3, 6, 12, 18 and 24 months FU. both markers at 3

CPEX testing at baseline and 3, 12 months, which was

and 24 months FU. Non- subsequently shown to

responders=CV death, transplant or be only in those who

Kubanek et no NYHA improvement at 12 • BNP were clinical responders

al, 2006 months FU. Mean FU 25.8 months • Big endothelin-1 at 12 months.

A >6.7% drop in BNP at

3 months predicted long

term clinical response

with 90% sens and 77%

spec.

n=32, clinical/echo evaluation at Significant reductions in

baseline and 3 months FU (with • ANP ANP (p=0.01) and BNP

additional FU at 1 week and 1 • BNP (p=0.036) at 3 months

month in 23/32 and 12 months in • Epinephrine with no change in other

20/32) • Norepinephrine markers.

Boriani et

al, 2006c

Clinical responders defined as

improvement by >1 NYHA class,

reverse remodelling responders as

• Aldosterone

• Renin

• IL-6

Reduction in ANP and

BNP seemed to be

optimal at 3 months with

>15% fall in LV end-systolic • TNF-a no further change at 12

volume (by echo) • sTNFRI months.

• STNFR2 Baseline ANP (<150

• Chromogranin A pg/ml) but not BNP

predicted response.

n=50, clinical/echo/CPEX test No overall change in

evaluation at baseline and 1 month BNP at 1 month.

Pitzalis et

al, 2006

after CRT. Mean 19 month FU for

progressive heart failure
• BNP

BNP increase at 1 month

or high baseline BNP

predicted progressive

heart failure.
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Theodorakis

et al, 2006

n=20, clinical/echo/CPEX test

evaluation at baseline (1 months

after device implant but not

switched on yet), after 3 months of

CRT and then after a further 3

months with the device switched off

again (no pacing)

• NT-ProBNP

• TNF-a

• sTNFRl

• STNFR2

• IL-6

• slCAM-1

• sVCAM-1

• sFas

• sFas ligand

Fall in NT-ProBNP, IL-

6 and sICAM-1 after 3

months active pacing.

NT-ProBNP increased

again after 3 months ‘no

pacing’ but IL-6 and

sICAM-1 remained low.

No change in other

markers.

Lappegard

and

Bjorns tad,

2006

n=8, clinical and echo evaluation at

baseline and after 6 months CRT

• NT-ProBNP

• IL-6

• 1L-8

• 11-1(3

• 1L-10

• TNF-a

• MCP-1

• CAP

Significant fall in NT-

ProBNP, IL-6, IL-8 and

MCP-1 at 6 months.

No change in other

markers.

Garcia-

Bolao et al,

2006

n=38 CRT and 20 controls, baseline

and 1 year FU. Non-responder

defined as death, awaiting transplant

or <10% increase in 6MWD
• NT-ProBNP

• PICP

Baseline NT-ProBNP

and PICP higher in

responders.

PICP fell in responders

but increased in non

responders. NT-ProBNP

fell at 1 year but did not

reach significance (wide

variation in results).

Michelucci

et al, 2007

n=140, clinical and echo evaluation

at baseline and 6 months. Also

median 9 months FU for adverse

cardiac events.

• IL-6

• hs-CRP

Significant reduction in

IL-6 and hs-CRP only

seen in those with

reverse remodelling and

no adverse events at FU.

Seifert et al,

2007

n=22, single centre substudy of

PATH-CHF 11 trial (3 month

crossover between CRT and

univentricular pacing then CRT

from 6-12 months)

• BNP

• Norepinephrine

• TNF-a

• sTNFRl

• IL-6

Significant reduction in

BNP (p=0.049) and

norepinephrine

(p=0.027) at 12 months.

No change in cytokines.

Change in BNP

correlated with change

in LV ejection fraction.
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Lellouche et

al, 2007

n=164, retrospective study, baseline

and 6 month clinical/echo

evaluation. Responders defined as

alive, no HF hospitalisation and > 1

NYHA class improvement at 6

months • BNP

Responders had a

significant fall in BNP at

6 months (p<0.00l)

while non-responders

had an increase in BNP

(p=0.03).

Baseline BNP was

higher in responders

(p=0.0002) and was the

only independent

predictor of response.

Fruhwald et

al, 2007

n=732, from CARE-HF trial

population, blood samples at

baseline and after 3 and 18 months

FU in CRT (n=362) and control

(n=370) groups.

• NT-ProBNP

Increasing age, low

GFR, low LV ejection

fraction and severe MR

all predicted high NT-

ProBNP at baseline.

Significant fall in NT-

ProBNP with CRT

compared to control at 3

and 18 months.

Change in NT-ProBNP

correlated with indices

of reverse remodelling.

Hessel et al,

2007

n=64, clinical and echo evaluation at

baseline and 6 months. Responders

defined as >10% reduction in LV

end-systolic volume at 6 month FU.

• NT-ProBNP

• MM P-2

• MMP-9

• Tenascin-C

Significant reduction in

all biomarkers except

MMP-2 in the group as a

whole. When analyzed

based on response, only

the responders (n=

46/64) had a fall in

biomarkers.

Francia et

al, 2007

n=14 CRT, 8 control. Clinical and

echo evaluation at baseline, after 48

hours CRT and at mean 9 months

FU.

• NT-ProBNP

• Apelin

Significant increase in

apelin and decrease in

NT-proBNP at 9 month

EU but no change at 48

hours.

Table 6: Summary of studies investigating the impact of CRT on various biomarkers. FU follow up, 
TDI tissue Doppler imaging, CPEX cardiopulmonary exercise test, LV left ventricular, NYHA New York Heart 
Association, QOL quality of life, CV cardiovascular, IL interleukin-6, TNF tumour necrosis factor, sTNFR 
soluble tumour necrosis factor receptor, sICAM soluble intercellular cell adhesion molecule, sVCAM soluble 
vascular cell adhesion molecule, sFas soluble Fas membrane protein, MCP monocyte chemoattractant protein, 
CAP complement activation product, PICP propepetide of procollagen type 1, MMP matrix metalloproteinase
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CRT and Natriuretic peptides

Analysis of all these published studies suggests that natriuretic peptide levels are 

consistently reduced in clinical and echocardiographic responders to CRT. A fall in 

BNP or NT-ProBNP would not be an unexpected finding if heart failure severity 

were reduced. This is most likely linked to the process of reverse remodelling 

because correlations are observed between natriuretic peptide levels and 

improvements in left ventricular volumes or ejection fraction. However, whilst 

reverse remodelling may be a process that continues over a number of years in a 

proportion of CRT patients, these studies suggest the fall in natriuretic peptide levels 

may plateau (Boriani et al, 2006) or diminish with time (Braun et al, 2005). In 

contrast, non-responders to CRT may demonstrate increasing natriuretic peptide 

levels. Therefore, both baseline and follow up values may be beneficial in predicting 

or monitoring clinical and/or echocardiographic response to CRT.

However, there are a number of apparently conflicting findings. A high baseline 

BNP level suggested likely progressive heart failure in one study (Pitzalis et al, 

2006), no impact on response in another (Boriani et al, 2006) and a better chance of 

response in two others (Garcia-Bolao et al, 2006; Lellouche et al, 2007). Reductions 

in NT-ProBNP are observed by 1 month of follow up in two studies (Yu et al, 2005d; 

Braun et al, 2005) but not in one other (Pitzalis et al, 2006).

CRT and inflammatory markers

The influence of CRT on inflammatory markers appears mixed. This may perhaps 

mean some proinflammatory mediators have a beneficial role in heart failure. Only 

one study has examined the influence of CRT on hsCRP (Michelucci et al, 2007). 

The mean hsCRP value in those who had an adverse event during this study (n=40)
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was 8.2mg/L at baseline and 6.4mg/L at follow up (p=0.4) while those who did not 

have an adverse event (n=100) had a baseline value of 5.3mg/L and follow up of 

2.9mg/L (p=0.01).

CRT, the kidney and anaemia

Limited small studies have investigated the impact of CRT on renal function. One 

retrospective study found that patients who experienced no significant reverse 

remodelling at 3 months following CRT had deterioration in GFR (Fung et al, 2007). 

Those who had preserved renal function had lower mortality over a mean 856 days 

follow up. A retrospective analysis of the MIRACLE trial population showed that 

CRT improved left ventricular function irrespective of baseline eGFR. Those with 

stage 3 chronic kidney disease (eGFR 30-59) had improvement in renal function 

after 6 months CRT compared to controls but those with more severe renal 

impairment were excluded from the trial (Boerrigter et al, 2008).

No specific data exist that examines the impact of CRT on anaemia.

Unanswered questions

There is evidence that measuring and monitoring certain biomarker levels may be a 

clinically useful way of assessing heart failure severity and the influence of 

subsequent therapy, including CRT. Limited data exist on the correlation between 

baseline and follow up biomarker values with other measures of assessing heart 

failure severity and CRT response such as NYHA, QOL, 6MWD and ejection 

fraction. In addition, NT-ProBNP has been advocated as a predictor of response to 

CRT based on either baseline value or change after a period of time. However, no 

strong consensus on the best approach or cut-off value is available. Given that it
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offers prognostic value in heart failure, it may be that the opposite approach may be 

useful. In other words, instead of using NT-ProBNP as a marker of CRT response 

defined by clinical change (e.g. hospitalisations, exercise capacity, NYHA class 

change etc), use NT-ProBNP to define response then observe what happens 

clinically.

Whilst one study has linked fall in hsCRP following CRT with lack of adverse 

outcomes, further data examining the relationship between baseline hsCRP, change 

in hsCRP after CRT and the clinical and echocardiographic change are required.

The influence of CRT on troponin, adrenomedullin, intermedin and EPO is 

unknown.

Different biomarkers represent different pathophysiological emphases in heart 

failure. NT-ProBNP is a marker of myocyte haemodynamic stress, hsCRP of a pro- 

infiammatory state and troponinT of myocyte injury and necrosis. It is unknown if 

response to CRT is better in those who have baseline increases or subsequent 

improvements in a number of these ‘classes’ of biomarker rather than just one.

4.2 Aims

The remainder of this chapter describes original research that seeks to add to the 

knowledge base on biomarkers and CRT. Given the variation in published results 

using B-type natriuretic peptides and only limited data using other biomarkers, 

further studies are required in order to be able to determine the applicability of 

measuring or monitoring biomarkers to clinical CRT management and decision
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making processes. Data on novel biomarkers and multiple biomarkers would be 

valuable. The aim of this study was to answer the following questions:

1) How do baseline biomarker levels correlate with ventricular function and clinical 

severity of heart failure prior to CRT?

2) How do biomarker levels change after CRT?

3) Can change in NT-ProBNP after CRT be used as a useful definition of response?

4) How does a biomarker definition of response compare with standard clinical and 

echocardiographic definitions of response to CRT?

4.3 Methods

4.3.1 Patient recruitment

Consecutive patients were prospectively recruited who were admitted for elective 

insertion of a biventricular pacemaker, with or without implantable cardioverter 

defibrillator, at Belfast City Hospital Cardiology Department. Absolute criteria for 

device implantation were heart failure of ischaemic or non-ischaemic origin, stable 

medical therapy for at least 3 months and left ventricular ejection fraction <35%. 

Typical additional criteria were NYHA functional class 3 or 4, QRS duration 

> 120msec and sinus rhythm. Heart failure was considered ischaemic if there was a 

history of myocardial infarction, coronary artery bypass surgery or percutaneous 

coronary intervention and/or proven coronary artery disease by coronary 

angiography. At Belfast City Hospital, patients with atrial fibrillation, NYHA 

functional class 2 and QRS duration <120msec could be offered CRT after clinical 

assessment and at the discretion of the consultant cardiologist and were therefore
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also included in this study. No patient was excluded because of these criteria. 

Specific exclusion criteria were significant comorbidity that would either limit life 

expectancy or interfere with the study protocol. All patients gave written informed 

consent and the Regional Ethics Committee approved the protocol.

4.3.2 Device Implantation and follow up

The same cardiologist carried out all procedures. Pacing leads were placed in the 

right atrium and right ventricular apex. The coronary sinus was cannulated and a left 

ventricular lead advanced into a lateral or posterolateral position when possible. 

When this was not possible, an anterior venous branch could be used. The decision to 

implant a biventricular pacemaker only or a combined biventricular pacemaker and 

implantable cardioverter defibrillator device was based on an individual patient’s 

clinical indication. A number of different pacing leads and pacemaker devices, 

produced by different companies, were utilised. Prior to hospital discharge the device 

was optimally programmed to ensure as close to 100% pacing as possible and the 

atrioventricular delay was optimised by the Ritter method (Ritter et al, 1999). After 

hospital discharge, all patients were regularly reviewed at a pacemaker clinic, which 

was separate to the study protocol follow up visits, to ensure optimal device function.

4.3.3 Patient assessment and follow up

Patients were assessed at baseline and then after 6 months of CRT in terms of 

clinical, echocardiographic and biochemical features. Follow up to 12 months for 

hospitalisations and death was also carried out.

Clinical assessment included NYHA functional class, 6-minute walk distance, 

quality of life score using the Minnesota living with heart failure questionnaire, QRS

224



duration from 12 lead electrocardiogram and review of any hospitalisation episodes 

due to heart failure and/or change to heart failure medications. Baseline assessment 

included review of any admission to hospital in the previous 12 months to document 

total number of days hospitalised for heart failure. All clinical assessments were 

carried out by the same medical investigator to ensure a standardised approach to 

determining current clinical status and methodology for carrying out the six-minute 

walk test.

Echocardiographic assessment included measurement of left ventricular dimensions 

and volumes, left ventricular ejection fraction using the biplane Simpson’s method 

and grading of the degree of mitral regurgitation. Echo images were obtained using a 

Philips Sonos 5500 ultrasound machine with S3 transducer and machine settings 

individually optimised for best quality image acquisition. Images were stored on 

digital optical disc for analysis at a later date.

Left ventricular end-systolic and end-diastolic dimensions as well as left atrial 

dimension were measured from the parasternal long axis window. To ensure accurate 

ejection fraction was calculated with reasonable confidence, the Simpson’s biplane 

method was carried out 5 times. The highest and lowest values were discarded and 

the remaining three values averaged to give the final value. The corresponding 

volumes from the three averaged ejection fraction calculations, from the apical four- 

chamber view, were also averaged to give end-diastolic and end-systolic volume 

measurements. Severity of mitral regurgitation was qualitatively assessed and graded 

on a scale 0-4. The duration of diastole was calculated as a % of the R-R interval 

from assessment of the mitral inflow pulsed Doppler pattern. An average of 3 cycles 

was determined for those with atrial fibrillation.

Pulsed-wave tissue Doppler imaging (TDI) was used to determine interventricular
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and intraventricular dyssynchrony. Interventricular dyssynchrony was defined as the 

maximal delay in time to onset systolic velocity between the basal/mid right 

ventricular segments and 6 basal/6 mid left ventricular segments. Intraventricular 

dyssynchrony was defined as the maximal difference in time to onset systolic 

velocity between the 6 basal/6 mid left ventricular segments. The methodology for 

TD1 acquisition has been described previously (chapter 3).

All echocardiograms were performed and analysed by the same medical investigator 

in a standardised protocol. Intra-observer and inter-observer (blinded) variability in 

echocardiographic measurements has also been quoted earlier (chapter 2 and 3). 

Biochemical assessment included measurement of a number of biochemical variables 

that are known to be of prognostic importance in heart failure. Venous blood was 

sampled for measurement of NT-ProBNP, hsCRP, Troponin T, sodium, urea, 

creatinine, eGFR and haemoglobin. A subgroup of patients had samples taken for 

analysis of adrenomedullin (AM), midregional fragment of proadrenomedullin 

(AM45.92), intermedin (IMD) and erythropoietin (EPO).

4.3.4 Biomarker analysis

Blood samples were collected in a similar fashion at baseline and at follow up visit. 

All samples were collected between 9am and 3pm in a non-fasting state. The patient 

was seated, comfortable and allowed to rest for 10 minutes before sample collection. 

A total of 40ml venous blood was drawn from an antecubital vein and divided into 

appropriate collection tubes for the various biochemical markers to be measured. All 

samples were processed within two hours of collection and either measured 

immediately or else stored in a freezer at -80°C until further analysis.
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Assay details

Haemoglobin, sodium, urea, creatinine, eGFR, NT-ProBNP, hsCRP and EPO were 

all processed and analysed in the Belfast Link Laboratories at the Belfast City 

Hospital or Royal Victoria Hospital where standard protocols are employed and 

regular quality control inspections are carried out. AM, AM45.92 and IMD were 

analysed in the laboratory at the Department of Therapeutics, Queen’s University, 

Belfast.

Haemoglobin was determined on a Sysmex SE9500 haematology analyser. Sodium 

was determined on a Roche Modular Analyser with an ion selective electrode (ISE) 

module. Urea and creatinine were determined on the same Roche Modular Analyser 

with a photometric (P) module. eGFR was then calculated according to the sMDRD 

equation.

NT-ProBNP was determined using the commercially available and validated Elecsys 

proBNP assay (Roche Diagnostics Ltd) and analysed on a Roche Modular Analyser 

(E module). Coefficient of variability (CV) for the assay was 2.6-3.3%.

High sensitivity GRP was determined on a Dade Behring BN ProSpec analyser using 

an enhanced immunonephelometry assay technique. The method uses polystyrene 

particles coated with monoclonal antibodies specific to human GRP. These aggregate 

when mixed with a sample containing GRP and the aggregates scatter a beam of light 

as it passes through the sample. The intensity of scattered light is proportional to the 

amount of GRP in the sample. At a detection level of 0.5mg/L, the intra-assay CV 

was 3.1% and the inter-assay CV was 2.5%.
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Erythropoietin was determined by enzyme linked immunosorbent assay (ELISA) 

using a commercially available kit (Quantikine IVD; R&D Systems Europe Ltd). 

The assay is based on a double-antibody sandwich method. The quoted total CV for 

the assay is 3.71-10.3%.

Adrenomedullin, intermedin and AM45-92 were determined by radioimmunoassay. 

For initial sample collection, 40pl (0.6 TIU mf1) of the protease inhibitor aprotinin 

(Apollo Scientific, Stockport, UK) was added to EDTA K3 tubes using a 200pl 

pipette. The EDTA inhibited the action of metalloproteases. Four tubes were 

prepared for each subject and kept on ice until the blood sample was taken. After 

sample collection, the tubes were rocked gently and immediately transported to the 

centrifuge on ice. The tubes were spun in the centrifuge (Mistral 400 Refrigerated 

Centrifuge; Davidson and Hardy Laboratory Supplies Ltd., Belfast) at 3000rpm for 

20 minutes at 4°C. After centrifugation, the separated plasma was collected by 

pipette and transferred to 5ml tubes containing 40pl of aprotinin and rocked several 

times to inhibit the activity of petidases. Tubes were coded and the samples stored at 

-80°C until further analysis.

Stored plasma samples underwent peptide extraction prior to radioimmunoassay 

(RIA). Two buffers were required for solid phase extraction: 1% trifluoroacetic acid 

(TFA) in water (buffer A) and 60% acetonitrile in 1% TFA (buffer B). Peptides were 

extracted from acidified plasma using C-18 Sep-Pak cation exchange columns and 

then dried by a combination of vacuum centrifugation and freeze-drying using a 

lyophilizer. This produced a white powder, which was stored at -80°C until RIA.

On arrival at the laboratory, assay kits for each peptide were stored at -20°C and used 

within 5 days. A standard RIA procedure was employed using each kit as follows:
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(i) Reconstitution:

The RIA buffer (50 ml) was defrosted and diluted with 150ml of water. The tube 

containing the kit standard peptide was centrifuged gently to dislodge any powder 

from the walls or cap of the tube and then reconstituted with 1 ml of RIA buffer. The 

resulting solution was mixed using a vortex (Vortex genie-2; Scientific Industries, 

Bohemia NY, USA) for 2 minutes to dissolve all the powder and stored on ice. The 

rabbit anti-peptide serum (primary antibody) was reconstituted with 15.5ml of RIA 

buffer, mixed by vortex and stored on ice. The positive controls were reconstituted 

with 1ml of RIA buffer, mixed by vortex and stored on ice. Each patient sample was 

reconstituted with 500pl of RIA buffer, mixed by vortex ensuring that all the powder 

was dissolved and stored on ice.

(ii) Standard solution preparation and sample tube labelling:

A set of standard peptide solutions was prepared using serial dilutions of the 1ml 

tube of reconstituted standard peptide as shown below.

Tube Sample RIA Buffer added Standard concentration
Stock Kit peptide 1.0 ml 12.8pg ml'1

0 1 Opl stock 990pl 128000pg ml'1
A lOpl 0 990pl 1280pg ml'1
B 500pl A 500pl 640pg ml'1
C 500pl B 500pl 320pg ml'1
D 500pl C 500pl 160pg ml'1
E 500plD 5 00pi 80pg ml'1
F 500pl E 500pl 40pg ml'1
G 500plF 500pl 20pg ml'1
H 500pl G 500pl lOpg ml'1

Sample tubes were labelled as follows: Total counts: TC-1, TC-2; Non-specific 

binding: NSB-1, NSB-2; Total bound: TB-1, TB-2; Standard solutions H to A: #7- 

#22 (i.e. tubes for standard H were labelled #7 and #8 through to tubes for standard
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A labelled #21 and #22); Positive control: #23 and #24; Unknown samples: where 48 

unknown samples were being assayed, tubes were labelled #25-# 120. There were 

two tubes per sample because two assays were carried out simultaneously. These 

were differentiated using red and green coloured markers to label the tubes, using 

one colour for each kit.

(iii) Peptide concentration determination:

200pl RIA Buffer was added to each NSB tube. lOOpl RIA buffer was added to each 

TB tube. lOOpl of the standards H to A was added to the appropriate tubes (H - #7 

and 8, G - #9 and 10, F - #11 and 12 etc.). lOOpl of positive control was added to 

tubes #23 and #24 and lOOpl of unknown sample was similarly added to duplicate 

tubes (tube #25 and upwards). lOOpl of primary antibody was added to each tube 

except the TC and NSB tubes. The contents of each tube were mixed using a vortex, 

covered and incubated for 16-24 hours at 4°C. Following the incubation period, the 

kit l25'I radiolabelled peptide was reconstituted with 13ml of RIA buffer and mixed 

well. The radioactivity of the tracer solution was checked with a gamma counter 

(1470 Wizard Automatic Gamma Counter; Perkin Elmer, Waltham MA, USA) and 

adjusted to give a reading of 8000-10000 counts per minute (cpm) per lOOpl. lOOpl 

of tracer solution was added to each tube. The contents of each tube were again 

mixed with a vortex, covered and incubated for 16-24 hours at 4°C. After incubation, 

goat anti-rabbit serum (GAR) and normal rabbit serum (NRS) were reconstituted by 

adding 13ml of RIA buffer to each bottle. lOOpl GAR and lOOpl NRS were added to 

each tube except the TC tubes. The contents of each tube were mixed with a vortex 

and incubated at room temperature for 90 minutes. 500pl RIA buffer was added to 

each tube except the TC tubes. The contents of each tube were again mixed with a
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vortex. All the tubes except the TC tubes were spun in a centrifuge at 3000rpm 

(approximately 1700 x g) for 20 minutes at 4°C. This resulted in the formation of a 

white pellet at the bottom of each tube. Immediately after centrifugation, the 

supernatant was carefully aspirated from each tube except the TC tubes using a glass 

pipette attached to a vacuum suction pump. Care was taken to ensure that the 

supernatant was removed without disturbing the pellet. The gamma counter was 

used to record the counts per minute (cpm) of each pellet.

The cpm of the NSB duplicates was used to calculate average NSB and the cpm of 

the TB duplicates was used to calculate average TB. Maximum specific binding 

(Bmax) was then calculated as Bmax=TB - NSB. Percentage specific binding (B/Bmax) 

was calculated for the paired standards, positive control and unknown samples using 

the formula: B/Bmax (%) = (Average cpm for sample - NSB)/ Bmaxx 100.

Generation of a standard curve B/Bmax against peptide concentration using the cpm 

for each standard solution allowed determination of the peptide concentrations of the 

unknown samples from the corresponding values of B/Bmax-

The AM RIA kit from Phoenix Pharmaceuticals detects both mature and glycated 

forms of AM. Plasma peptide levels detected using RIA are likely to differ 

depending on the sensitivity of the antibody used. The antibody supplied with the 

AM kit supplied shows 12% cross-reactivity for the shorter fragment AM25-52.

The antibody supplied with the IMD RIA kit shows 100% cross-reactivity with three 

biologically active fragments of IMD (IMDi_53, IMD1-47 and IMD8-47).
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4.3.5 Correlation and response analysis

Correlation analysis

Each of the biomarkers NT-ProBNP, hsCRJP, TnT, AM, AM45.92, IMD and EPO 

were correlated with select baseline clinical features (age, BMI, 6-minute walk 

distance, NYHA functional class), echocardiographic features (left atrial size, 

severity of mitral regurgitation, left ventricular ejection fraction and volumes) and 

dyssynchrony severity (QRS duration, intraventricular and interventricular maximal 

difference in time to onset systolic velocity between 12 left ventricular and 2 right 

ventricular wall segments using tissue Doppler imaging). In addition, baseline 

biomarkers were correlated with each other.

Change in hiomarkers with CRT

Baseline NT-ProBNP, hsCRP, troponin T, AM, AM45-92, IMD, EPO, haemoglobin, 

sodium, urea, creatinine and eGFR were compared with values obtained at follow up. 

For eGFR, patients were divided into three groups according to the severity of renal 

dysfunction (group 1 eGFR >60, group 2 eGFR 30-59 and group 3 eGFR <30). 

Clinical and echocardiographic features before and after CRT were also compared. 

Any significant change in marker level was correlated with change in NYHA class, 

6-minute walk test and QOL score as well as change in echocardiographic LV 

ejection fraction, dyssynchrony, end-systolic and end-diastolic volumes.

NT-ProBNP responders and non-responders

Patients were divided into two groups depending on the change in NT-ProBNP after 

6 months follow up. A biomarker responder was defined as a fall in NT-ProBNP of
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>25% compared to baseline. Other patients were considered non-responders. Change 

in clinical, echocardiographic and other biomarker values after CRT were then 

compared between groups.

Biomarker v Clinical v Echocardiographic v multi-biomarker response 

Observation was made of the proportion of patients and crossover of patients with 

response to CRT based on differing definitions of response. Patients who had a fall 

in NT-ProBNP >25% but no concurrent fall in hsCRP or TnT were termed single 

biomarker responders. Those who had at least 2 out of these 3 biomarkers fall with 

CRT were termed multi-biomarker responders. Clinical response was defined as 2 

out of 3 from decrease >1 NYHA functional class, relative improvement in 6-minute 

walk distance by >25% or decrease in QOL score >20%. Echocardiographic 

response was defined as >5% absolute increase in left ventricular ejection fraction 

and >15% decrease in left ventricular end-systolic volume.

4.3.6 Statistical analysis

Statistical advice was sought from the Department of Epidemiology and Public 

Health, Queen’s University, Belfast. All analysis was carried out using SPSS 

software for Windows version 13.

All parameters were checked for normality of distribution. Correlations were 

performed using Pearson’s or Spearman’s rank correlation coefficients as 

appropriate. Comparisons of values before and after CRT, for the whole group, were 

performed using the paired samples t-test for continuous variables and the Wilcoxon 

signed rank test for ordinal variables as appropriate. Comparisons between 

responders and non-responders were performed using the independent samples t-test

233



for continuous variables and the Mann Whitney U test for ordinal variables as 

appropriate. The Chi-square or Fisher’s exact test was used for comparisons of 

categorical variables as appropriate. The Kappa statistic was used to analyse the 

agreement between different definitions of response to CRT.

Results are given as mean ± standard deviation unless stated. A p value of <0.05 was 

deemed statistically significant.

4.4 Results

4.4. / Patient characteristics

A total of 50 patients were enrolled. 42/50 underwent successful device implantation. 

Mean follow up was 6.1 months. No patient died during the six month follow up 

period. Complete values for NT-ProBNP, hsCRP, TnT, Hb, Sodium and Creatinine 

were available for 33/42. This was due to laboratory loss of stored baseline or follow 

up samples from 9/42 patients. Samples for AM, AM45.92, IMD and EPO were 

obtained from 20 consecutive patients in the study group. Measurement of baseline 

and follow up values were possible in 18/20 for AM and IMD, 15/20 for AM45.92 and 

20/20 for EPO.

Six-minute walk test was not possible in 5 patients (2 due to poor mobility, one due 

to heart failure symptoms, one due to recent knee aspiration and one due to a recent 

fall and injury).

During the follow up period, 7 patients had the dose of ACE-I or ARB increased. 13- 

blocker dose was increased in 17 patients and decreased in 1 patient.
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Characteristic

Gender (M/F) 26/7

Age (years) 69.2 ±11.2

Ischaemic aetiology n/33
• Prior myocardial infarction
• Revascularisation - PCI

23
22
3

- CABG 10
- Both 2

NYHA class (2/3/4) 5/26/2

QRS duration (msec) 162.2 ±24.2

Presence of symptoms
• <1 year
• 1-2 years
• >2 years

3
12
18

Left ventricular ejection fraction (%) 24.5 ± 6.2

Rhythm (sinus/atrial fibrillation) 26/7

Medications: n/33 (%)
• ACE-I 26 (79)
•ARB 3(9)
• (3-blocker 29 (88)
• Aldosterone antagonist
• Digoxin
• Diuretic

23 (70)
10(30)
29 (88)

• Statin 27(82)

LV lead position (n/33)
• Lateral 22
• Posterior 10
• Anterior 1

ICD capability added 10/33
Table 7: Baseline characteristics for the whole study group.
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4.4.2 Biomarker correlation analysis

NT-ProBNP and hsCRP were not normally distributed and therefore logioNT- 

ProBNP and logiohsCRP were also used for analysis (figure 4). Only 3/33 patients 

had a troponin T level greater than the lower level of detection of O.Olpg/L. 

Therefore, further correlation analyses with troponin T were not performed. Values 

for hsCRP were not used if there was an obvious concurrent reason for an acute 

elevation such as inflammation or infection.

o 6—

2000 4000 6000 80
Baseline NT-ProBNP (ng/L)

10000
Baseline logNT-ProBNP

-0.5020.00
Baseline hsCRP (mg/L) Baseline loghsCRP

Figure 4: The frequency distribution of baseline NT-ProBNP (above) and hsCRP 
(below) and their respective logio transformations.

236



• NT-ProBNP

There were significant correlations between baseline NT-ProBNP and baseline age (r 

0.426, p=0.015), 6-minute walk distance (r -0.509, p=0.004), hsCRP (r 0.516, 

p=0.003), loghsCRP (r 0.512, p=0.003), AM45.92 (r 0.657, p=0.008) and EPO (r 

0.484, p=0.031). Of note, there was no significant correlation with BMI, left 

ventricular function or size, degree of dyssynchrony or renal function. However, 

there were significant correlations between baseline logNT-ProBNP and baseline left 

atrial size (r 0.408, p=0.021) and intraventricular dyssynchrony bToV12 (r 0.388, 

p=0.034). In addition, baseline logNT-ProBNP was significantly correlated with 

baseline hsCRP (r 0.444, p=0.011), loghsCRP (r 0.409, p=0.02), AM45.92 (r 0.679, 

p=0.005) and 6-minute walk distance (r -0.516, 0.003) but not baseline age (r 0.336, 

p=0.06) or EPO (r 0.409, p=0.073). Scatter diagrams displaying the significant 

associations for NT-ProBNP and logNT-ProBNP are shown in figure 5 and 6 

respectively.

• hsCRP

There was no reason to exclude any hsCRP values from analysis. In addition to the 

relationship with NT-ProBNP and logNT-ProBNP, there was a significant 

correlation between baseline hsCRP and baseline BMI (r 0.371, p=0.034) and EPO (r 

0.757, pO.OOOl). The association with BMI was not significant when using 

loghsCRP (r 0.231, p=0.196) but loghsCRP remained strongly correlated with EPO 

(r 0.711, pO.OOOl).

• AM and IMD

Baseline adrenoemdullin and intermedin were not significantly correlated with any 

of the baseline clinical, echocardiographic or biochemical variables examined.
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Figure 5: Scatter diagrams showing the significant relationships between baseline 
NT-ProBNP and age (top left), 6-minute walk distance (top right), high sensitivity C- 
reactive protein (hsCRP, middle left), loghsCRP (middle right), midregional 
fragment of proadrenomedullin (AM45-92, bottom left) and erythropoietin (EPO, 
bottom right).
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Figure 6: Scatter diagrams showing the significant relationships between baseline 
logioNT-ProBNP and left atrial dimension (top left), maximal difference in time to 
onset systolic velocity among 12 left ventricular wall segments (BoV12, top right), 
high sensitivity C-reactive protein (hsCRP, middle left), loghsCRP (middle right), 
midregional fragment of proadrenomedullin (AM45-92, bottom left) and 6-minute 
walk distance (bottom right).
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• AM45-92

Baseline midregional fragment of proadrenomedullin (AM45.92) was correlated with 

baseline NT-ProBNP and logNT-ProBNP as stated above.

• EPO

Baseline EPO was significantly correlated with baseline NT-ProBNP, hsCRP and 

loghsCRP as stated above. In addition, there was a significant correlation with 

baseline quality of life score (r 0.522, p=0.018).

Scatter diagrams displaying the additional significant associations for hsCRP, 

loghsCRP and EPO are shown in figure 7.

E 30-

hsCRP (mg/L)

^ 40-

LoghsCRP EPO (mlu/ml)

Figure 7: Scatter diagrams showing the significant relationships between baseline high sensitivity C- 
reactive protein (hsCRP) and body mass index (BMI, above left), baseline hsCRP and erythropoietin 
(EPO, above right), baseline loghsCRP and EPO (bottom left) and baseline EPO and quality of life 
(QOL) score using the Minnesota living with heart failure questionnaire (bottom right).
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4.4.3 Change in bio markers with CRT

Baseline and follow up biochemical values for the whole study group are shown in 

table 8. Results of the paired sample t-tests are shown in table 9. There was a 

significant reduction in mean loghsCRP (0.47 to 0.29, p=0.039), adrenomedullin 

(66.8 to 32.3 pg/ml, p=0.006) and intermedin (9.78 to 4.43 pg/ml, p=0.003) after 6 

months CRT. There was a significant increase in troponin (0.011 to 0.013 pg/L, 

p=0.023) after 6 months CRT. Elevation from baseline value was detected in 5/33 

patients. Of note, three of these five patients had died within 15 months of CRT. The 

significant biochemical changes are displayed graphically in figure 8. The change in 

loghsCRP correlated with the change in intermedin (r 0.584, p=0.011). However, 

there were no significant correlations between change in loghsCRP, intermedin or 

adrenomedullin with CRT and change in clinical or echocardiographic variables. 

Baseline and follow up clinical and echocardiographic values for the whole study 

group are shown in tables 10 and 11 respectively. Results of paired sample t-tests for 

clinical and echocardiographic variables are shown in tables 12 and 13 respectively. 

There were significant improvements in mean NYHA functional class (2.91 to 2.18, 

pO.0001), 6-minute walk distance (279.5 to 369m, pO.OOOl) and quality of life 

score (41 to 25, p<0001). Average hospitalisation days for heart failure fell from 12 

days in the 12 months prior to CRT to 1.6 days in the 12 months after CRT 

(p=0.006). There were two deaths, both due to heart failure, in the 12 months after 

CRT.

All ten echocardiographic variables demonstrated significant beneficial change after 

CRT (table 13). Of note, there was reduction in left ventricular volumes (end- 

diastolic 172 to 146ml and end-systolic 135 to 105ml, both pO.OOOl) and 

improvement in ejection fraction (24.5 to 31%, pO.OOOl). The severity of
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intraventricular (ToV12) and interventricular dyssynchrony (IVol2) was also 

significantly reduced (both p=0.001).

The Wilcoxon signed ranks test was also used for comparing the difference between 

baseline and follow up NYHA class, degree of mitral regurgitation and eGFR 

category (ordinal scale data). There remained a significant difference in NYHA class 

(pO.OOOl) and mitral regurgitation grade (p=0.002). There was no significant 

change in eGFR category.

Minimum Maximum Mean SD
Statistic Statistic Statistic Std. Error Statistic

Baseline NT-ProBNP (ng/L) 277 9463 2839 69 437.372 2474 150
6 month NT-ProBNP (ng/L) 220 32672 3129 06 1069.384 6049.352
Baseline hsCRP (mg/L) .38 35.30 5.1061 1.15522 6.63623
6 month hsCRP (mg/L) .24 21.30 3.4753 .74269 4.20127
Baseline troponinT (ug/L) .01 .03 .0109 .00069 .00390
6 month troponin T (ug/L) .01 .03 .0125 .00100 .00568
Baseline sodium (mmol/L) 133 144 139.18 .525 3.015
6 month sodium (mmol/L) 134 144 139.67 .445 2.558
Baseline urea (mmol/L) 4.9 27.6 11.739 .8999 5.1695
6 month urea (mmol/L) 3.9 30.0 11.215 .9794 5.6263
Baseline creatinine (umol/L) 41 256 124.94 8.157 46 859
6 month creatinine (umol/L) 58 305 132.97 9.057 52.027
Baseline haemoglobin (mg/dL) 10.8 18.4 13.403 .2819 1.6193
6 month haemoglobin (mg/dL) 11.5 18.7 13.755 .2449 1.4067
Baseline logNT-ProBNP 2.44 3.98 3.2913 .07007 .39636
6 month logNT-ProBNP 2.34 4.51 3.1970 07809 .44176
Baseline loghsCRP -.42 1.55 .4717 .07937 .45595
6 month loghsCRP -.62 1.33 .2878 .08727 49367
Baseline AM (pg/ml) 11.67 203.42 66.8322 13.22965 56.12866
6 month AM (pg/ml) 9.23 144.38 32.3445 6.61080 29.56438
Baseline IMD (pg/ml) 1.73 21.65 9.7860 1.33984 5.68445
6 month IMD (pg/ml) .00 21.60 4.4302 .98512 4.17951
Baseline AM45-92 (pg/ml) 101.85 529.80 275.4307 30.00430 116.20617
6 month AM45-92 (pg/ml) 169.02 561.63 334.2280 33.18529 128.52609
Baseline EPO (mlu/ml) 4.10 53.20 20.0650 2 55417 11.42261
6 month EPO (mlU/ml) 6.30 48.30 19.9400 2.70665 12 10452

Table 8: Descriptive statistics for baseline and follow up biochemical variables. hsCRP high 
sensitivity C-reactive protein, AM adrenomedullin, 1MD intermedin, AM45-92 midregional 
fragment of proadrenomedullin, EPO erythropoietin, SD standard deviation

242



Paired Differences

t df
Sig.

(2-tailed)Mean Std. Deviation
Std. Error 

Mean

95% Confidence 
Interval of the 

Difference
Lower Upper

NT-ProBNP -289.375 5380.799 951.200 -2229 360 1650.610 -.304 31 .763
hsCRP 1.61844 7.14632 1 26330 -.95808 4.19496 1.281 31 .210
Troponin -.00156 .00369 .00065 -.00289 -.00023 -2.396 31 .023
Sodium -.485 2.587 .450 -1.402 .433 -1.076 32 .290
Urea .5242 3.3305 .5798 -.6567 1.7052 .904 32 .373
Creatinine -8.030 25.022 4.356 -16.903 .842 -1.844 32 .075
Haemoglobin -.3515 1.0712 .1865 -.7314 .0283 -1.885 32 .069
LogNT-ProBNP .09428 .35877 .06342 -.03507 .22363 1.487 31 .147
LoghsCRP .17545 .46001 .08132 .00960 .34130 2.158 31 .039
AM 33.79389 45.22759 10.66024 11.30274 56.28504 3.170 17 .006
AM45-92 -58.79733 150.49146 38.85673 -142.137 24.54206 -1.513 14 .152
IMD 5.35579 6.62256 1.56095 2.06247 8.64911 3.431 17 .003
EPO .12500 13.40212 2.99680 -6.14738 6.39738 .042 19 .967

Table 9: Results of paired t-test comparing baseline and follow up biochemical variables. 
Abbreviations as for table 8.
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Figure 8: Bar charts show the mean±SD for each biomarker that demonstrated a significant 
(p<0.05) change after 6 months of CRT. hsCRP high sensitivity C-reactive protein, AM 
adrenomedullin, IMD intennedin
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N Minimum Maximum Mean SD
Statistic Statistic Statistic Statistic Std. Error Statistic

Baseline NYHA 33 2 4 2.91 .080 .459
6 month NYHA 33 1 4 2.18 .134 .769
Baseline 6MWD (m) 31 35 470 279.58 18.075 100.639
6 month 6MWD (m) 28 44 546 369.04 23.109 122.280
Baseline MLHFQ score 33 7 71 41.21 3.409 19.581
6 month MLHFQ score 33 0 88 25.39 4.004 23.001
Baseline QRS (msec) 33 122 200 162.24 4.216 24.217
6 month QRS (msec) 33 130 196 155.45 2.506 14.399
HFH days 12m preCRT 33 0 52 12.12 2.700 15.510
HFH days 12m postCR' 27 0 34 1.59 1.270 6.600

Table 10: Descriptive statistics for baseline and follow up clinical variables. NYHA 
New York Heart Association, 6MWD six-minute walk distance, MLHFQ Minnesota 
living with heart failure questionnaire, HFH heart failure hospitalisation, SD standard 
deviation

Paired Differences

t df
Sig.

(2-tailed)Mean
Std.

Deviation
Std. Error 

Mean

95% Confidence 
Interval of the 

Difference
Lower Upper

NYHA class .727 .674 .117 .488 .966 6.197 32 .000
6MWD (m) -87.071 81.573 15.416 -118.702 -55.441 -5.648 27 .000
MLHFQ score 15.818 22.821 3.973 7.726 23.910 3.982 32 .000
QRS (msec) 6.788 28.434 4.950 -3.294 16.870 1.371 32 .180
HFH days 10.222 17.673 3.401 3.231 17.213 3.006 26 .006

Table 11: Results of paired t-tests comparing baseline and follow up clinical 
variables. Abbreviations as for table 10.
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Minimum Maximum Mean SD
Statistic Statistic Statistic Std. Error Statistic

Baseline LA (mm) 29 48 39.52 .889 5.106
6 month LA (mm) 27 51 37.61 .977 5.612
Baseline LVEDD (mm) 54 78 65.06 1.040 5.974
6 month LVEDD (mm) 45 76 61.15 1.371 7.874
Baseline LVESD (mm) 46 73 56.42 1.150 6.605
6 month LVESD (mm) 30 69 51.82 1.528 8.780
Baseline MR grade 0 4 1.91 .186 1.071
6 month MR grade 0 3 1.33 .135 .777
Baseline diastole duration (%) .31 .62 .4485 .01487 .08541
6 month diastole duration (%) .38 .60 .5056 .00992 .05611
Baseline LVEDV (ml) 85 354 171.97 9.350 53.710
6 month LVEDV (ml) 67 276 145.58 8.715 50.061
Baseline LVESV (ml) 53 295 134.82 8.102 46.543
6 month LVESV (ml) 40 231 104.91 8.597 49.383
Baseline LVEF (%) 14.1 34.2 24.503 1.0773 6.1888
6 month LVEF (%) 13.5 53.8 30.942 1.6946 9.7347
Baseline ToV12 (msec) 23 123 70.35 4.613 25.685
6 month ToV12 (msec) 10 90 49.35 3.610 20.102
Baseline IVo12 (msec) 18 145 75.42 5.547 30.887
6 month IVo12 (msec) 10 129 52.00 5.591 31.132

Table 12: Descriptive statistics for baseline and follow up echocardiographic variables. LA 
left atrium, LVEDD left ventricular end-diastolic dimension, LVESD left ventricular end- 
systolic dimension, MR mitral regurgitation, LVEDV left ventricular end-diastolic volume, 
LVESV left ventricular end-systolic volume, LVEF left ventricular ejection fraction, ToV12 
maximal difference in time to onset systolic velocity among 12 left ventricular wall 
segments, IVol2 maximal difference in time to onset systolic velocity among 12 left 
ventricular and 2 right ventricular wall segments

Paired Differences

Std.
Deviatio

Std.
Error

95% Confidence 
Interval of the 

Difference Sig.
(2-tailed)Mean n Mean Lower Upper t df

Left atrium (mm) 1.909 2.810 .489 .913 2.906 3.902 32 .000
LVEDD (mm) 3.909 4.126 .718 2.446 5.372 5.443 32 .000
LVESD (mm) 4.606 4.769 .830 2.915 6.297 5.548 32 .000
MR grade .576 .936 .163 .244 .908 3.532 32 .001
Duration diastole (%) -.05438 .09476 .01675 -.08854 -.02021 -3.246 31 .003
LVEDV (ml) 26.394 34.638 6.030 14.112 38.676 4.377 32 .000
LVESV (ml) 29.909 30.845 5.369 18.972 40.846 5.570 32 .000
LVEF (%) -6.4394 6.9300 1.2064 -8.8967 -3.9821 -5.338 32 .000
ToV12 21.000 31.750 5.702 9.354 32.646 3.683 30 .001
IVo12 23.419 37.249 6.690 9.756 37.083 3 501 30 .001

Table 13: Results of paired t-tests comparing baseline and follow up echocardiographic 
variables. Abbreviations as for table 12.

245



4.4.4 NT-ProBNP to define CRT response

There were 18 (54.5%) responders and 15 (45.5%) non-responders when using a 

reduction in NT-ProBNP of >25% after six months of CRT to define response. 

Baseline characteristics of responders and non-responders are shown in table 14. 

There was a significant baseline difference in QRS duration, AM45.92 and logNT- 

ProBNP between responders and non-responders. Responders had a longer QRS 

(173 v 149 msec, p=0.002), higher AM45.92 (333 v 190 pg/ml, p=0.013) and higher 

logNT-ProBNP (3.42 v 3.12, p=0.031). The difference in degree of baseline 

intraventricular dyssynchrony assessed by tissue Doppler imaging (ToV12) almost 

reached statistical significance.

Change in clinical, echocardiographic and biomarker values after CRT in responders 

and non-responders are shown in table 15. NT-ProBNP fell by mean 1765ng/L 

compared to an increase of mean 2930ng/L in non-responders (p=0.012). Responders 

also had a significantly better reduction in NYHA functional class (-1.0 V -0.4, 

P=0.009), QRS duration (-19 v +8 msec, p=0.004), left ventricular end-diastolic (-38 

v -12 ml, p=0.033) and end-systolic (-42 v -15 ml, p=0.01) volumes, left atrial size (- 

3 v -0.7 mm, p=0.018) and grade of mitral regurgitation (-0.9 v -0.1, p=0.011).
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Baseline variable Non-responder (n=15) Responder(n=18) p value

Clinical
•Age 68.3 ± 11.6 69.8 ± 11.1 0.71
• NYHA class 2.93 ± 0.46 2.89 ± 0.47 0.78
• 6MWD 274.1 ± 105.6 284.1 ±99.5 0.79
• MLHFQ score 42 ± 19.7 37.1 ± 19.0 0.19
• QRS duration 148.8 ±24.3 173.4 ± 18.0 0.002*
• Ischaemic aetiology 10 13 1.0
• Atrial fibrillation 4 3 0.67
• ACE-I/ARB 11 15 1.0
• (3-blocker 15 14 0.11
• Aldosterone antagonist 8 15 0.13

Echocardiographic
•LVEF 24.5 ± 5.6 24.5 ± 6.8 0.98
•LVEDV 163.2 ±45.7 179.3 ± 59.9 0.40
•LVESV 127.8 ±42.1 140.7 ±50.3 0.44
•LA 39.3 ± 6.2 39.7 ±4.1 0.86
• MR grade 1.6 ±0.99 2.2 ± 1.1 0.13
•ToV12 60.8 ± 18.4 78.2 ±28.6 0.058
•IVol2 69.1 ±26.8 80.7 ±33.8 0.31

Biochemical
• NT-ProBNP 2104.9 ±2179.9 3411.2 ±2595.8 0.14
• hsCRP 5.04 ± 8.68 5.16 ± 4.57 0.96
•TnT 0.01 ±0 0.018 ±0.005 0.24
• Creatinine 120.5 ±43.5 128.6 ±50.5 0.63
•EPO 20.0 ± 16.6 (n=8) 20.1 ± 7.12 (n=12) 0.99
•AM 70.4 ± 66.58 (n=7) 64.56 ±51.78 (n=ll) 0.84
•IMD 9.51 ±6.17 (n=7) 9.96 ±5.65 (n=l 1) 0.88
• AM45-92 189.6 ± 50.25 (n=6) 332.65 ± 113.34 (n=9) 0.013*
• logNT-ProBNP 3.12 ±0.44 3.42 ±0.31 0.031*
• loghsCRP 0.41 ± 0.47 0.53 ± 0.45 0.47
Table 14: Baseline comparisons of clinical, echocardiographic and biochemical variables 
between NT-ProBNP responders and non-responders. NYHA New York Heart Association, 
6MWD six-minute walk distance, MLHFQ Minnesota living with heart failure questionnaire, ACE-I 
angiotensin converting enzyme inhibitor, ARB angiotensin receptor blocker, LVEF left ventricular 
ejection fraction, LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic 
volume, MR mitral regurgitation, ToV12 maximal difference in time to onset systolic velocity among 
12 left ventricular wall segments, IVol2 maximal difference in time to onset systolic velocity among 
12 left ventricular and 2 right ventricular wall segments, hsCRP high sensitivity C-reactive protein, 
TnT troponin T, EPO erythropoietin, AM adrenomedullin, IMD intermedin, AM45.92 midregional 
fragment of proadrenomedullin, * significant between group comparisons at p<0.05
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Variable
Change between baseline and 6 month follow up

p value
Non-responder Responder

Clinical
•NYHA class 0̂0+1

O
1

V
O

0+1

0

0.009*
• 6MWD 78.9 ± 100.5 93.2 ± 66.9 0.66
• MLHFQ score -10.3 ±23.2 -20.4 ± 22.0 0.21
•QRS 8.3 ±31.0 -19.3 ± 19.1 0.004*

Echocardiographic
• LVEF 4.83 ±7.5 7.8 ±6.3 0.23
•LVEDV -12.5 ±22.9 -38.0 ±38.9 0.033*
•LVESV -15.3 ±26.3 -42.1 ±29.6 0.01*
•LA -0.7 ± 2.6 -2.9 ±2.6 0.018*
•MR -0.13 ±0.64 -0.94 ± 0.99 0.011*
• ToV12 -12.9 ±24.9 -27.6 ±35.8 0.204
• IVol2 -15.0 ±37.5 -30.4 ± 36.7 0.26

Biochemical
•NT-ProBNP 2930.1 ±7186.0 -1764.6 ± 1760.1

• hsCRP -0.41 ± 10.1 -2.55 ±3.7 0.41
•TnT 0.002 ± 0.004 0.001 ±0.003 0.44
• Creatinine 8.1 ±25.8 7.9 ±25.1 0.98
•EPO 2.16 ± 14.3 -1.65 ± 13.2 0.55
•AM -23.55 ±26.67 -40.31 ±54.13 0.46
• IMD -2.9 ±8.19 -6.91 ±5.23 0.22

• AM45.92 87.49 ± 87.4 39.67 ± 183.93 0.57
• logNT-ProBNP 0.2 ± 0.23 -0.32 ± 0.26 <0.0001*
• loghsCRP -0.005 ± 0.46 -0.31 ±0.42 0.06

Table 15: Mean±SD change in clinical, echocardiographic and biochemical variables 
between baseline and six month follow up in NT-ProBNP responder and non
responder groups. Abbreviations as for table 14. * significant between group 
comparisons at p<0.05
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4.4.5 Biomarker v Clinical v Echocardiographic response

The agreement between differing definitions of response is summarised in table 16. 

There appeared to be poor agreement between most types of response comparison. 

The only good agreement was between single and multi-biomarker definitions of 

response. However, using a biomarker definition of response appears less likely to 

lead to a non-response by an alternative definition. Using a single biomarker 

definition of response resulted in 2 clinical and 6 echocardiographic non-responses. 

A clinical definition of response resulted in 8 biomarker and 8 echocardiographic 

non-responses. An echocardiographic definition of response resulted in 7 biomarker 

and 3 clinical non-responses. Changing from a single to a multi-biomarker definition 

of response resulted in 2 clinical and 4 echocardiographic non-responses.

Response type
Responder
agreement

(n/33)

Non-responder
agreement

(n/33)

Responder
disagreement

(n/33)

Non-responder
disagreement

(n/33)

Kappa
statistic

Single biomarker v 
clinical 16 7 2 8 0.37

Single biomarker v 
echocardiographic 12 8 6 7 0.20

Single biomarker v 
multi biomarker 13 15 5 0 0.70

Clinical v 
echocard iograph ic 16 6 8 3 0.28

Clinical v
multi biomarker

11 7 13 2 0.17

Echocardiographic 
v multi biomarker 9 10 10 4 0.18

Table 16: Summary of the agreement between differing definitions of response. As 
an example, for single biomarker v clinical response, 16 patients were responders 
and 7 were non-responders by both definitions, 2 had a biomarker response but 
clinical non-response and 8 had a biomarker non-response but clinical response. 
Kappa values >0.75 are generally taken to represent excellent agreement, 0.4-0.75 
fair to good agreement and <0.4 as poor to moderate agreement.
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4.5 Discussion

The main findings of this study are:

1. NT-ProBNP correlates with limited clinical and echocardiographic variables in 

heart failure patients scheduled for CRT. There is an association with the 

midregional fragment of proadrenomedullin (AM45.92) but not adrenomedullin or 

intermedin.

2. High sensitivity C-reactive protein correlates with NT-ProBNP and erythropoietin.

3. Adrenomedullin, intermedin and loghsCRP are reduced following 6 months of 

CRT. These reductions do not correlate with clinical or echocardiographic 

improvements post CRT.

4. A definition of CRT response of >25% reduction in NT-ProBNP from baseline 

results in significantly better reverse remodelling in responders but limited clinical 

and biochemical differences.

5. Using a multi-biomarker definition of response may be preferable to a clinical or 

echocardiographic definition of response in terms of achieving a combined CRT 

response effect (i.e. clinical ± echocardiographic ± biomarker).

4.5.1 Biomarkers prior to CRT

NT-ProBNP was correlated with hsCRP. This is the first study to measure both of 

these markers in a CRT population. The nature of this relationship merits further 

investigation. It might be possible that both are simply elevated due to increased 

myocardial wall stress. Alternatively one may lead to the other. An inflammatory 

state can certainly have pathological consequences that lead to reverse remodelling 

and natriuretic peptide release.
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Unexpectedly, there was no correlation between NT-ProBNP or logNT-ProBNP and 

left ventricular volumes or ejection fraction. The reason for this is unclear given 

previous studies that do show such an association. The study sample may have been 

too small to detect a relationship, especially given the wide range of NT-ProBNP 

values despite similarly poor ventricular function among patients. The study sample 

only included those with very low ejection fractions and a positive correlation may 

only be detected in a population with a wider range of ejection fractions. It might 

also be possible that in such a select group with advanced heart failure NT-ProBNP 

is elevated out of proportion to ventricular function assessed by volumes or ejection 

fraction. Little is known about the correlation between hsCRP and left ventricular 

function but this study did not reveal any significant relationship. One other study 

has also shown no relationship with TV function and also suggests that an increase of 

hsCRP above 2.97mg/L is an independent predictor of major cardiac events (Yin et 

al, 2004). In this study the mean value prior to CRT was 5.1mg/L and after 6 months 

of therapy was 3.48mg/L, which suggests that significant risk may persist even after 

device therapy. This reinforces the need for close follow up of CRT patients by a 

specialised heart failure service. There was a strong correlation between hsCRP and 

EPO that should be studied further. EPO also correlated with NT-ProBNP but this 

relationship was not evident using logNT-ProBNP. It may be possible that EPO 

release is triggered by an inflammatory stimulus that increases oxidative stress and 

renal hypoperfusion. There has been only a weak association demonstrated between 

EPO level and haemoglobin concentration in heart failure and so alternative 

mechanisms for EPO elevation are likely. In addition, haemoglobin was not 

significantly reduced in this study. It would be interesting to study if any increased 

cardiac risk due to elevated EPO level was independent from elevation in hsCRP.
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This study did not demonstrate any correlation between adrenomedullin (AM) or 

intermedin (IMD) and clinical or echocardiographic variables. One study has shown 

a correlation between AM and BNP as well as AM and LV dysfunction (Nishikimi et 

al, 1995). However, this was a different patient cohort. In addition, AM and IMD 

were not correlated with any other biochemical variable. This raises the possibility 

that these peptides may offer more independent information than the other 

biomarkers studied. They do appear to provide additive value over NT-ProBNP 

(Richards et al, 2001). However, the midregional fragment of proadrenomedullin 

(AM45.92) was correlated with NT-ProBNP (R2 0.432). Further larger studies to 

examine the relationships between natriuretic peptides and the family of peptides that 

include adrenomedullin, intermedin and their various fragments would be helpful. 

Further study is also required to better understand the pathophysiological roles of 

each of these different novel peptides in the heart failure process and their metabolic 

and biological properties.

4.5.2 Biomarkers after CRT

NT-ProBNP

NT-ProBNP levels were not significantly reduced after CRT in the group as a whole. 

This was despite overall significant clinical improvement and echocardiographic 

reverse remodelling. There are a number of possible explanations why natriuretic 

peptide levels did not fall. Levels were not normally distributed and the standard 

deviation was wide in a small study sample. The mean value at follow up was higher 

than baseline but this may have been confounded by one patient who had a marked 

elevation to >32000 pg/ml after CRT. However, there was still no significant
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difference when logNT-ProBNP was examined. One other study has also reported 

wide variation in NT-ProBNP results and a non-significant change in levels after 12 

months CRT (Garcia-Bolao et al, 2006). Other studies suggest that significant 

reductions are limited to those who respond in terms of clinical or echocardiographic 

improvements (table 6, page 216). Theoretically, BNP is released in heart failure 

primarily by myocardial wall stress and therefore should fall when ventricular size 

reduces and function improves. It is possible that levels are only reduced in those 

that display reverse remodelling after CRT. This would be in keeping with already 

published data that NT-ProBNP change after CRT correlates with the degree of 

reverse remodelling (Yu et al, 2005d; Fruhwald et al, 2007). Further analysis 

exploring the relationship between NT-ProBNP and the degree of reverse 

remodelling was not carried out in this study but the group who were called NT- 

ProBNP responders did have significantly better reverse remodelling than those who 

were non-responders. It is likely therefore, that natriuretic peptides are a useful way 

to monitor and possibly predict reverse remodelling, which is one desired outcome 

following CRT. However, BNP also acts to counter other neurohormones, improve 

renal filtration and reduce vascular tone. One small study showed a reduction in 

norepinephrine levels after CRT (Seifert et al, 2007) but two larger studies failed to 

show any change in markers of sympathetic or renin-angiotensin-aldosterone 

activation (Braun et al, 2005; Boriani et al, 2006). Therefore, natriuretic peptide 

levels may still remain elevated as a compensatory mechanism for other pathological 

processes that have not been influenced by CRT, even in some patients who have 

displayed reverse remodelling. On the other hand, there is some evidence to suggest 

that some heart failure patients may have an inadequate BNP response compared to 

the severity of ventricular dysfunction. This may be related to heterogeneity of
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peptide biological activity (Liang et al. 2007). A state of relative BNP deficiency 

may be a contributory factor in non-response to particular therapeutic interventions. 

Therefore, the value of using BNP or NT-ProBNP to predict response prior to CRT, 

monitor response after CRT and guide prognosis after CRT is not yet fully 

elucidated.

hsCRP

There was a significant reduction in loghsCRP after 6 months CRT. Whilst there was 

a baseline correlation with NT-ProBNP, the change after CRT did not correlate with 

change in natriuretic peptide levels nor was there a significant difference in hsCRP 

or loghsCRP levels between NT-ProBNP responders and non-responders. This 

would suggest that CRT has an effect on hsCRP that is independent of any effect on 

natriuretic peptides. CRT may have a direct effect on the proinflammatory state 

associated with heart failure by improving ventricular function, tissue perfusion and 

endothelial function. Alternatively, pharmacological optimisation of ACE-I and 13- 

blocker dose, made possible by CRT, may have had an influence on hsCRP level. 

Only one other study has examined hsCRP in the setting of CRT and found that 

levels were only reduced in those who demonstrated reverse remodelling 

(Michelucci et al, 2007). Further study of the influence of CRT on the inflammatory 

process is merited.

Troponin T

Troponin T levels were significantly higher after CRT. However, it is difficult to 

decipher the true significance of this given that almost all the patients had levels 

below the lower detection limit at baseline and follow up. One interesting
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observation is that of the five patients who had newly elevated troponin T at follow 

up, three were dead within 15 months of device implant. Of these five, three had 

ischaemic aetiology and none had significant deterioration in renal function between 

baseline and follow up. No patients died who had undetectable troponin T. The value 

of troponin T as a biomarker in the CRT population may be limited by the fact that 

most CRT patients appear to have no detectable elevation. However, once an 

elevated troponin occurs it may be that this indicates significant risk of death within 

a reasonably short time frame. This would be in keeping with other reports (Hudson 

et al, 2004). In addition, one study used a high sensitivity troponin T assay and found 

that patients with values above the median of 0.012ng/L had significantly worse 

outcomes (Latini et al, 2007). These results raise interesting questions for further 

research. A study with larger numbers would be useful to determine if troponin T is a 

better indicator of poor outcome after CRT than other markers such as natriuretic 

peptides or ventricular function.

Adrenomedullin and intermedin

This is the first study to measure the levels of these novel peptides in heart failure 

patients prior to CRT and to examine the change after therapy. Both adrenomedullin 

(AM) and intermedin (IMD) were significantly reduced (>50% from baseline value) 

following 6 months CRT. The reductions did not correlate with change in any 

clinical or echocardiographic variable. Change in intermedin did correlate with 

change in loghsCRP but there were no other associations between AM or IMD and 

any other biochemical variable examined. This suggests that these peptides may 

provide independent value as biomarkers in evaluating the response to CRT. The 

mechanism of fall in AM and IMD, unlike NT-ProBNP, would appear to be
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unrelated to the reverse remodelling effect of CRT. Adrenomedullin has wide 

ranging effects (table 5, page 208). Prior to CRT, AM levels may be elevated to 

promote enhanced myocardial contractility. Commencement of CRT leads to 

improved efficiency of contraction and this may lead to a fall in AM levels. 

Alternatively, AM and IMD have anti-inflammatory and anti-oxidant roles. If CRT 

has an effect on the proinflammatory state (as evidenced by the fall in loghsCRP 

seen in this study), this might lead to a fall in AM and IMD levels. IMD elevation is 

also linked with myocardial ischaemic insult. It is possible that reduced coronary 

perfusion due to reduced cardiac output may be a trigger for IMD release, which 

CRT might then partially correct.

In contrast to AM and IMD, the midregional fragment of proadrenomedullin (AM45. 

92) was not significantly reduced after CRT. This may be related to different 

metabolic profiles of the different peptides. AM45.92 is more stable and may not play 

an active metabolic role in heart failure. It may consequently remain in the 

circulation longer than AM. In contrast, AM is an active peptide but circulates 

protein bound and therefore the fall in measured level may reflect either increased 

binding or reduced secretion. Alternatively, the lack of change in AM45.92 may be 

related to the lack of change in NT-ProBNP, given the baseline association between 

these two peptides. Research continues in order to determine the role of these 

peptides in the heart failure process and the possibilities for their use as biomarkers 

and development as therapeutic agents. The results of this study do suggest that 

adrenomedullin and intermedin have promise as independent markers of CRT 

response. Further study to evaluate how baseline and follow up levels may predict 

acute and long-term response to CRT is merited.
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Erythropoietin

Six months of CRT had no influence on EPO levels, which remained very similarly 

elevated (p=0.967). This may be related to the fact that there was also no change in 

renal function (using creatinine or eGFR category) or haemoglobin. The small 

numbers with severe renal dysfunction and/or anaemia in this study limited the 

ability to perform specific sub-group analysis. However, despite the baseline 

correlation between EPO and hsCRP/loghsCRP, there was no correlation between 

change in hsCRP/loghsCRP and change in EPO after CRT. A study examining the 

relationship between EPO, haemoglobin and renal function in a larger group of CRT 

patients who have evidence of the cardio-renal syndrome may provide different 

results and further insights than those found here but this study suggests that 

measuring EPO in a general CRT population will not be routinely useful to assess 

response to therapy.

4.5.3 Natriuretic peptides to define response to CRT

NT-ProBNP level or change over time can offer valuable independent prognostic 

information. Studies do suggest that a higher baseline NT-ProBNP prior to CRT or 

an increase after CRT is linked with non-response and a worse outcome. This study 

examined the value of defining response to CRT based on a reduction in NT-ProBNP 

levels after 6 months of therapy. The cut-off to define response was set at >25% 

because of the suggestion that a fall of this degree is likely to represent more than a 

physiological variation (Cortes et al, 2007). There were very few significant 

differences between NT-ProBNP responders and non-responders at baseline so it is 

difficult to determine factors that might suggest a likely fall in NT-ProBNP with 

therapy. Responders had a higher QRS duration and a trend towards higher
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intraventricular dyssynchrony as assessed by tissue Doppler imaging. There was also 

a significant fall in QRS (but not tissue Doppler parameters) after CRT in responders 

compared to non-responders. These findings suggest that those with significant 

baseline dyssynchrony may have a higher fall in NT-ProBNP after CRT and 

reinforces the importance of the severity of dyssynchrony as a key pathological 

target for CRT. Baseline midregional fragment of proadrenomedullin (AM45-92) was 

higher in the responder group. The significance of this is unclear but may reflect 

more severe disease in the responder group. However, there was no difference in the 

change of AM45.92 after CRT between the two groups so the baseline difference may 

simply be related to sample size. In addition, adrenomedullin was not significantly 

different at baseline but this may reflect the biological and analytical variations 

between AM and AM45.92 discussed earlier. There was also a significantly higher 

logNT-ProBNP in responders at baseline. Using the log transformed NT-ProBNP 

level for future studies may be preferable because of the wide variation in the raw 

values. The effect of changes in medication during the study must be acknowledged 

as one potential influence on NT-ProBNP levels. (3-blockers can strongly influence 

natriuretic peptide release and 17 patients had their dose uptitrated during the study. 

Specific analysis of this group was not carried out but may provide further insight 

into the reasons for NT-ProBNP falling in some but not others after CRT.

One study suggests that a higher baseline BNP level predicts clinical CRT response 

(Lellouche et al, 2007). However, higher baseline levels may also predict a higher 

risk group for progressive heart failure (Pitzalis et al, 2006) but this might be the 

group who have most to gain from CRT. It is difficult to separate the importance of 

baseline values from the change in value after therapy. Responders are likely to 

demonstrate a fall, which reflects clinical stabilisation and improvement, while non-
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responders an increase, which will predict likely progressive disease. Longer term 

outcome appears to be better when there is early reduction in BNP (Kubanek et al, 

2006). After 6 months of CRT, NT-ProBNP responders had significantly better 

reverse remodelling than non-responders but only limited clinical differences (better 

NYHA class but not walk distance or quality of life score). Left atrial size and left 

ventricular volumes reduced but ejection fraction was not different. In addition, the 

non-responders did not show deterioration in ventricular size or function. Therefore, 

whilst there is a link between change in NT-ProBNP and reverse remodelling, it 

cannot be used as the sole determinant of clinical and echocardiographic change. 

Based on all these findings and the results of this study, a useful strategy may be to 

measure NT-ProBNP (or logNTProBNP) between 1 and 3 months after CRT. A fall 

from baseline (of at least 25%) will indicate likely reverse remodelling and CRT 

response. No change, or more significantly an increase, could prompt repeat 

echocardiographic examination, device optimisation and/or exploration for other 

reasons why CRT has not reduced natriuretic peptide levels. Studies evaluating this 

approach and long-term morbidity and mortality outcome based on early monitoring 

of natriuretic peptide levels after CRT would be helpful.

4.5.4 A new concept of CRT response

Studies that have evaluated CRT response to date have tended to use clinical or 

echocardiographic criteria to define response. However, a patient may be deemed a 

clinical responder yet have no reverse remodelling or fall in natriuretic peptide levels 

and therefore actually still have a poor prognosis. Although less likely, another may 

have evidence of reduced ventricular volumes but still have no improvement in 

exercise capacity or quality of life. The potential to use NT-ProBNP to define
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response has already been discussed. However, rather than focus on one biomarker to 

monitor response to CRT it might be more useful to combine different markers into a 

multi-biomarker panel that will provide incremental value over any single marker. 

This approach has been suggested as a useful way of risk profiling in atherosclerosis. 

Based on the results above it would appear that NT-ProBNP, hsCRP, TnT, 

adrenomedullin and intermedin might all be potentially useful. When CRT response 

was defined using clinical, echocardiographic and biomarker criteria, a multi

biomarker definition appeared to best identify patients who also had response in the 

other categories. In other words, measuring a number of biomarkers that have 

different pathological roles in heart failure may be a good way of identifying those 

who have improved symptoms and reverse remodelling, both desired outcomes 

following CRT. Along with these benefits, fall in these biomarkers will also provide 

reassuring prognostic data to guide likely long-term mortality. Inflammatory markers 

other than hsCRP may also be valuable biomarkers after CRT (table 6). However, 

measurement of tumour necrosis factor and interleukins involves high cost, absence 

of standardisation and difficulty in detection due to blocking factors and relatively 

short half-lives and therefore hsCRP appears to be a better marker of inflammation 

that could be more readily applied to routine clinical practice.

Studies have suggested that a multi-marker approach is useful in general heart failure 

management. Potentially useful combinations include BNP and troponin T (Ishii et 

al, 2003; Taniguchi et al, 2006; Miller et al, 2007) or NT-ProBNP, troponin I and 

hsCRP (Yin et al, 2007). In this latter study, elevation of one, two and three 

biomarkers was associated with hazard ratio for cardiac events of 2.7, 8.6 and 23.4 

respectively during a median of 186 days (figure 9).
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Figure 9: Kaplan-Meier analysis of the risk of adverse cardiac events in a group of heart failure 
patients dependent on the number of biomarkers elevated. Biomarkers evaluated included NT- 
ProBNP, troponin I and hsCRP. @ significant versus 0 marker, # significant versus 1 marker, $ 
significant versus 2 markers (graph taken from Yin et al, 2007).

4.5.5 Study limitations

This was a single centre study and therefore the numbers are small. In addition, the 

unfortunate loss of samples reduced the final study number further. Given that the 

standard deviation of some biomarkers was large, in particular NT-ProBNP, it is 

possible that the small sample size did not detect other possibly significant findings. 

However, based on the results that this study has revealed, further trials on a 

multicentre basis with larger numbers are merited. Very large numbers would likely 

be required to assess the true value of troponin elevation after CRT. The data on 

erythropoietin and the novel peptides adrenomedullin, intermedin and midregional 

fragment of proadrenomedullin are limited by the fact that the assays only became 

available midway through the study and therefore were introduced as an amendment 

to the original protocol. Therefore, despite significant reductions in adrenomedullin 

and intermedin after CRT, they could not be used as part of the definition of a multi

biomarker responder. It is unclear if the findings would have been different if results 

for these markers were available for the whole study group. A further limitation may
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have been the choice of 25% as a cut off for defining a NT-ProBNP response to 

CRT. Further analysis to determine a relative reduction that may have better defined 

response would have been useful but was not carried out because of the small 

numbers and already numerous statistical analyses undertaken.

4.5.6 Conclusion

The availability of an increasing number of biomarkers that correlate with heart 

failure severity and provide independent prognostic value raises the potential for a 

new approach to monitoring response to CRT and assessing risk after device 

implantation. This study has shown that a number of biomarkers correlate with 

different clinical and echocardiographic markers prior to CRT. In addition, some 

demonstrate significant change after CRT. A multi-marker approach to monitoring 

response to CRT may be better than clinical assessment or monitoring the change in 

left ventricular function. There should now be a search for the ideal combination of 

biomarkers that will provide the strongest clinical value in terms of predicting long

term improved morbidity and mortality after CRT. Natriuretic peptides, high 

sensitivity C-reactive protein and troponin T are currently potential candidates but 

novel markers such as adrenomedullin and intermedin may also evolve as clinically 

useful as more data on these peptides emerges.
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Chapter 5

Novel applications of CRT: the value of temporary biventricular pacing 

following coronary artery bypass grafting

5.1 Introduction

The previous chapters have examined the application of CRT to patients with chronic 

heart failure and explored unanswered questions on the use of CRT within this 

patient cohort. However, this chapter now seeks to move beyond the current standard 

indications for CRT and investigate if it may, in the future, become standard therapy 

for other clinical settings. There are reports of CRT being used with success in other 

clinical settings (Nesser et al, 2004). The particular focus of this chapter is to 

examine the role of temporary biventricular pacing in patients (with and without left 

ventricular impairment) undergoing coronary artery bypass surgery.

5.1.1 The haemodynamic and metabolic value of CRT

In addition to benefits over a sustained time period, published data are available 

documenting acute haemodynamic improvement after CRT (see table 6, chapter 1). 

These include reduced pulmonary capillary wedge pressure with increased cardiac 

index and left ventricular dP/dt resulting in improved contractility and stroke 

volume. Positive changes are seen within a small number (<10) of cardiac cycles. 

Another advantage of CRT is the ability to increase myocardial efficiency and 

contractility without an associated increase in oxygen consumption by the myocyte 

cells (Sundell et al, 2004; Ukkonen et al, 2003). This is in contrast to inotropic agents
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that are used, both during acute heart failure decompensation and in a postoperative 

setting, to maintain haemodynamic stability.

The combination of acute haemodynamic improvement and enhanced contractility at 

less energy cost suggests that temporary CRT may be a potentially useful technique 

in the early postoperative period for those patients with poor left ventricular function 

undergoing cardiac surgery.

5.1.2 Ventricular function and cardiac surgery

Patients with poor left ventricular (LV) function prior to cardiac surgery have a 

significantly higher risk, both early and long-term, than patients with normal ejection 

fraction (EF). LVEF is regarded as a core determinant of outcome (Eagle et al, 

2004). However, this group of patients have the potential to gain better quality of 

life, improved EF and survival despite an initial increased perioperative risk (Appoo 

et al, 2004; Carr et al, 2002).

The early postoperative period presents many challenges to the myocardium related 

to perfusion and oxygen delivery. Ischaemia-reperfusion injury may depress 

ventricular function significantly. Pharmacological (inotropes and vasodilators) and 

mechanical (intra-aortic balloon counterpulsation and cardiac pacing) support is 

often needed to maintain cardiac output, which can fall due to various mechanisms 

(e.g. anaesthesia, cardiopulmonary bypass, myocardial stunning, hypovolaemia and 

arrhythmias). Poor preoperative LV function can contribute to a reduced cardiac 

output and subsequent adverse events such as myocardial infarction, renal failure or 

perioperative mortality.
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5.1.3 Pacing and cardiac surgery

Epicardial temporary pacing wires are placed routinely in patients post cardiac 

surgery. This can be in order to treat arrhythmias or to improve haemodynamic 

performance. Initial research focussed on the best mode of temporary pacing before 

moving to investigate the best position for placement of the epicardial pacing wires. 

Evidence exists that atrioventricular (AV) sequential pacing improves 

haemodynamics more than ventricular based pacing alone in postoperative patients 

with low ejection fractions. This demonstrates the importance of the atrial 

contribution to ventricular filling and performance. However, the benefit of AV 

pacing would not appear to be limited to those with low EF. One study demonstrated 

improvement in cardiac output with AV pacing, compared to ventricular only pacing, 

which was similar in both low and normal EF groups (Curtis et al, 1986).

The concept of using multisite ventricular pacing has already been assessed and 

shown to be useful in patients with complex congenital heart disease who have heart 

failure or need inotropes post surgery (Janousek et al, 2001; Zimmerman et al, 2003; 

Pham et al, 2005). Cardiac index and systolic blood pressure increase and it is also 

suggested that this form of pacing may facilitate weaning from cardiopulmonary 

bypass. However, the positioning of the leads in these patients with complex 

anatomy differs to the configuration used for CRT in heart failure.

Other earlier work has examined the potential for improved postoperative 

haemodynamics using pacing sites other than the right ventricular apex in adult 

patients without congenital disease. This has extended to examining potential 

biventricular pacing configurations. One study found no difference in cardiac output 

using a combined right ventricular outflow tract and left ventricular apex position 

(Buckingham et al, 1999). Another did suggest an improvement in global ventricular
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performance with simultaneous pacing from right and left apical positions in patients 

with depressed left ventricular function (Saxon et al, 1998). Using a different 

approach, biventricular pacing was achieved in 18 patients by placement of 

epicardial leads 2-4cm apart, on either side of the septum, on the anterior distal third 

of the left and right ventricles (Foster et al, 1995). There was an increase in cardiac 

index with biventricular pacing compared to isolated right or left based pacing. 

Interestingly, 14/18 patients in this study had left ventricular ejection fractions 

>40%. In another study, a group of 22 cardiac surgery patients with poor left 

ventricular function and ECG evidence of conduction delay were paced in atrial, 

atrio-monoventricular and atrio-biventricular modes at 3 and 24 hours 

postoperatively (Weisse et al, 2002). Leads were again placed on the paraseptal 

regions of the left and right ventricles. There was haemodynamic superiority in those 

with left bundle branch block when pacing was biventricular or left ventricular based 

and in those with right bundle branch block when right ventricular based pacing was 

used. This study highlights that site specific pacing is an important consideration. 

Based on the acute haemodynamic studies of biventricular pacing using a lateral or 

posterolateral left ventricular lead position, benefit would be anticipated from 

temporarily synchronising both ventricles, in adults with poor ventricular function 

undergoing cardiac surgery, using this approach. Despite this natural further 

application of the theory underpinning CRT, there are only a few published reports 

investigating the potential. One group report using temporary biventricular pacing, 

with a posterolateral left ventricular lead, as a routine in all high-risk patients but do 

not present the haemodynamic effects with pacing (Gaudiani et al, 2003). A number 

of case reports exist of the benefit of biventricular pacing after cardiac surgery using 

a posterolateral position for left ventricular lead placement. One demonstrates
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improved haemodynamics after coronary bypass and Dor’s ventriculoplasty (Mizuno 

et al, 2003). In another, weaning from cardiopulmonary bypass after emergency 

aortic valve replacement was only possible after placement of an additional left 

ventricular pacing wire (Kleine et al, 2002). One case report used a lateral left 

ventricular lead position to achieve biventricular pacing. This induced resolution of 

dyssynchrony and improvement in cardiac index in a patient following complex 

valve surgery and CABG (Antonio et al, 2007). These isolated reports have not been 

confirmed by any larger series. One study, of 26 patients with reduced ejection 

fraction <35% and QRS duration >120msec, failed to show any overall benefit using 

a biventricular pacing configuration with the left ventricular lead on the lateral wall 

(Schmidt et al, 2007). A prospective study, of 25 patients with left ventricular 

dysfunction, has suggested that isolated left ventricular wall pacing may be superior 

to right ventricular pacing. In addition, pacing the posterolateral left ventricular wall 

(lead placed 1cm from where the distal circumflex vessels emanate from the atrio

ventricular groove) produced a better haemodynamic result than pacing the anterior 

wall (Flynn et al, 2005).

A number of limitations exist to these published surgical studies investigating the 

role of biventricular pacing in the postoperative period. Firstly, patients are often a 

mix of surgical procedures with some being CABG, some valve replacements or 

repairs, some ventricular remodelling and some combined procedures. It is unknown 

if response to biventricular pacing is dependent on the type of procedure. It is 

probable that the haemodynamics after an aortic valve replacement are different to 

after CABG. Secondly, it appears that both those with normal (Foster et al, 1995) 

and those with reduced (Weisse et al, 2002) ventricular function may show 

improvements in cardiac index. Those with normal preoperative EF have
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physiologically superior mechanisms to counteract stresses in the postoperative 

period. However, this group also experience a degree of myocardial depression 

following cardiopulmonary bypass and therefore may theoretically also gain 

haemodynamic benefit from techniques such as CRT, which are usually reserved for 

those with severe LV impairment. However, no direct comparison has been carried 

out to assess if any difference in haemodynamic response exists dependent on 

baseline ventricular function. Thirdly, the way that pacing is carried out, in terms of 

lead position and pacing configuration, has differed across studies. Response to 

biventricular or left ventricular pacing, acutely and chronically, is usually better with 

left ventricular pacing from a lateral or posterolateral approach compared to an 

anterior approach. This is in keeping with the findings in the study by Flynn et al 

(2005). However, the methodology used in this study has been questioned with 

concern that using a split bipolar configuration (LV lead as active cathode and RV 

lead as inactive anode) results in effective biventricular pacing rather than isolated 

left ventricular pacing (Fernandez et al, 2006). This raises the debate of where the 

ideal position for the inactive lead should be, in addition to the active pacing lead. 

Therefore, despite research spanning at least 10 years, there are still many 

unanswered questions surrounding the optimum postoperative pacing configuration.

5.2 Aims

The aim of the following study was to test the hypothesis that temporary 

postoperative biventricular pacing, using a posterolateral left ventricular approach in 

patients undergoing coronary artery bypass surgery, will improve acute
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haemodynamic parameters, irrespective of baseline QRS duration or left ventricular 

function, when compared to anterior left biventricular, isolated left ventricular or 

right ventricular pacing configurations.

5.3 Methods

5.3.1 Study group

Patients who were scheduled to undergo elective coronary artery bypass graft 

surgery at the Royal Victoria Hospital, Belfast were recruited for this study between 

October 2006 and January 2008. All patients had multi-vessel coronary artery 

disease. Left ventricular function was assessed preoperatively by echocardiography 

using Simpson's biplane method to calculate ejection fraction. Patients were 

assigned to group 1 if their ejection fraction was <45% (reduced systolic function) 

and group 2 if their ejection fraction was >45% (preserved systolic function). 

Exclusion criteria were haemodynamic instability requiring intra-aortic balloon 

counterpulsation, presence of a permanent pacemaker, emergency surgical procedure 

or a combined surgical procedure (e.g. valve replacement and CABG). All patients 

gave written informed consent and the Regional Ethics Committee approved the 

study.

5.3.2 Pacing wire placement

Four Medtronic Streamline temporary bipolar epicardial leads (Medtronic Inc, 

Minneapolis) were placed at the end of the CABG operation before weaning from 

cardio-pulmonary bypass and closure of the chest. The same surgeon carried out all
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operations and lead placement. Leads were placed on the right atrium, right ventricle, 

left ventricular anterior wall and left ventricular posterolateral wall. The anterior left 

ventricular lead was placed midway down the anterior wall approximately 1cm to the 

right of the left anterior descending coronary artery. The posterolateral left 

ventricular lead was placed next to the atrioventricular groove where the first 

marginal branch originates from the circumflex coronary artery.

5.3.3 Pacing protocol

Leads were connected to a Biotronik EDP 30/5 bifocal dual chamber temporary 

pacemaker box (Biotronik GmbH, Berlin).

Pacing was instituted a minimum of 2 hours after surgery in the cardiac surgical 

intensive care unit when the patient was deemed haemodynamically stable. An initial 

observation period of no pacing was used to record baseline haemodynamic variables 

at 0, 5 and 10 minutes. This was to obtain control readings with no pacing and also to 

ensure haemodynamic stability before pacing commenced. There were then 7 pacing 

periods corresponding to 7 different pacing configurations. Each pacing period lasted 

10 minutes separated by 10 minutes rest to allow return to baseline. The order of 

pacing configurations was randomly determined by a computer generated random 

number list. The 7 pacing configurations are summarised in table 1.

Pacing was carried out at 10 beats above the underlying intrinsic rate. As high heart 

rates can affect myocardial oxygen demand pacing was only commenced when the 

resting heart rate was below lOObpm. The AV interval was set at 130ms (for those in 

sinus rhythm). The dose of inotropes and other drugs or interventions, required in the 

postoperative period, was at the discretion of the cardiac anaesthetist or surgeon. 

However, during the pacing protocol period the dose of inotropes was kept constant.
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As a safety measure, pacing was stopped if any haemodynamic parameter 

deteriorated >20% from baseline or to a degree that resulted in patient compromise 

or if systolic blood pressure rose to above ISOmmHg.

Pacing configuration -ve Cathode (active lead) +ve Anode (inactive lead)

Right ventricular RV- RV+

Anterior left ventricular ALV- ALV+
Anterior simultaneous 
(biventricular) ALV-/RV- ALV+/RV+

Anterior split 
(biventricular) ALV- RV+

Lateral left ventricular LEV- LLV+
Lateral simultaneous 
(biventricular) LLV-/RV- LLV+/RV+

Lateral split 
(biventricular) LEV- RV+

Table 1: Summary of the seven pacing configurations describing which leads were 
placed in the active (paced stimulus) and inactive (ground) ports of the temporary 
pacemaker box to form the pacing circuit. Each lead was bipolar and therefore had 
both an active (-ve) and inactive (+ve) pin. To pace both ventricles simultaneously 
the active (-ve) pins of both left and right ventricular leads were placed in the active 
(-ve) port of the pacemaker box. Both inactive pins were then place in the inactive 
(+ve) port. The split bipolar configuration involved placing the active left ventricular 
lead pin in the active port and the right ventricular inactive lead pin in the inactive 
port. RV right ventricle, ALV anterior left ventricle, LEV lateral left ventricle

5.3.4 Haemodynamic measurements

At the time of anaesthetic induction, prior to surgery, a Swan-Ganz continuous 

cardiac output thermodilution catheter was placed in the pulmonary artery (Model 

744HF75, Edwards Lifesciences, California). During each pacing period the 

following parameters were recorded at baseline, 5 and 10 minutes:

• Cardiac index (Cl)

• Cardiac output (CO)
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• Peripheral systolic blood pressure (SBP)

• Mean arterial pressure (MAP)

• Mean pulmonary arterial pressure (MPAP)

• Pulmonary capillary wedge pressure (PCWP)

• Systemic vascular resistance (SVR)

• Central venous pressure (CVP)

The primary outcome measure was mean change in cardiac index after 10 minutes of 

each pacing configuration. This was compared to mean change after a control period 

of 10 minutes (no pacing). Mean changes in other haemodynamic parameters were 

considered secondary outcome measures.

5.3.5 Statistical analysis

Advice was sought from the Department of Epidemiology and Public Health, 

Queen’s University, Belfast. Baseline characteristics between groups were compared 

using the independent samples t-test. The cardiac index values at baseline and after 

10 minutes, for control and each pacing configuration, were compared using the 

paired samples t-test. To test the primary and secondary endpoints, mean 

haemodynamic parameter changes after 10 minutes of each pacing configuration 

were compared to the mean change after the control period (no pacing) by 

multivariate analysis of variance followed by post-hoc Dunnett’s test. Analysis was 

carried out on the study group as a whole and also when separated into low and 

normal left ventricular function groups. The difference between QRS duration at 

baseline control and with each pacing configuration was compared using univariate 

analysis of variance. Values quoted are mean±standard deviation (SD) unless stated 

otherwise. Results were considered significant at the p<0.05 level. All analysis was
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carried out using SPSS 13.0 for Windows statistical package (SPSS Inc, Chicago,

Illinois).

5.4 Results

5.4.1 Patient characteristics

A total of 26 patients were enrolled. 7/26 did not complete the study (3 withdrew 

consent preoperatively, 2 had their surgery cancelled, 1 had failed placement of 

pacing leads and 1 had haemodynamic instability postoperatively). Of the remaining 

19 patients, 17 completed the full pacing protocol, 1 had no measurable anterior lead 

data and 1 had no measurable lateral lead data (due to lack of capture). Patient 

characteristics are summarised in table 2. Only one patient (from the reduced LV 

group) had atrial fibrillation. Patients with reduced LV function were significantly 

older and more likely to have suffered a previous myocardial infarction.

Patient
Characteristic

Whole group 
(n=19)

Reduced LV 
group (n=7)

Normal LV 
group (n=12) p value

Mean ejection 
fraction (%) 46.7 29.4 56.8

Mean age (years) 63.2 69.4 59.6 0.005*

Gender (M/F) 19/0 7/0 12/0 NS

Mean QRS (msec) 96.5 104 92 0.229

Mean number of 
bypass grafts 3.5 3.1 3.7 0.293

Previous myocardial 
infarction 8/19 6/7 2/12 0.02*

Table 2: Baseline patient characteristics. p<0.05 between groups
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5.4.2 Primary Outcome

The mean cardiac index values for the control period and each pacing configuration 

at baseline, after 5 minutes and after 10 minutes are shown in figure 1. Significant 

elevations in cardiac index were observed during anterior simultaneous (3.04±0.58 to 

3.34±0.70 L/min/m2, p=0.006), lateral simultaneous (3.16±0.49 to 3.32±0.51 

L/min/m2, p=0.043) and lateral split (3.08±0.47 to 3.34±0.49 L/min/m2, p=0.009) 

pacing configurations. The mean differences in cardiac index between baseline and 

10 minutes for the control period and each pacing configuration are shown in figure 

2. The mean change in cardiac index after 10 minutes (the primary outcome) did not 

significantly differ with any pacing configuration compared to the change observed 

during the control/no pacing period (table 3).

5.4.3 Secondary haemodynamic variables

There were no significant differences in mean change of cardiac output, systolic 

blood pressure, mean arterial pressure, pulmonary artery pressure, central venous 

pressure, systemic vascular resistance or pulmonary capillary wedge pressure after 

10 minutes with any pacing configuration compared to control/no pacing (table 3).

5.4.4 Influence of left ventricular function

The mean cardiac index values during the control period and with each pacing 

configuration in both the normal and low left ventricular function groups are shown 

in figure 3. In the normal LV group, mean cardiac index significantly increased 

during lateral simultaneous pacing (3.19±0.45 to 3.36±0.51 L/min/m2, p=0.039). In 

the low LV group, mean cardiac index increased significantly during anterior 

simultaneous (2.86±0.57 to 3.16±0.67 L/min/m2, p=0.033), anterior split (2.70±0.57
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to 3.13±0.55 L/min/m2, p=0.005) and lateral split (2.93±0.58 to 3.33±0.65 L/min/m2, 

p=0.005) pacing. The mean difference in cardiac index between baseline and 10 

minutes for each configuration, in each group, is shown in figure 4. There was no 

significant change in cardiac index response with any pacing configuration in either 

group compared to the change observed in the control period (normal LV group: 

table 4 and low LV group: table 5). The mean changes in secondary haemodynamic 

variables compared to control are also summarised in tables 4 and 5. There were no 

significant changes in the normal LV group. There was a significant difference in 

systolic blood pressure, compared to control, with anterior simultaneous (mean 

+9.7mmHg, p=0.026) and lateral simultaneous (mean +9.4mmHg, p=0.045) pacing. 

There was also a significant difference in mean pulmonary arterial pressure 

difference with anterior simultaneous pacing (mean +3.1mmHg, p=0.014). The 

individual changes in cardiac index with each pacing configuration, for each patient, 

are shown in figure 5. This illustrates the individual variation that occurred with 

different pacing configurations.

5.4.5 QRS change with pacing

The mean QRS duration in the study group at baseline was 96.5 msec. The change in 

QRS duration with each pacing configuration is shown in table 6. All pacing 

configurations resulted in a significant increase in QRS duration (pO.OOl in all 

groups). Only 3 patients had a baseline QRS > 120msec (numbers 1, 9 and 16 in 

figure 5).
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■ Baseline
□ 5 mins
□ 10 mins

4.00-

3.50-

3.00-

2.50-

Control Anterior split Lateral
simultaneous

Lateral splitAnterior Anterior
simultaneous

Lateral

Pacing configuration
Figure 1: Mean cardiac index (±95% Cl) at baseline, after 5 minutes and after 10 minutes for the control 
period and each pacing configuration in the whole study group (n=19). *p<0.05 compared to baseline 
within same configuration

0.80-

0.60-

0.40-

0.20-

-0.20-

-0.40-

Control Anterior Anterior Anterior split 
simultaneous

Pacing configuration

Lateral Lateral
simultaneous

Lateral split

Figure 2: Mean difference in cardiac index (±SD) between baseline and 10 minutes for the control 
period and each pacing configuration in the whole study group (n=19).
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Dunnett t (2-sided)

Variable
Pacing 
method (P) Control (C)

Mean
Difference

(P-C) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound
Cardiac index Ant split control -.0588 .12982 .998 -.4035 .2859
(L/min/m2) Ant sim control .1635 .12982 .690 -.1813 .5082

Ant only control -.1477 .12982 .776 -.4924 .1971
Lat only control -.0699 .12982 .994 -.4146 .2748
Lat split control .1079 .12982 .938 -.2368 .4526
Lat sim control .0246 .12982 1.000 -.3202 .3693
RV control -.0947 .12805 .965 -.4348 .2453

Cardiac output Ant split control -.1050 .26365 .999 -.8051 .5951
(L/min) Ant sim control .3339 .26365 .685 -.3662 1.0340

Ant only control -.2883 .26365 .805 -.9884 .4118
Lat only control -.2161 .26365 .942 -.9162 .4840
Lat split control .2395 .26365 .907 -.4606 .9396
Lat sim control .0450 .26365 1.000 -.6551 .7451
RV control -.2105 .26006 .945 -.9011 .4800

Systolic blood Ant split control 8.6316 4.31776 .222 -2.8337 20.0969
pressure (mmHg) Ant sim control .4649 4.31776 1.000 -11.0004 11.9302

Ant only control -.9240 4.31776 1.000 -12.3892 10.5413
Lat only control -4.6462 4.31776 .816 -16.1115 6.8191
Lat split control 2.3538 4.31776 .993 -9.1115 13.8191
Lat sim control 1.0760 4.31776 1.000 -10.3892 12.5413
RV control -1.0000 4.25902 1.000 -12.3093 10.3093

Mean arterial Ant split control .4064 1.55142 1.000 -3.7132 4.5260
pressure (mmHg) Ant sim control -.4825 1.55142 1.000 -4.6021 3.6371

Ant only control .3509 1.55142 1.000 -3.7687 4.4705
Lat only control -2.4825 1.55142 .444 -6.6021 1.6371
Lat split control .5175 1.55142 1.000 -3.6021 4.6371
Lat sim control -.3158 1.55142 1.000 -4.4354 3.8038
RV control .5789 1.53031 .999 -3.4846 4.6425

Mean pulmonary Ant split control .4561 .65298 .974 -1.2778 2.1901
artery pressure Ant sim control .5673 .65298 .924 -1.1667 2.3012
(mmHg) Ant only control .5117 .65298 .953 -1.2222 2.2456

Lat only control -.0994 .65298 1.000 -1.8333 1.6345
Lat split control -.0994 .65298 1.000 -1.8333 1.6345
Lat sim control .1228 .65298 1.000 -1.6111 1.8567
RV control .5789 .64410 .911 -1.1314 2.2893

Central venous Ant split control -.0556 .56533 1.000 -1.5567 1.4456
pressure (mmHg) Ant sim control -.2778 .56533 .996 -1.7789 1.2234

Ant only control -.1667 .56533 1.000 -1.6678 1.3345
Lat only control .2778 .56533 .996 -1.2234 1.7789
Lat split control -.1667 .56533 1.000 -1.6678 1.3345
Lat sim control -.7222 .56533 .677 -2.2234 .7789
RV control -.5263 .55764 .890 -2.0071 .9544

SVR (dyn.s.cmS) Ant split control 21.4006 36.98560 .991 -76.8100 119.6111
Ant sim control -4.4883 36.98560 1.000 -102.6988 93.7222
Ant only control 36.1228 36.98560 .874 -62.0877 134.3333
Lat only control -1.5994 36.98560 1.000 -99.8100 96.6111
Lat split control -5.1550 36.98560 1.000 -103.3655 93.0556
Lat sim control 23.2339 36.98560 .985 -74.9766 121.4445
RV control 39.1053 36.48237 .819 -57.7690 135.9795

Pulmonary capillary Ant split control -.3889 .43190 .910 -1.5358 .7580
wedge pressure Ant sim control -.6111 .43190 .575 -1.7580 .5358
(mmHg) Ant only control -.3889 .43190 .910 -1.5358 .7580

Lat only control -.4444 .43190 .845 -1.5913 .7024
Lat split control .1111 .43190 1.000 -1.0358 1.2580
Lat sim control .2222 .43190 .995 -.9246 1.3691
RV control .2105 .42603 .996 -.9207 1.3418

Based on observed means.
a- Dunnett t-tests treat one group as a control, and compare all other groups against it.

Table 3: Statistical analysis comparing mean change in haemodynamic parameters after 10 minutes of 
each pacing configuration with the mean change observed after the control (no pacing) period for the 
whole study group (n=19). No significant differences are detected.
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Pacing configuration
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Figure 3: Mean cardiac index (±95%CI) at baseline, after 5 minutes and after 10 minutes for the 
control period and each pacing configuration in the normal LV (above, n=12) and low LV (below, 
n=7) groups. *p<0.05 compared to baseline within same configuration.
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Figure 4: Mean difference in cardiac index (±SD) between baseline and 10 minutes for the control 
period and each pacing configuration in the normal LV (above, n=12) and low LV (below, n=7) groups.

279



Dunnett t (2-sided) a

Variable
Pacing 
Method (P) Control (C)

Mean
Difference

(P-C) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound
Cardiac index Ant split control -.1697 .16532 .845 -.6126 .2732
(L/min/m2) Ant sim control .2758 .16532 .402 -.1671 .7187

Ant only control -.0788 .16532 .997 -.5217 .3641
Lat only control -.0917 .16168 .991 -.5248 .3415
Lat split control .1417 .16168 .919 -.2915 .5748
Lat sim control .1333 .16168 .939 -.2998 .5665
RV control .0833 .16168 .995 -.3498 .5165

Cardiac output Ant split control -.2765 .32429 .929 -1.1453 .5923
(L/min) Ant sim control .5780 .32429 .333 -.2907 1.4468

Ant only control -.0947 .32429 1.000 -.9635 .7741
Lat only control -.1583 .31716 .996 -1.0080 .6913
Lat split control .3750 .31716 .744 -.4747 1.2247
Lat sim control .2667 .31716 .933 -.5830 1.1163
RV control .1917 .31716 .988 -.6580 1.0413

Systolic blood Ant split control 11.7803 6.40566 .302 -5.3808 28.9414
pressure (mmHg) Ant sim control -5.3106 6.40566 .937 -22.4717 11.8505

Ant only control -3.7652 6.40566 .990 -20.9262 13.3959
Lat only control -9.0833 6.26486 .551 -25.8672 7.7005
Lat split control 1.1667 6.26486 1.000 -15.6172 17.9505
Lat sim control -3.2500 6.26486 .995 -20.0339 13.5339
RV control -3.6667 6.26486 .990 -20.4505 13.1172

Mean arterial Ant split control -.7045 2.07495 1.000 -6.2634 4.8544
pressure (mmHg) Ant sim control -3.9773 2.07495 .263 -9.5362 1.5816

Ant only control -1.8864 2.07495 .905 -7.4453 3.6725
Lat only control -5.4167 2.02934 .051 -10.8534 .0200
Lat split control -.7500 2.02934 .999 -6.1867 4.6867
Lat sim control -3.0833 2.02934 .501 -8.5200 2.3534
RV control -.8333 2.02934 .999 -6.2700 4.6034

Mean pulmonary Ant split control -.3485 .82043 .999 -2.5464 1.8495
arterial pressure Ant sim control -.9848 .82043 .732 -3.1828 1.2131
(mmHg) Ant only control -.0758 .82043 1.000 -2.2737 2.1222

Lat only control -1.3333 .80239 .406 -3.4830 .8163
Lat split control -1.3333 .80239 .406 -3.4830 .8163
Lat sim control -1.2500 .80239 .474 -3.3997 .8997
RV control -.0833 .80239 1.000 -2.2330 2.0663

Central venous Ant split control .0985 .81765 1.000 -2.0920 2.2890
pressure (cmH20) Ant sim control -.6288 .81765 .956 -2.8193 1.5617

Ant only control -.2652 .81765 1.000 -2.4557 1.9254
Lat only control .0833 .79968 1.000 -2.0590 2.2257
Lat split control -.0833 .79968 1.000 -2.2257 2.0590
Lat sim control -.8333 .79968 .835 -2.9757 1.3090
RV control -.4167 .79968 .995 -2.5590 1.7257

SVR (dyn.s.cmS) Ant split control 63.4848 51.11237 .702 -73.4475 200.4172
Ant sim control -53.7879 51.11237 .829 -190.7203 83.1445
Ant only control 10.0303 51.11237 1.000 -126.9021 146.9627
Lat only control -7.7500 49.98889 1.000 -141.6725 126.1725
Lat split control -26.0833 49.98889 .995 -160.0058 107.8392
Lat sim control -2.3333 49.98889 1.000 -136.2558 131.5892
RV control -3.0000 49.98889 1.000 -136.9225 130.9225

Pulmonary capillary Ant split control -.3333 .47572 .973 -1.6078 .9411
wedge pressure Ant sim control -1.0606 .47572 .142 -2.3351 .2139
(mmHg) Ant only control -.4242 .47572 .913 -1.6987 .8502

Lat only control -.9167 .46526 .238 -2.1631 .3298
Lat split control -.1667 .46526 .999 -1.4131 1.0798
Lat sim control .1667 .46526 .999 -1.0798 1.4131
RV control -.0833 .46526 1.000 -1.3298 1.1631

Based on observed means.
a Dunnett t-tests treat one group as a control, and compare all other groups against it.

Table 4: Statistical analysis comparing mean change in haemodynamic parameters after 10 minutes of 
each pacing configuration with the mean change observed after the control (no pacing) period for the 
normal LV group (n=12). No significant differences are detected.
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Dunnett t (2-sided) a

Variable
Pacing 
method (P) Control (C)

Mean
Difference

(P-C) Std. Error Sig
95% Confidence Interval

Lower Bound Upper Bound
Cardiac index Ant split control .1000 .19672 .995 -.4391 .6391
(L/min/m2) Ant sim control -.0286 .19672 1.000 -.5676 .5105

Ant only control -.2714 .19672 .608 -.8105 .2676
Lat only control .0048 .20475 1.000 -.5563 .5658
Lat split control .0714 .20475 1.000 -.4897 .6325
Lat sim control -.1619 .20475 .949 -.7230 .3992
RV control -.4000 .19672 .223 -.9391 .1391

Cardiac output Ant split control .1286 .43592 1.000 -1.0660 1.3231
(Limin) Ant sim control -.0857 .43592 1.000 -1.2803 1.1088

Ant only control -.6286 .43592 .564 -1.8231 .5660
Lat only control -.2595 .45372 .991 -1.5028 .9838
Lat split control .0405 .45372 1.000 -1.2028 1.2838
Lat sim control -.3262 .45372 .968 -1.5695 .9171
RV control -.9000 .43592 .210 -2.0945 .2945

Systolic blood Ant split control 3.8571 3.23127 .740 -4.9975 12.7118
pressure (mmHg) Ant sim control 9.7143* 3.23127 .026 .8596 18.5689

Ant only control 3.7143 3.23127 .770 -5.1404 12.5689
Lat only control 3.8810 3.36321 .767 -5.3353 13.0972
Lat split control 4.3810 3.36321 .663 -4.8353 13.5972
Lat sim control 9.3810* 3.36321 .045 .1647 18.5972
RV control 3.5714 3.23127 .798 -5.2832 12.4261

Mean arterial Ant split control 2.2857 1.96531 .761 -3.0998 7.6713
pressure (mmHg) Ant sim control 5.1429 1.96531 .067 -.2427 10.5284

Ant only control 4.0000 1.96531 .222 -1.3855 9.3855
Lat only control 3.1190 2.04556 .506 -2.4864 8.7245
Lat split control 2.7857 2.04556 .621 -2.8197 8.3912
Lat sim control 4.9524 2.04556 .103 -.6531 10.5578
RV control 3.0000 1.96531 .505 -2.3855 8.3855

Mean pulmonary Ant split control 1.8571 .96318 .269 -.7823 4.4966
arterial pressure Ant sim control 3.1429* .96318 .014 .5034 5.7823
(mmHg) Ant only control 1.5714 .96318 .435 -1.0680 4.2108

Lat only control 2.0952 1.00251 .200 -.6519 4.8424
Lat split control 2.0952 1.00251 .200 -.6519 4.8424
Lat sim control 2.5952 1.00251 .071 -.1519 5.3424
RV control 1.7143 .96318 .346 -.9251 4.3537

Central venous Ant split control -.2857 .68641 .999 -2.1667 1.5952
pressure (cmH20) Ant sim control .2857 .68641 .999 -1.5952 2.1667

Ant only control .0000 .68641 1.000 -1.8810 1.8810
Lat only control .6429 .71443 .909 -1.3149 2.6006
Lat split control -.3571 .71443 .996 -2.3149 1.6006
Lat sim control -.5238 .71443 .965 -2.4816 1.4340
RV control -.7143 .68641 .838 -2.5952 1.1667

SVR (dyn.s.cmS) Ant split control -43.1429 41.79024 .842 -157.6608 71.3750
Ant sim control 74.5714 41.79024 .343 -39.9465 189.0893
Ant only control 78.7143 41.79024 .291 -35.8036 193.2322
Lat only control 7.5238 43.49666 1.000 -111.6702 126.7178
Lat split control 33.5238 43.49666 .955 -85.6702 152.7178
Lat sim control 71.1905 43.49666 .432 -48.0035 190.3845
RV control 111.2857 41.79024 .060 -3.2322 225.8036

Pulmonary capillary Ant split control -.4286 .86098 .996 -2.7879 1.9308
wedge pressure Ant sim control .1429 .86098 1.000 -2.2165 2.5022
(mmHg) Ant only control -.2857 .86098 1.000 -2.6451 2.0736

Lat only control .4048 .89614 .998 -2.0509 2.8605
Lat split control .5714 .89614 .983 -1.8843 3.0271
Lat sim control .2381 .89614 1.000 -2.2176 2.6938
RV control .7143 .86098 .937 -1.6451 3.0736

Based on observed means.
*• The mean difference is significant at the .05 level.

a Dunnett t-tests treat one group as a control, and compare all other groups against it.

Table 5: Statistical analysis comparing mean change in haemodynamic parameters after 10 minutes of 
each pacing configuration with the mean change observed after the control (no pacing) period for the 
low LV group (n=7).
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PI low LV, QRS>120 

P2-low LV 

P3-low LV 

P4-low LV 

P5-low LV 

P6 normal LV 

P7-normal LV 

Pa-normal LV 

P9-normal LV, QRS>120 

PI 0-normal LV 

PI 1-normal LV 

PI 2-normal LV 

P13-ncrmal LV 

P14-normal LV 
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P16-normal LV, QRS>120

PI 7-low LV
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Right ventricular pacing Anterior pacing
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Figure 5: Individual cardiac index responses to control and each pacing configuration 
period. The legend applies a colour code to each patient (with details of LV function 
and QRS duration) that is maintained through each chart.

Pacing method Mean QRS (msec) Mean (95%CI) AQRS with 
pacing (msec)

Control 96.5±20.3 -

Right ventricular 141.9±22.1 45.4*

Anterior 141,9±14.4 45.4*

Anterior simultaneous 136.8±17.6 40.3*

Anterior spilt 139.2±15.3 42.7*

Lateral 142.4±22.1 45.9*

Lateral simultaneous 122.4±11.1 25.9*

Lateral split 128.0±15.3 31.5*
Table 5: Change in QRS duration with each group. p<0.001
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5.5 Discussion

The main findings of this study are:

1) Cardiac index is significantly increased during temporary biventricular pacing 

after coronary bypass graft surgery but this is not significantly different to the change 

in cardiac index observed during a similar period of no pacing. This finding is 

irrespective of preoperative left ventricular function.

2) Temporary biventricular pacing, using an anterior or lateral simultaneous pacing 

configuration, may significantly increase systolic blood pressure in those with low 

preoperative left ventricular function.

3) Any form of temporary pacing will significantly prolong the QRS duration if the 

preoperative QRS duration is normal.

The unique features of this study are the limitation to a single surgical procedure, the 

separation of patients based on ventricular function, the comparison of multiple 

pacing configurations and the comparison of haemodynamic response during pacing 

with that seen during a true control period.

5.5.1 Haemodynamic effect of pacing

A number of studies have suggested that temporary left ventricular or biventricular 

pacing may significantly improve cardiac index after cardiac surgery. One study 

found a posterior left ventricular approach to be haemodynamically superior in 

patients with reduced ventricular function (Flynn et al, 2005). However, this study 

used right ventricular pacing as a control against which left ventricular pacing was 

compared. Isolated right ventricular pacing may actually cause a fall in 

haemodynamic parameters. Two other studies, which found significantly better
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cardiac index response with biventricular pacing, used atrial pacing as the control 

group (Foster et al, 1995; Weisse et al, 2002).

To confidently state that an increase in cardiac index is due to an intervention it must 

be shown that there is no increase in cardiac index when no intervention at all is 

implemented. The results of this study reveal important findings that question the 

conclusions of earlier publications. Significant elevations in cardiac index were 

found using a lateral split biventricular mode in patients with normal left ventricular 

function and using anterior simultaneous, anterior split or lateral split biventricular 

modes in those with reduced left ventricular function. However, these elevations 

were not significantly different to changes detected during a similar period of doing 

nothing at all (a true control comparison). Therefore, based on this study, it cannot be 

concluded that biventricular pacing provides significant haemodynamic benefit in 

this patient population. The nature of cardiac surgery means that a degree of 

haemodynamic variability in the postoperative period is to be expected. During an 

observation period of only ten minutes, cardiac index can rise or fall and changes are 

more pronounced in patients with poor ventricular function. A number of factors will 

interplay to produce these postoperative fluctuations and this makes this group of 

patients different to those with heart failure enrolled in acute haemodynamic studies 

of biventricular pacing in a non-surgical setting. It is unlikely, for example, that 

pacing will produce a significant haemodynamic difference if baseline cardiac index 

is low due to blood loss or drug effects. Despite the lack of haemodynamic 

significance with pacing overall, individual responses in this study are seen to vary 

widely. It may be possible, given published case reports, that temporary biventricular 

pacing may still be of benefit to particular individuals with particular characteristics 

such as significant myocardial dyssynchrony and poor ventricular function. No
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assessment of left ventricular function after surgery or of preoperative or 

postoperative dyssynchrony was carried out in this study, which may impact the 

potential role of biventricular pacing. Most of the patients did not have a prolonged 

intrinsic QRS duration and therefore it could be argued that baseline dyssynchrony 

may not have been an issue. Also, pacing resulted in a significant increase in QRS 

duration. This may be an indication that pacing induced a degree of dyssynchrony. 

These considerations could have led to the negative study findings. However, many 

patients with a normal QRS duration can still have underlying myocardial 

dyssynchrony. The study by Weisse et al (2002) only included patients with 

conduction delay. However, the study by Flynn et al (2005) only included one 

patient with a wide QRS. One other study has found no haemodynamic benefit with 

biventricular pacing (Schmidt et al, 2007). This group of 26 patients all had a 

widened QRS and reduced LV function. Therefore the importance of baseline QRS 

in the postoperative setting may be limited. Interestingly, this last study also used a 

control period of no pacing to compare with active pacing and found no significant 

difference in cardiac index with pacing. However, in contrast to this current study, 

they compared mean absolute cardiac index values after 10 minutes between groups 

rather than the mean difference in cardiac index after 10 minutes (which is probably 

a more accurate way to assess for a true treatment effect).

The effects of cardiac surgery on dyssynchrony are unknown. This is an area for 

further study. It would be useful to assess preoperative dyssynchrony, postoperative 

dyssynchrony and the effect of various pacing configurations on dyssynchrony as 

measured by non-invasive imaging such as tissue Doppler echocardiography (TDI). 

However, such imaging would present significant technical challenges in a post-op, 

intensive care setting. The study by Schmidt et al (2007) attempted to use TDI to
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quantify regional myocardial function but 9 of the 26 patients (35%) could not 

provide adequate images for useful interpretation.

5.5.2 Pacing configuration

True biventricular pacing could be considered to be when both ventricles are paced 

simultaneously. An attempt to do this was made in this study by placing both right 

and left ventricular leads in the cathode port of the pacing box. The split bipolar 

configuration employs delivering the pacing stimulus to the left ventricle and 

completing the pacing circuit through the right ventricular lead. The time delays are 

so short that this is essentially considered as another biventricular pacing 

configuration although has been regarded by some as isolated left ventricular pacing 

(Flynn et al, 2005). This study, by using multiple bipolar pacing leads, has overcome 

previous concerns about configuration (Fernandez et al, 2006) by examining 

simultaneous and split modes in addition to isolated anterior and lateral left 

ventricular pacing. In the group with low ventricular function, systolic blood 

pressure was significantly increased with a simultaneous anterior or lateral 

biventricular configuration compared to the control period. Given the lack of 

significant change in cardiac index, cardiac output or mean arterial pressure, the 

overall impact of this finding is questionable although an increase of 9mmHg may be 

clinically valuable when ventricular function is poor. This may focus future study on 

those with poor ventricular function using the simultaneous configuration rather than 

the split configuration used in previous publications. In addition, mean pulmonary 

arterial pressure was significantly increased with the anterior simultaneous pacing 

configuration. However, the absolute difference of 3mmHg was small and it is 

unlikely that this finding translates to any meaningful clinical effect of pacing.
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This study employed a standard atrioventricular delay during each pacing mode. 

However the haemodynamic effect may be influenced by the individual AV delay 

settings for each patient. Further study could be conducted to determine if optimising 

the AV delay in conjunction with biventricular pacing has any added haemodynamic 

benefit.

5.5.3 Study limitations

This was a pilot study that aimed to determine if potential benefit could be gained 

through biventricular pacing after CABG. The numbers enrolled were small but 

similar to other published reports. A number of consented patients, for different 

reasons, did not complete the protocol. This perhaps reflects difficulty in enrolling 

patients for research studies during a time of anxiety and when the postoperative 

course is unpredictable. Given that the changes in cardiac index compared to control 

are often small, a study with larger numbers may allow more power to detect a true 

change in cardiac index with biventricular pacing. Indeed, the wide variation in 

responses means that the study was underpowered. This study mostly consisted of 

patients with a normal QRS duration. This may have influenced the results given that 

the main benefit of CRT is believed to occur in those with a wide QRS.

5.5.4 Conclusion

This study has shown that temporary biventricular pacing does not exert an overall 

beneficial haemodynamic effect after cardiac surgery. It does not matter if a lateral or 

anterior left ventricular lead position is employed. However, individual responses to 

pacing do vary and further study would be useful to explore which, if any, patients 

are most likely to gain from a CRT-type approach in the post operative period.
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Chapter 6

Conclusion: the future of CRT

6.1 Responding to Resynchronization

Cardiac resynchronization therapy has undoubtedly provided an exciting new avenue 

of therapeutic potential for those with failing hearts. There are now data to show that 

it can significantly reduce mortality and morbidity. However, the search is still 

ongoing to determine the mechanisms of action of CRT, how to select the 

appropriate patient population who will benefit and how best to assess a positive 

response to therapy. The work contained in this thesis has sought to summarise the 

large volume of already published studies in the area of CRT and place it in the 

broader context of modern heart failure management. In addition, original research 

has been carried out to determine the long-term benefits of this treatment, assess the 

true clinical applicability of pulsed-wave tissue Doppler imaging as a means of 

evaluating dyssynchrony, investigate the impact of CRT on heart failure biomarkers 

and the value of a biomarker approach to CRT response and finally, to explore the 

potential benefit of biventricular pacing in an acute postoperative cardiac clinical 

setting. The area of pacing therapy for heart failure remains a very active field of 

research with numerous publications appearing almost weekly. Work since the 

research for this thesis was carried out has supported some of the findings of this 

thesis (which have been presented at national and international cardiovascular 

meetings) and other recent publications continue to push the boundaries of CRT 

beyond where it currently fits within heart failure management. Some of the newer 

findings and future potential for CRT are summarised below.
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Long-term outcomes following CRT

One retrospective study has now been published with median follow up of 5 years 

(Kronborg et al, 2008). They report one and five year mortality in CRT patients of 15 

and 53% respectively. They also found that ischaemic aetiology, higher baseline 

NYHA functional class, lower baseline left ventricular ejection fraction and lack of 

NYHA class improvement after CRT were all predictors of mortality. Similar to the 

findings in chapter 2 of this thesis, clinical and echocardiographic improvements in 

survivors were sustained out to five years. They do not report any dyssynchrony 

data. As time progresses, more reports will appear in the literature with longer 

periods of follow up. A cohort of real long-term CRT responders is growing. Focus 

on specific features of those that survive for many years after device implant may 

provide new insights into the variation seen in response between patients who may 

seem clinically similar at baseline.

Prediction of response and the importance of dyssynchrony

Publications continue to appear in the literature advocating particular parameters or 

clinical features as predictors of CRT response. Left ventricular lead position is an 

important factor. A recent study used speckle tracking analysis to determine the most 

delayed ventricular segment. Concordance between LV lead position and area of 

latest mechanical delay resulted in better reverse remodelling at 6 months and fewer 

clinical events over 32 months (Ypenberg et al, 2008). The first study evaluating the 

ability of 3D-echo to predict response has been reported (Marsan et al, 2008). A 

dyssynchrony index based on measuring times to minimum segmental volumes 

predicted acute echocardiographic response with 88% sensitivity and 85% 

specificity. The debate as to the significance of diastolic dyssynchrony continues
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with one study suggesting that the presence of diastolic dysfunction predicts a worse 

outcome following CRT (Gradaus et al, 2008). This study also found a higher left 

ventricular end-systolic diameter and pulmonary capillary wedge pressure to be 

associated with poor outcome. Interestingly, they did not find tissue Doppler 

assessed dyssynchrony to predict response (defined as a clinical or 

echocardiographic improvement). Another study found that cardiac events were 

more likely after CRT in those who had an elevated baseline pulmonary arterial 

pressure as assessed by echocardiography (Shalaby et al, 2008). A further report 

advocates the presence of endothelial dysfunction as a predictor of response (Akar et 

al, 2008). An interesting report has highlighted the potential effect of personality 

traits on CRT outcome with those who had negative affectivity experiencing worse 

symptoms and perceived disability, despite functional improvement in terms of six- 

minute walk distance (Schiffer et al, 2008). Hence, using quality of life scores as a 

means of defining response to therapy is limited.

The methods of assessing dyssynchrony are also expanding with recent data showing 

that contrast-enhanced 64-slice computed tomography may be a useful tool (Truong 

et al, 2008). However, further evidence that tissue Doppler imaging might not be the 

ideal method of identifying reverse remodelling has been published (De Boeck et al, 

2008). In this study of 41 patients, colour coded TD1 parameters (2 and 12 segment 

models) were unable to identify those who subsequently had reduction in ventricular 

volumes after CRT. In fact, simple visual assessment of dyssynchrony performed 

better than TDI.

Is dyssynchrony pathological or a normal variant? The concept of electromechanical 

uncoupling and inefficient myocardial contraction due to loss of normal timing of 

cardiac events certainly contributes to progressive heart failure in a proportion of
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patients with heart failure. However, could it possibly be an innocent bystander in 

some individuals who then become the non-responders to CRT? For a particular 

patient, perhaps with isolated left bundle branch block, dyssynchrony is the driving 

pathological mechanism and CRT has the potential to completely reverse the 

abnormality and allow full cardiac recovery. This has been termed hyperresponse by 

a group who found that 11/84 patients with LBBB and non-ischaemic 

cardiomyopathy had complete normalisation of ejection fraction and functional 

recovery between 6-24 months after CRT (Castellant et al, 2008). Alternatively, 

another individual may have ischaemic cardiomyopathy and the main driving 

pathological insult is repeated ischaemia and remodelling due to myocardial scar. 

Dyssynchrony may be present but is secondary to other features and correction may 

not have any effect on the progressive heart failure process. Another patient may 

have dyssynchrony but exercise is limited by heart failure related anaemia or 

pulmonary hypertension. Placing a CRT device in these patients may not help. In 

addition, dyssynchrony may be present in normal individuals (Conca et al, 2009) and 

a recent study has also shown that exercise can induce dyssynchrony in subjects with 

apparently normal heart function (Bernheim et al, 2008). The effect of exercise on 

dyssynchrony in the CRT population merits more study. Another report that 

challenges the importance of dyssynchrony presents six patients who underwent 

CRT, without baseline evidence of electrical or mechanical dyssynchrony, but who 

showed significant benefit in terms of symptoms and reverse remodelling (Nazeri et 

al, 2009). Methods of assessing the individual pathological consequences of the 

presence of dyssynchrony would be helpful. Given that the benefits of CRT appear to 

be immediate, could a temporary biventricular device similar to current dual chamber
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temporary pacemakers be developed that would allow assessment of benefit prior to 

a permanent system being implanted?

With the large number of proposed predictors of CRT response the idea of a scoring 

system is an attractive idea to improve selection for device implant. One study found 

that a 4 point score system that included haemodynamic, dyssynchrony and lead 

position factors did correlate with acute haemodynamic response (Heist et al, 2006). 

Similar scoring systems to predict longer term clinical improvement and cardiac 

events might be helpful.

Biomarkers

One further study reports a reduction in BNP 12 months after CRT in a group of 100 

patients with NYHA functional class 2, 3 or 4 (Menardi et al, 2008). However, the 

standard deviation in BNP was again wide. Levels fell from 185.1±185.9 to 

110.2+137.5 after one year (p=0.032). The European Society of Cardiology 2008 

heart failure guidelines state that “CRT reduces NT-ProBNP substantially and 

reduction in NT-ProBNP is associated with a better outcome” (Dickstein et al, 2008). 

An analysis from the CARE-HF trial demonstrated that measurement of NT-ProBNP 

after 3 months of CRT is an independent predictor of long-term mortality. However, 

after adjustment for this, the mortality benefit of CRT could not be explained simply 

based on natriuretic peptide level (Cleland et al, 2008b). The work in this thesis 

found that NT-ProBNP was not significantly reduced following CRT and that if 

patients are divided into responders and non-responders based on reduction in NT- 

ProBNP levels, there are only minor clinical differences between groups after CRT. 

Further study with larger patient numbers would help clarify if monitoring natriuretic 

peptide levels might be a useful strategy both pre and post device implant.
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Biventricular pacing and cardiac surgery

One recent study supports the findings in chapter 5 of this thesis that wide variation 

occurs in response to temporary biventricular pacing after cardiac surgery and that 

routine biventricular pacing cannot be recommended (Evonich et al, 2008). They 

enrolled a group of 40 patients with reduced left ventricular function, scheduled for 

bypass or valve surgery and randomised them to different pacing modes (atrial, right 

ventricular and biventricular). Haemodynamic testing twelve hours after surgery in 

29 patients did not reveal any superiority of a biventricular pacing approach. 

However, placement of a left ventricular lead can leave the option of biventricular 

pacing open as a potential strategy for haemodynamic improvement in some 

individuals. Further study to investigate which patients will benefit most is required.

CRT and beyond CRT

Evidence is appearing that may eventually expand the indications for CRT. The 

Randomised trial of cardiac resynchronization in mildly symptomatic heart failure 

patients and in asymptomatic patients with left ventricular dysfunction and previous 

heart failure symptoms (REVERSE) trial has now been published (Linde et al, 2008). 

610 patients with NYHA functional class 1 or 2 and left ventricular ejection fraction 

<40% were randomly assigned to CRT or control (device implanted but pacing off). 

CRT did not result in improvement in the primary end point, which was a clinical 

composite score. However, CRT did reduce risk of heart failure hospitalisation and 

resulted in significantly better reverse remodelling. These results raise the possibility 

of CRT moving from a treatment for symptom relief to a prognostic therapy in those 

with no symptoms.

Moving beyond biventricular pacing to multisite pacing might be a future therapeutic
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strategy for those who have persistent dyssynchrony with one left ventricular lead. 

An analysis of 26 patients with atrial fibrillation who had one right ventricular and 

two left ventricular leads implanted revealed greater reverse remodelling with triple 

stimulation than conventional dual biventricular pacing (Leclercq et al, 2008). 

However, there did not appear to be a difference in the degree of resynchronization 

between the two pacing modes so the mechanism of benefit from a triple site 

approach is unclear.

One further investigative therapeutic approach may challenge the current thinking of 

how pacing and electrical stimulation affects the myocardial cells and overall cardiac 

function. Cardiac contractility modulation (CCM) delivers non-excitatory electrical 

signals during the absolute refractory period and is shown to enhance myocardial 

contraction. Chronic application of this therapy may induce positive changes in gene 

and protein expression that may improve heart failure symptoms (Lawo et al, 2005). 

This therapy has been used in a non-responder to CRT with observed improvement 

in symptoms, left ventricular function and natriuretic peptide levels (Butter et al, 

2007). A recent small series confirms this may be a useful adjunctive approach in 

CRT non-responders but this is a high risk group of patients (Nagele et al, 2008). 

Randomised trials of CCM are ongoing in patients with heart failure but in whom 

CRT is not indicated (Abraham et al, 2008).

6.2 Concluding remarks

International cardiac societies in Europe and America have published new guidelines 

that include sections on CRT. The European Society of Cardiology updated heart 

failure guideline has changed the CRT recommendation for reduction in mortality 

from class IB to class 1A but it is otherwise similar to the 2005 guidance (Dickstein

295



et al, 2008). New American guidance on device therapy does stretch the possibilities 

for biventricular pacing (Epstein et al, 2008). For patients with atrial fibrillation and 

patients with dependence on ventricular pacing, CRT is deemed reasonable (class 2a 

recommendation). CRT could also be considered in those who have NYHA 

functional class 1 or 2 symptoms if a permanent pacing system and/or ICD is 

required and frequent pacing is anticipated (class 2b recommendation). However, 

current practice is already beyond the stated criteria for device implantation with 

evidence that patients with ejection fractions greater than 35% are receiving devices 

(Piccini et al, 2008). The European Society of Cardiology heart failure guideline also 

acknowledges that patients with narrow QRS duration but evidence of mechanical 

dyssynchrony are also receiving devices despite the lack of clear evidence.

For the future, it could be speculated that selection and follow up of patients who 

have a biventricular pacemaker inserted will continue to change as the evidence 

continues to accumulate.

How should the future CRT patient be selected?

As new heart failure drugs become available, it is unclear what optimal medical 

management will mean as a selection criterion before proceeding to device therapy. 

It is likely that device therapy will be offered at an earlier stage of the disease, for 

those in NYHA class 1 or 2, to prevent progression of remodelling. It is also likely 

that those with a narrow QRS interval will not be denied therapy if significant 

dyssynchrony is present. There might also be a role for CRT in the management of 

heart failure with preserved systolic function and dyssynchrony. However, the best 

way to assess and quantify dyssynchrony is still unknown. Tissue Doppler imaging 

may pass out of favour and cardiac magnetic resonance become the imaging tool of
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choice because it can assess ventricular function, viability, scar and dyssynchrony. 

However, follow up would not be possible unless MRI compatible CRT devices 

became available. In addition, it is clear that the concept of CRT response is more 

complex than simply selecting based on the lack of coordination within the 

myocardium. Whilst acknowledging its importance, a move away from the focus on 

dyssynchrony to a multifactorial approach to response may be helpful in better 

predicting those that will gain from CRT. This may include clinical profiling 

(including aetiology, symptomatic severity, psychological assessment), myocardial 

structural profding (revascularisation, viability, ventricular size and function, venous 

anatomy, valvular abnormalities, intracardiac pressures, right ventricular function), 

dyssynchrony profding (QRS duration, non-invasive imaging of abnormal systolic ± 

diastolic timing, impact of exercise testing) and biomarker profding (possibly using 

multiple markers). In addition, the local health infrastructure needs to be optimal to 

ensure coordinated and effective multidisciplinary care once a device is implanted 

(Swedberg et al, 2008).

How should the future CRT patient be followed up?

Long-term outcomes may well improve further as CRT fits within an expanding 

arena of other new heart failure treatments. However, current evidence suggests that 

certain features in the short term after CRT may indicate that long-term response is 

less likely. Therefore, follow up of the CRT patient should move beyond simply 

evaluating the function of the pacemaker in terms of device settings and effective 

maximal pacing. There appear to be some patients who will have reverse 

remodelling following CRT but display persistent dyssynchrony. The pathological 

significance of this should be explored and the effect of further device optimisation
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observed in terms of both atrioventricular (AV) and interventricular (VV) timing 

intervals. This may further improve ventricular function. Echocardiography can 

indicate those without reverse remodelling in the first year after device implant and 

these should be reassessed to determine if the device could be altered in any way to 

optimise resynchronization. If not, consideration of other medical options or 

transplantation may be required. Patients with ischaemic heart failure aetiology 

should be followed up more closely because they are more likely to suffer cardiac 

events. Those with atrial fibrillation should be referred for AV node ablation if 

adequate biventricular pacing cannot be achieved. The role of measuring and/or 

monitoring biomarkers is an attractive option with some encouraging evidence but 

further studies are required. For those who do not respond to CRT, the future may 

hold the potential for molecular or genetic profiling that allows individual risk and 

tailored treatment strategies to be employed.

The work of this thesis has contributed to the expanding knowledge base on the 

impact of CRT in the management of chronic heart failure. It has provided evidence 

of the sustained long-term clinical benefit of CRT, highlighted some of the 

difficulties with tissue Doppler imaging as a means of assessing dyssynchrony, 

provided new data on the change in biomarkers after CRT and clarified the role of 

temporary biventricular pacing after coronary bypass graft surgery. However, like 

most research, one of the key effects of answering questions is the generation of new 

questions. The power struggle between science and sickness continues. Much 

remains to be discovered because much continues to confound.
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