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Abstract
Title

Heart failure: re-evaluating causes and definitions and the value of routine cardiac

magnetic resonance (CMR) imaging.
Objective

To differentiate the demographics and imaging characteristics of a heart failure
population using a comprehensive echocardiographic protocol and routine CMR
imaging, and to assess the clinical value of routine CMR in this population.

Methods

A novel comprehensive diagnostic pathway for heart failure was prospectively applied to
319 new patients attending the Darlington and Bishop Auckland heart failure clinic
between May 2013 and July 2014. All had a full clinical assessment and an initial basic
clinical transthoracic echo performed. Those patients given a diagnosis of heart failure
went on to have routine CMR imaging as well as a more detailed echo scan incorporating

a variety of systolic and diastolic measurements.

Retrospectively, a cohort of 116 patients with left ventricular systolic impairment, that
had both CMR and invasive coronary angiography, were analysed to determine the
ability of late gadolinium enhancement (LGE) CMR to predict prognostic coronary artery

disease.
Main results

1. Heart failure with reduced ejection fraction (HFREF) accounted for the cause of heart
failure in 73% of cases whereas heart failure with preserved ejection fraction (HFPEF)

accounted for only 14% of cases.

2. Incorporating CMR into the routine assessment of newly diagnosed heart failure
patients changed the diagnosis in 22% of cases (14% of cases for those who had an

echo performed on the same day).

3. CMR left ventricular ejection fraction (LVEF) averages 3.9% units higher than

Simpson’s Biplane LVEF with echo.

4. Regional wall motion score (RWMS) equations were inferior to a Simpson’s Biplane

assessment of LVEF by echo and cannot be advocated for routine clinical use.



5. The presence of subendocardial LGE on CMR demonstrated infarcts in 42% of those
with HFREF, 20% of those with HFPEF, and 40% of those with heart failure with no major
structural disease (HFNMSD).

6. The absence of subendocardial LGE excluded prognostic coronary disease in 100%
of cases.

7. LGE in a non subendocardial distribution was prevalent in both the HFREF and
HFPEF community with a greater average burden in the HFPEF group.

8. E/e’ and left atrial volume index (LAVI) were the most helpful echo measures for a

positive diagnosis of HFPEF and could be measured in over 90% of cases.

9. Systolic dysfunction out with reduced ejection fraction is present in 76% of the HFPEF

cohort.
Conclusion

Heart failure with preserved ejection fraction (HFPEF) is not the epidemic previous
literature would have us believe. It is over-diagnosed in current practice due to lax

definitions and inappropriately low left ventricular ejection fraction (LVEF) cut-offs.

CMR has a substantial impact on the diagnostic profile of the heart failure population. It
revokes the diagnosis of HFREF to a greater extent than is accounted for by the temporal
improvement in LVEF, even when taking into account method specific LVEF thresholds.
CMR with LGE has additive value for identifying infarcts in a sizeable number of patients
for whom there is no suspicion of ischaemic heart disease (IHD), and raising the novel
concept that ischaemia may account for symptoms in many of those with HFNMSD. It
also demonstrates an impressive ability to exclude prognostic coronary disease.
Additionally, LGE in a non subendocardial distribution establishes aetiology including

myocarditis and sarcoidosis that would not be detected with echo alone.

The diagnosis of heart failure with preserved ejection fraction is not standardised and all
current protocols are deficient. The cause and mechanism of this condition remains
unclear and this study helped clarify the contribution of systolic versus diastolic
dysfunction versus simply the presence of atrial fibrillation. Key diagnostic parameters
were identified for routine clinical use and CMR LGE imaging demonstrating a greater
average burden of non subendocardial LGE may support the postulated fibrotic

infiltrative mechanism of pathology in this group.
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Introduction

Heart failure has been studied in western civilisation ever since the works of Hippocrates
in ancient Greece and continues to be readily studied worldwide. It is a common
diagnosis affecting more than 1% of people in the UK, and one which has a profound
impact on National Health Service (NHS) resources. It remains in the top 10 diagnoses
for use of hospital bed days in the NHS. Mortality rates are high with 9.4% of patients
dying during their admission and over 30% dying within a year of discharge (1, 2).

The differing strategies to identify and classify heart failure through the ages demonstrate
the changes in our understanding of heart failure. This ranges from a purely clinical
description to abnormal haemodynamics; structural cardiac pathology; biochemical
abnormalities; and genetic identification (3). All of the various diagnostic approaches
provide useful insights into the syndrome of heart failure but each has its own set of
limitations. In the recent past, the emphasis has been to identify simplified, specific
measures (that can be easily obtained and reproduced) to act as the overriding
component in a diagnosis of heart failure. The introduction of routine transthoracic
echocardiography and measurement of left ventricular ejection fraction (LVEF) is a prime

example of this. However, such strategies are an oversimplification of the problem.

Although reduced left ventricular ejection fraction (LVEF) has been embraced as the key
feature to support a diagnosis of heart failure, over 40% of patients diagnosed with heart
failure clinically have normal or near normal ejection fractions (4). Indeed elevated
plasma brain natriuretic peptide (BNP) or N-terminal pro-hormone of brain natriuretic
peptide (NT-pro BNP) that are secreted in response to cardiac stretch and strain
regularly add weight to the suggestion of cardiac dysfunction in such cases (5-7). This
means that a substantial number of patients labelled with heart failure either have a
cause other than reduced ejection fraction for their symptoms or the echo scan is unable

to detect the reduced ejection fraction in a number of cases.

Heart failure with preserved ejection fraction (HFPEF) has been officially recognised over
the last decade and is generally thought to be due to diastolic dysfunction of the left
ventricle demonstrated by elevated filling pressures, abnormal relaxation and increased
chamber stiffness. Formal diagnostic parameters for HFPEF have been suggested by
way of various echocardiographic measures in association with symptoms and signs but
these are complex and a confirmed diagnostic strategy for HFPEF continues to be
debated (8-10). There also continues to be debate surrounding the interplay of HFPEF
and heart failure with reduced ejection fraction (HFREF), and whether or not HFPEF
represents a distinct entity from that of HFREF (11, 12). Mortality rates in HFPEF are

debated and as of yet, there are no evidence based treatments for HFPEF. However,
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this is unsurprising for a disease where the name eludes to the lack of a problem
(preserved ejection fraction) for its diagnosis rather than establishing a tangible
disturbance of cardiac function, and should help to discredit the theory that reduced

ejection fraction is of paramount significance when determining cardiac dysfunction.

There is also a sizeable group of patients that present to heart failure services with
symptoms suggestive of heart failure but no major structural heart disease on routine
imaging. Currently they tend to be reassured and discharged from clinical care, but
recent work suggests that this group should be a cause for concern with high rates of
early mortality (13). Often these patients have elevated BNP levels (14). Generally they
are elderly with multiple co-morbidities and cannot be readily compartmentalised. They
form a group that has been poorly studied before and a unifying diagnosis for their

symptoms and elevated biomarker remains elusive.

The advent of echocardiography was a major step forward in the understanding of heart
failure and allowed an assessment of heart structure and function through the use of
ultrasound. It is an ever-expanding and complex field that can offer a wealth of
information about cardiac structure and function. The daily practical reality is that scans
are limited by time constraints and tend to be used primarily to identify serious valve
disease, measure the left ventricle size and ejection fraction as a measure of left
ventricular systolic performance, and perform limited measures of left ventricular diastolic
function. It also has shortcomings in that various patient factors often result in sub-
optimal image quality and poor endocardial definition limits reliable chamber volumes
and ejection fractions (15-17). Echo is also unable to provide tissue characterisation to

differentiate ischaemic from non-ischaemic cardiomyopathy.

Cardiac Magnetic Resonance (CMR) is the gold standard method for measuring left and
right ventricular volumes and myocardial mass and is particularly validated in systolic
dysfunction (18). Additional information about myocardial ischaemia, infarction,
inflammation and infiltration can be achieved by incorporating the use of gadolinium
contrast agent and observing the pattern of myocardial uptake (19). Velocity encoded
mapping can determine blood flow velocities through valves and other structures (20-
23), and tissue phase mapping or tagging can be used to quantify myocardial movement

during the cardiac cycle.

Currently the use of CMR is generally restricted to specialist centres and performed on
a case-by-case basis with a specific question in mind. The clinical impact of routine CMR
has only been studied in well-defined subgroups. Focused studies suggest that routine
CMR has a significant impact on clinical management post myocardial infarction (24), in

cases of left bundle branch block (25) or, in a HFREF population to determine the
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likelihood of significant coronary artery disease (19, 26-29). Whilst a heart failure clinic
CMR service is achievable (30), there is a paucity of observational data, or CMR
demographics, for a generic group of heart failure patients that incorporates those with

HFPEF and heart failure without major structural heart disease.

Incorporating routine CMR alongside comprehensive echocardiography into the initial
screening of patients with heart failure could provide clinically important information to
complement echocardiography findings. Epidemiological information provided by CMR
may support or refute the current presumed spectrum of pathology in the heart failure
population. CMR could alter diagnosis by reclassifying LVEF and left ventricular (LV)
size in an individual. It could differentiate the underlying cause of heart failure by way of
late enhancement, particularly in the HFREF population. This would also apply to those
with heart failure with preserved ejection fraction or no major structural disease, although
simply the presence or absence of late enhancement in these groups would be of
interest. CMR should help to clarify some already accepted measures of diastolic
dysfunction to aid diagnosis in unclear groups. Alternatively, CMR may demonstrate

novel imaging findings that help to describe heart failure by way of new defining criteria.

Heart failure is a heterogeneous disorder and much more difficult to characterise than
symptoms, isolated echo parameters (such as LVEF), or biomarkers alone would initially
lead us to believe. ltistime for a paradigm shift in our approach to the diagnosis of heart
failure to one that incorporates a multifaceted assessment of cardiac anatomy and
function in daily practice. Simply defining the composition of a new heart failure clinic
population incorporating CMR would be of interest. Thereafter subgroup analysis will be
informative, with perhaps the most novel insight from the HFPEF and non-

compartmentalised groups that have been little investigated before.
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Research question

What are the demographics and imaging characteristics of a heart failure population
using a comprehensive echocardiography protocol and routine CMR imaging? Does
routine CMR allow better understanding and differentiation of the heart failure
population?

Hypothesis

An enhanced clinical pathway providing detailed assessment and database collection of
demographics and imaging characteristics of patients presenting with heart failure will
provide better understanding of the causes and definition of heart failure. Incorporating
routine CMR imaging will result in a better understanding of the spectrum of pathology
in the heart failure population, with a novel insight into those patients currently described
as heart failure with a preserved ejection fraction (HFPEF) or heart failure with no major
structural heart disease in particular. This will help to differentiate the underlying
aetiology of heart failure and compartmentalise heart failure into subgroups that may
differ from those currently used.
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Rationale for the research: A résumé of the literature

Chapter 1

Heart Failure Epidemiology

Heart failure is a common diagnosis affecting more than 1% of people in the UK, and
one which has a profound impact on NHS resources. It remains in the top 10 diagnoses
for use of hospital bed days in the NHS with a mean length of stay of 11 days. Mortality
rates are high with 9.4% of patients dying during their admission, 14.9% dying either in
hospital or in the month following discharge, and over 30% dying within a year of
discharge (1, 2). Heart failure is predominantly a disease of old age with the mean age
of 77 years at the time of first hospital admission. In an ever aging British population,
with increasingly sophisticated and successful percutaneous and medical interventions,
allowing people to survive longer with significant coronary artery disease, the impact of

this condition on society is set to increase.

Heart Failure: Difficulties defining and diagnosing a multifaceted disease
Heart failure is heavily researched worldwide, and has been studied in western
civilisation ever since the works of Hippocrates in ancient Greece. However, because of

the heterogeneous nature of this disorder the definition of heart failure remains vague.

The clinical presentation of this condition is varied, ranging from acute pulmonary
congestion to chronic peripheral oedema. The underlying causes are also varied, and
the same clinical presentation can result from a diverse range of structural and
physiological changes, some of which occur in isolation and some of which occur in
synchrony. Determining which of these changes is most relevant to precipitating a
clinical picture of heart failure is sometimes simple but at other times can be a major
challenge. Thereafter, compartmentalising these changes into discrete readily

identifiable conditions is fraught with difficulty, and indeed may even be impossible.

Expert synopsis of the differing strategies to identify and classify heart failure through
the ages demonstrates the changes in our understanding and interpretation of heart
failure ranging from a purely clinical description to abnormal haemodynamics; structural

cardiac pathology; biochemical abnormalities; and genetic identification (3).

In current practice, a diagnosis of heart failure generally combines a clinical interpretation
of the patient’s history and examination, in association with natriuretic biomarkers, an
electrocardiogram, chest X-ray and trans-thoracic echocardiogram (TTE). However,

differentiation is hampered by varying diagnostic parameters, confounding non-cardiac
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pathology, the presence of multiple cardiac abnormalities, and limitations of routine

imaging.

The European Society of Cardiology (ESC) 2012 definition is wide reaching and defines
heart failure “clinically, as a syndrome in which patients have typical symptoms (e.g.
breathlessness, ankle swelling, and fatigue) and signs (e.g. elevated jugular venous
pressure, pulmonary crackles, and displaced apex beat) resulting from an abnormality
of cardiac structure or function” (31). The specific abnormality of cardiac structure or
function is not characterised and the method to identify this abnormality does not form
part of the definition. Indeed, they highlight that in view of the difficulty grading the
evidence for diagnostic tests all diagnostic investigations represent an evidence level of
“C”, meaning that the evidence reflects only consensus of opinion of the experts and/or

small studies, retrospective studies, or registries.

Heart Failure by this definition could thus incorporate a broad spectrum of abnormalities
ranging from intrinsic left ventricular dysfunction to right ventricular dysfunction, primary
valve disease, pericardial disease, various congenital heart diseases, and a variety of

cardiac conduction abnormalities.

Whilst accepting the same broad range of causes of heart failure above, most clinicians
tend to concentrate on impairment of ventricular function as the focus of the definition.
Those with specific valvular or conduction abnormality are labelled primarily as such and
a diagnosis of heart failure per se may not be given. This may even apply if a ventricle
is frankly failing in the context of the severe valve disease. Equally, it is not uncommon
for an individual to be labelled as having heart failure following imaging that suggests a
degree of left ventricular impairment but in the absence of any clinical symptoms or signs
of heart failure (32).

It should always be borne in mind that such diversity in diagnostic frameworks, and
clinical interpretation of these diagnostic frameworks, has implications for the meaning
and reproducibility of statistics collected and categorized under the heading of “heart

failure”.
Defining heart failure by left ventricular ejection fraction (LVEF)

Measuring LVEF
LVEF is the percentage of the LV diastolic volume that is ejected through the aortic valve
and into the circulation during LV contraction or systole. It is calculated using the

equation below, with percent (%) for units.
LVEF = (LVEDV-LVESV)/LVEDV
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LVEF = (LV end-diastolic volume — LV end-systolic volume) /LV end-diastolic volume

Until recently LVEF was determined by echo using a single M-Mode cross-section
through the base of the heart and extrapolating the fractional shortening into an ejection
fraction. However, this extrapolation of a single cross-sectional measurement into a 3D
structure made this technique highly inaccurate. Over the last 5-10 years a method
called Simpson’s Biplane Method of Disks has been labelled as the gold standard for 2
dimensional (2D) echo assessment of LVEF (33, 34). This requires an apical four- and
two-chamber view from which the endocardial border is outlined in end-diastole and end-
systole. However, accurate measurements are frequently hampered by poor
endocardial definition (detailed below). 3 dimensional (3D) echo improves the precision
of these measurements (35-37) but is rarely used for routine clinical scans. Cardiac
computerised tomography (CT) assessment of LVEF may be more accurate than 2D or
3D transthoracic echo and invasive cine ventriculography (38). In this regard, CMR is
generally accepted as the gold standard modality for measurement of LV volumes and
LVEF when using the multi slice disk summation method (15, 39). This is because of
the ability of CMR to image the LV in multiple planes and provide clear endocardial

definition with excellent inter and intra observer variability.

Causes of reduced LVEF and varying underlying aetiology

LVEF is reduced when the ejected stroke volume is reduced relative to the LV end-
diastolic volume. This is most commonly due to impaired contractility, be that by either
a global reduction in contractility of the LV, or due to regional wall motion abnormalities
(RWMAS). The leading cause of RWMAs is coronary artery disease. A global reduction
in contractility is generally seen in a dilated cardiomyopathy for which there are many
causes including idiopathic, hypertension, alcohol related, infective, various genetic
disorders, tachycardia induced, hormone related and vitamin and mineral deficiencies to
name a few. LBBB tends to cause a dyssynchrony of septal LV wall motion but often
occurs in dilated ventricles where there is also a global disruption to contractile function
and so probably spans both groups. Often in patients with contractile dysfunction the LV
attempts to maintain stroke volume by dilating and increasing the end-diastolic volume.
The heart ejects a smaller fraction of a larger volume. Generally, the more severe the
systolic dysfunction the lower the ejection fraction and the larger the end-diastolic and

end-systolic volumes.

Whilst dilated ventricles often have reduced ejection fractions, this reduction in ejection
fraction may still result in a better cardiac output than a smaller ventricle with the same
ejection fraction. It is an increasingly recognised phenomenon that small hypertrophied

ventricles may provide sub-optimal stroke volumes and cardiac outputs, particularly on
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exertion, despite a reassuringly normal LVEF. As discussed above, a reduced ejection
fraction does not help to define the underlying aetiology. A reduced ejection fraction in
a globally dilated and impaired ventricle often represents a totally different underlying
aetiology and disease process from a reduced ejection fraction in a normal sized or mildly
dilated ventricle with RWMAs. This is not apparent by interpreting the ejection fraction

alone.

LVEF as trial entry criteria

Despite the limitations of obtaining accurate ejection fractions by echo this measurement
was felt to be a readily understandable quantitative representation of LV systolic function
and became almost universally reported in echo studies. When the prognostic
importance of reduced LVEF was established, the term was embraced as the key
imaging feature to support a diagnosis of heart failure (40, 41). This was further enforced
by clinical trials insisting upon a reduced ejection fraction as the main entry criterion at a
time when randomised clinical trials were becoming established in cardiology (Figure 1)
(42-66).
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Figure 1. LVEF entry requirements in major cardiology trials

Cardiology Date Treatment LVEF Trial outcome
Trial added entry
criteria
SOLVD-T 1991 Enalapril vs <35% Mortality reduction
placebo for HF (ARR 4.5%)
ATLAS 1999 High vs low <30% Reduced death or HF
dose lisinopril hospitalisation at high dose
for HF (RRR 12%)
SAVE 1992 | Captopril vs <40% Mortality reduction
placebo post (RRR 19%)
Mi
TRACE 1995 | Trandolapril vs <35% Mortality reduction
placebo post (RRR 22%)
MiI
Val-HeFT 2001 | Valsartan vs <40% Reduced HF hospitalisation
placebo in HF (RRR 24%)
patients taking
ace-i
CHARM-Added | 2003 | Candesartan <40% Reduced HF hospitalisation
added to ace-i (RRR 17%)
+/- BB for HF
VALIANT 2003 | Valsartan vs <35% Valsartan non-inferior with
captopril post respect to mortality
MI
MDC 1993 | Metoprolol vs <40% Improved symptoms, cardiac
placebo for function, and need for
DCM transplant. No effect on all
cause mortality.
CiBiS i 1999 | Bisoprolol vs <35% Reduced mortality
placebo for HF (ARR 5.5%)
MERIT-HF 1999 | Metoprolol vs <40% Reduced mortality
placebo for HF (ARR 3.8%)
COPERNICUS | 2002 | Carvedilol vs <25% Reduced mortality
placebo for HF (ARR 7.1%)
COMET 2003 | Carvedilol vs <35% Reduced mortality with
metoprolol for carvedilol
HF (ARR 5.7%)
RALES 1999 | Spironolactone <35% Reduced mortality
vs placebo (ARR 11.4%)
EPHESUS 2003 | Eplerenone vs <40% Reduced mortality
placebo post (RRR 15%)
M
EMPHASIS-HF | 2011 | Eplerenone vs <30% Reduced mortality
placebo for HF | <35% if (ARR 3%)
QRS
>130ms
DIG 1997 Digoxin vs <45% Reduced HF hospitalisations
placebo for HF (ARR 7.9%)
SHIFT 2010 | Ivabradine vs <35% Cardiovascular death or HF

placebo for HF

hospitalization
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(ARR 4.2%)
CORONA 2007 | Rosuvastatin <40% or No difference in combined
vs placebo for HF endpoint
HF due to IHD | admission
PARADIGM-HF | 2014 LCZ696 vs <35-40% Reduced mortality
enalapril for (ARR 2.8%)
HF
MADIT I 2002 ICD vs <30% Reduced mortality
conventional (ARR 5.6%)
treatment post
MI > 40 days
COMPANION | 2004 | CRT-D vs CRT <35% Reduced mortality and
for HF and hospital admission for HF
QRS >120ms (RRR in death of 24% with a
CRT-P, 36% with CRT-D)
CARE-HF 2005 | CRT vs OMT <35% Reduced mortality
for HF and (ARR 9.7%)
QRS >120ms
SCD-HeFT 2005 ICD vs <35% Reduced mortality with ICD
amiodarone or (ARR 6.9%)
placebo for HF
MADIT-CRT 2009 | CRT-Dvs ICD <30% Reduced HF Hospitalisation
for HF and (ARR 8.9%)
QRS >130ms
RAFT 2010 | CRT-Dvs ICD <30% Reduced mortality
for HF and (ARR 6%)
QRS >120ms
or paced

RRR, Relative risk reduction; ARR, Absolute risk reduction; HF, Heart failure; MI, Myocardial infarction;
DCM, Dilated cardiomyopathy; OMT, Optimal medical therapy; CRT-D, cardiac resynchronisation therapy
with defibrillator; ICD, Internal cardiac defibrillator.
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What is a reduced LVEF?

These trials did not always agree the same LVEF entry criteria, and whilst those that
showed treatment benefits tended to have an LVEF <40%, the exact LVEF cut-off varied.
As such, the boundaries for a clinically relevant diagnosis of “reduced ejection fraction”

became inconsistent in the medical community.

What is a normal LVEF?

Surprisingly, robust data to answer this question only became available in 2014 when
the NORRE study, specifically designed to develop normal reference ranges for 2D echo
measures, published its findings from measurements on 734 healthy volunteers (Figure
2) (67). This demonstrated a mean Simpson’s Biplane LVEF of 63.9% (2SD range of
56.5to 71.7%). Before this, much of the data supporting the normal Simpson’s Biplane
LVEF cut-off came from a cross-sectional study of a population where ischaemic heart
disease, hypertension and alcohol excess was prevalent as opposed to healthy
volunteers, and found a lower mean LVEF of 47.3% (SD 6.5) (32). Boundaries for normal
LVEF were set by the British Society of Echocardiography at =255% based upon
international guidelines that referenced only two studies for their conclusions (34, 68).
The first of these studies was conducted in 1983 and observed only 52 normal volunteers
(69). The second included 206 healthy individuals (a mixture of New York citizens and
American Indians) but the method of LVEF calculation was not clear (70). The BSE
guidelines end with a caveat that “where there are differences between published values,
or there is a lack of clear evidence, recommended values have been developed on the
basis of consensus opinion”. Indeed, even the most recent (2012) ESC heart failure
guidelines established the normal LVEF as = 50 % according to a raising of hands and
a general consensus of opinion from the guideline steering committee, rather than
substantive evidence (as confessed by Professor Alan Fraser at the British

Cardiovascular Society conference, Manchester 2014).

Importantly, the NORRE study also demonstrates how mean normal LVEF varies
significantly with both gender and age so that a single cut-off cannot be universally
employed. Consistent with these NORRE study findings, physiological studies have
shown that in early aging a reduction in LV longitudinal function, alongside improvement
in LV radial movement brings about an improved LVEF, before a deterioration again in

very old age when radial function diminishes (71).
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Figure 2. Age and gender specific normal ranges for echo Biplane LVEF, adapted
from the NORRE study.

Age Gender Biplane LVEF% normal range
(mean + 2 SD)

20-40 years Male 53.5-72.3%
(n=262) Female 53.9-73.1%
40-60 years Male 53.2-72.4%
(n=341) Female 55.1-74.3%
>60 years Male 54.4-75.6%
(n=131) Female 55.1-75.1%

Heart Failure with Preserved Ejection Fraction (HFPEF)

The limitations of left ventricular ejection fraction as a way to define heart failure were
then highlighted by the realisation that over 40% of patients diagnosed with heart failure
clinically have normal or near normal ejection fractions on echo (4). This group was

coined as having Heart failure with preserved ejection fraction (HFPEF).

HFPEF has been established as a diagnosis for over a decade yet the definition varies
depending upon the differing accepted thresholds for a reduced ejection fraction. There
is a subset that has an entirely normal LVEF and the label Heart Failure with Normal
Ejection Fraction (HFNEF) is sometimes used to describe the group. However, many
people will have a mildly reduced LVEF that is insufficient to establish the diagnosis of
HFREF according to previous important prognostic trials yet seems too low to justify a
label of normal ejection fraction. This was the scenario in the CHARM-preserved trial,
when LVEF >40% was the entry criteria, and led to the coining of the phrase HFPEF
(72). In these cases the contribution of reduced LVEF to the patients’ symptoms is

difficult to ascertain and this population may well represent a diverse range of pathology.

There continues to be debate surrounding the interplay of HFPEF and HFREF, and
whether or not they form a continuum of the same condition or represent distinct entities
(11, 12,71, 73).

Some studies suggest that mortality rates in HFPEF are comparable with HFREF (74).
Others disagree, demonstrating lower rates of mortality in the HFPEF group compared
to the HFREF group (75, 76). Additionally, whereas mortality rates in HFREF have
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improved over the last two decades, mortality rates for those with HFPEF have remained
static (77).

Many believe HFPEF is due to diastolic dysfunction of the left ventricle demonstrated by
elevated filling pressures, abnormal relaxation and increased chamber stiffness. Others
feel it is due to subtly reduced LVEF or other aspects of systolic function that are not

routinely measured.

LVEF is only a partial representation of LV systolic function. Longitudinal systolic
function (the shortening of the left ventricle from base to apex during systole) can often
be reduced without any effect on ejection fraction but can result in a clinical
consequence. However, longitudinal function is rarely measured or described in echo
reports. Itis proposed that these markers of longitudinal LV function, specifically S’, may
be more valid markers of LV systolic function than LVEF (71). These parameters have
a more linear relationship with the normal aging ventricle, and they are more sensitive at
detecting subtle ischaemia than LVEF because they reflect the function of the
subendocardial layer of myocardial fibres which are most susceptible to ischaemia. They

are also more reproducible than LVEF by 2D echo.

Whilst the debate goes on about the contribution of systolic versus diastolic dysfunction
in HFPEF, one explanation for the differing opinion may be that the variable diagnostic
boundaries mean some definitions of HFPEF incorporate more people with subtly
reduced LVEF than other definitions. Differences in the physiological response of the
LV to vasodilators certainly give some credence to the suggestion that these are two
distinct heart failure phenotypes when LVEF <50% defines HFREF (78). In this setting
those with HFPEF experience greater blood pressure reduction but with significantly less
enhancement in cardiac output, and greater likelihood of stroke volume drop with
vasodilators, which would be in keeping with disease specific differences in ventricular-

arterial properties.

Prevalence: The epidemic that is or is not HFPEF

Whilst the percentage of people classified as HFPEF may vary depending on the
diagnostic criteria for a reduced ejection fraction, even when more encompassing
definitions for HFREF are employed (LVEF <50%), studies have reported a substantial
proportion (around 50%) of people diagnosed with heart failure and preserved ejection
fraction (75). Monitoring trends in prevalence using the same definition also shows how
the prevalence of HFPEF has increased over the last two decades, in contrast to
reducing rates of HFREF, meaning that this now forms the majority of acute heart failure

presentations (77). High rates of heart failure with preserved ejection fraction can be
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determined not only by clinical features alone, but also elevated BNP or NT-pro BNP

that add weight to the suggestion of cardiac dysfunction in some series (6, 7, 79).

However, many believe that HFPEF is hugely over diagnosed. Certainly, it is difficult to
justify that someone has heart failure with a definition that predominantly relies on the
absence of pathology, and it is possible that the numbers of people with HFPEF have
been widely overestimated as a result of lax definitions. Limitations of a purely clinical
diagnosis are widely recognised. Symptoms of exertional breathlessness are common:
a third of people over 70 years old and living independently are affected (80). When a
similarly aged group of people in the Netherlands who presented to primary care with
breathlessness were assessed clinically, with BNP or NT pro BNP, and
echocardiography where indicated, a diagnosis of heart failure according to ESC
guidelines was established in only 15.7% (2.9% HFREF, 12% HFPEF, and 0.9% isolated
right heart failure) (81). It was suggested that the others had symptoms due to a variety
of age related deconditioning and sarcopenia (muscle wasting), obesity, airways
disease, and anxiety or depression. When a Scottish cohort of 109 patients with normal
LVEF were reviewed for suspected heart failure, 40 were obese/morbidly obese, 54 had
a reduction in FEV1, and 31 had history of IHD that could also explain their symptoms.
Only 7 lacked a recognised explanation for their symptoms other than HFPEF (82).

When strict definitions for HFPEF were applied retrospectively to a cohort of 5883
patients admitted with heart failure (including a clinical diagnosis of heart failure, LVEF
>50%, alternative cardiac cause or over-riding co-morbidity excluded, a non-dilated
ventricle, LV hypertrophy or dilated left atrium, and impaired diastolic function or raised
BNP) Patel and colleagues found that only 0.8% of patients met the diagnostic criteria
for HFPEF (83).

Time after time epidemiological studies show that the typical characteristics of a HFPEF
population include being female, old age, hypertension, diabetes mellitus, atrial
fibrillation, obesity and chronic kidney disease. Some individuals suggest a
pathophysiological mechanism for diastolic dysfunction as a direct result of these co-
morbidities, whereby they induce a systemic pro-inflammatory state that results in
stiffening of the cardiomyocytes, interstitial fibrosis, and thus high diastolic LV stiffness
(84). This shifts the emphasis from the commonly held belief that LV afterload excess is
the predominant cause and would go some way to understanding the high prevalence of
these other conditions in the HFPEF community. Others are sceptical of this
pathophysiological model and suggest these multiple associations reflect how HFPEF is
a single diagnosis given to a heterogeneous group with other co-morbidities that alone

could explain the symptoms. A counter argument to this comes from a comparison of
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mortality rates in patients from HFPEF trials to an age and co-morbidity matched
population without HFPEF. This showed significantly higher rates of mortality in the
HFPEF group, suggesting that HFPEF is an independent entity (85).

The recently published Darlington Retrospective Outpatient Study (DROPSY) also
suggested high rates of mortality in those diagnosed with HFPEF. The authors
investigated the long-term outcomes of patients presenting to local heart failure clinics
between 2002 and 2007 (13). They established three groups of patients according to
routinely utilised parameters of cardiac dysfunction. The groups comprised left
ventricular systolic dysfunction, heart failure with preserved ejection fraction and non-
heart failure. Heart failure with preserved ejection fraction was defined as LVEF >40%
by Simpson’s rule, or “normal” function on “eye balling”, hospitalisation for heart failure
in the last 6 months or NYHA class II-1V with signs of heart failure and two of the three
(chest X-ray, ECG or echo) abnormal; echo abnormalities including LVH, LA
enlargement or E/A <0.5. Mortality rates over the study period were highest in the group
with LV systolic dysfunction at 60%. Those with HFPEF had lower mortality rates at 50%
but these were still higher than the 41% in non-heart failure group (Figure 3).

Figure 3. Long-term outcomes of patients presenting to local heart failure clinics
2002-2007 according to the DROPSY study (13).
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Taken with permission from R Singh’s thesis (13). LVSD, group with left ventricular systolic dysfunction;
HFPEF, group with heart failure with preserved ejection fraction; Non HF, group with no evidence of heart
failure; CVS, death from cardiovascular causes.

Current imaging assessment of diastology by echo has limitations for the diagnosis of

HFPEF. Seemingly abnormal echo measures may be normal for aging. Despite
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reductions in arterial load with medical therapy, it has been shown that LV systolic and
diastolic stiffness increase over time in humans, particularly in women, and in a passive
manner as opposed to actively enhanced systolic function that which would occur with
hypertension (86). These changes may also be more prominent with increasing body
mass index (BMI). The overall prevalence of some form of LV diastolic dysfunction in a
random sample of a general population in various European countries ranged from
22.4% to 27.3% according to echo measures (87, 88). There have also been challenges
to the diagnosis of diastolic heart failure based on commonly used echo criteria that
includes E/A ratios, isovolumic relaxation time (IVRT) and deceleration time (DCT) after
finding very poor concordance between measures, with a 16-fold difference in the
prevalence of diastolic dysfunction in patients with suspected HFPEF (89).

The echo E/e’ ratio relates the peak velocity of early diastolic transmitral flow to the peak
velocity of early diastolic mitral annular motion. This measure represents end-diastolic
filling pressure but has limitations in that the value increases normally with age, and is
not valid in mitral valve disease, annular calcification or septal or lateral wall infarcts.
When E/e’ is elevated above 15 there is a consensus that this is diagnostic of elevated
diastolic filling pressures and can be used to define HFPEF (8-10, 90). However, the
underlying pathophysiological cause of the raised LV diastolic filling pressure is not
demonstrated by the E/e’ measure and a value >15 occurs frequently in HFREF. Also,
when this value is between 8 and 15 a variety of parameters are employed to help to

confirm the diagnosis and these are not universally defined.

With increasing recognition of the limitations of diagnosing HFPEF by a purely clinical or
imaging based approach, the role for biomarkers has gained much support over the last
10 years. Their potential impact was been demonstrated most recently by the results of
the TOPCAT trial subgroup analysis. TOPCAT was a trial of spironolactone for HFPEF.
Published in 2014, it showed no overall benefit of spironolactone for the composite
endpoint of death from cardiovascular causes, aborted cardiac arrest, or hospitalisation
for the management of heart failure. However, subgroup analysis seemed to show
distinctive differences between the American/South American versus the Russian cohort
so that spironolactone was beneficial in the American/South American population but not
in the Russian population (91). The rationale proposed for this difference was that BNP
may be crucial to identify true HFPEF and that clinical judgement alone is not sufficiently
accurate. BNP tended to be used alongside clinical judgement for inclusion in the
American/South American population whereas clinical judgement alone tended to be
sufficient for inclusion in the Russian subgroup, and it is postulated that a significant

number of the Russian cohort did not actually have HFPEF. Other studies have shown
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the disconnection between the perceived severity of congestive heart failure by an

emergency department physician, and severity as determined by BNP level (92).

Defining heart failure with biomarkers

The advent of biomarkers, particularly brain natriuretic peptide (BNP) or N-terminal
prohormone of brain natriuretic peptide (NT-pro BNP) changed the way of thinking about
heart failure. Here was a test that had the potential to identify heart failure at an early
stage when current imaging modalities of heart function would be reported as normal, or
similarly identify those with overt clinical heart failure but a preserved ejection fraction on

echo.

Myocardial wall stress results in the release of BNP and NT pro BNP which in turn induce
vasodilation, natriuresis and diuresis with a view to reducing the afterload for the heart
when in heart failure. The plasma circulating levels can be measured as part of a
diagnostic work-up for heart failure. Many agree BNP is a useful tool to exclude heart
failure, exemplified in a study that showed how a normal level will exclude this diagnosis
with a sensitivity of between 84-93% (93). A BNP guided treatment strategy to
encourage up titration of ace inhibitors and beta-blockers can also be used to reduce
heart failure related mortality or hospital admissions when compared to standard

management in a HFREF (94).

Also, the superior prognostic influence of elevated BNP in comparison with LVEF was
convincingly demonstrated recently. A group from the Netherlands and Sweden
observed 615 patients with heart failure for 18 months. Although BNP levels were lower
in patients with HFPEF than HFREF, for a given BNP level, the prognosis in patients with
HFPEF was as poor as those with HFREF. Where BNP was found to be a strong
predictor of outcome, LVEF was not (95). Ever accumulating evidence of the prognostic
power of the natriuretic peptides (96) has led to some experts advocating the sole use
of biomarkers to diagnose heart failure, or at the very least to select a population with
high cardiovascular morbidity and mortality where one should target intervention (97).
Indeed, many studies have since used an elevated BNP level as part of the diagnostic

pathway for diastolic impairment and trial entry criteria (60, 98, 99).

However, an elevated BNP to confirm a diagnosis of heart failure has some limitations.
Average specificity has been reported as only 73-74% (93), recognising that the
specificity increases the higher the level of BNP (100). There is variation in what is
defined as a normal level depending upon the clinical presentation; current
recommendations would use a cut-off of 100pg/ml in the emergency setting and 35pg/ml
in the outpatient setting (31). Interpretation is confounded by the fact that BNP and NT

pro-BNP levels increase with age and lower body mass and numerous studies have
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reported how BNP and NT pro-BNP perform poorly to detect asymptomatic or
symptomatic systolic or diastolic dysfunction in an elderly population (5, 101-104). BNP
levels also increase with renal failure, and reduce with obesity (105). The presence of
atrial fibrillation impairs the diagnostic performance of natriuretic peptides in patients with
dyspnoea (106) according to a gold standard physician’s diagnosis of HFPEF by
reducing the specificity. This may be particularly important in a HFPEF population,
where atrial fibrillation is commonplace. Alternatively, it could be argued that atrial
fibrillation is a form of diastolic dysfunction, as exemplified by the fact that it is included
in many diagnostic frameworks for HFPEF, and that a raised BNP in the setting of
symptoms of heart failure with atrial fibrillation should be diagnosed as HFPEF in all

circumstances.

Whilst the number of deaths or hospitalisations due to heart failure increases with higher
levels of NT pro BNP in a HFPEF population (5), (indeed in a more predictive manner
than echo parameters) (5-7), it remains unclear as to whether this represents more
pronounced diastolic dysfunction, a generally sicker individual with co-morbidities, or
indeed systolic dysfunction but with an ejection fraction that is not low enough to meet
trial entry criteria. Higher NT pro BNP levels are associated with lower ejection fraction
and larger ventricular dimensions (5) but BNP level also seems to be useful in the
diagnosis of diastolic dysfunction (79, 107), and indeed may be representative of the
degree of diastolic dysfunction (108-110), (taking into account the limitations with older
age groups noted above), although this has been disputed by other studies (87).

Some regional heart failure clinics utilising biomarkers have found a substantial number
of patients with symptoms of heart failure, elevated BNP but no major structural heart
disease on routine imaging (14). Generally these patients are elderly with multiple co-
morbidities and cannot be readily compartmentalised. They form a group that has been
poorly studied before and a unifying diagnosis for their symptoms and elevated
biomarker remains elusive. This begs the question, does the elevated BNP represent
undiscovered structural heart disease, or is it simply a marker of adverse prognosis in a

co-morbid individual with no specific cardiovascular abnormality?

Those that believe BNP and NT pro BNP biomarkers are the key to a diagnosis of heart
failure (be that HFREF or HFPEF), looked at their cohort of outpatient heart failure
patients. They found that BNP was significantly higher in the HFREF group compared
to a control population, but no difference existed between the controls and those thought
to have HFPEF. However, perception of breathlessness and the six min walks were
similar between the HFREF and HFPEF groups. They concluded that patients being

treated for a clinical diagnosis of HFPEF have a perception of their symptoms that is out
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of proportion to their evidence of cardiac pathology (111), and indeed may not have
HFPEF. An alternative explanation could be that BNP is not as sensitive at detecting
HFPEF as it is HFREF. Obesity may lower levels of BNP giving falsely reassuring levels,
particularly in the HFPEF group (112). Perhaps more conceivable is the proposition that
HFPEF is sometimes a disease of exercise not rest, and as such resting biomarkers may
not be elevated to the same extent; it introduces the concept of differing phenotypes of
a HFPEF population, differentiated by biomarker levels and alternatively differentiated

by exercise related physiological changes (96).

Of note for the future, biomarker guided management and prognostication may be of
limited value. The novel dual angiotensin and neprilysin inhibitor (ARNi) LCZ696 agent
to treat heart failure increases the levels of the natriuretic peptides through its actions.
Neprilysisn breaksdown endogenous vasoactive peptides, including natriuretic peptides.
Inhibition of neprilysin increases the levels of these substances, with the aim of offsetting
the neurohormonal overactivation that contributes to the vasoconstriction, sodium
retention, and cellular remodelling seen in heart failure. It has been shown to reduce the
rates of death from any cause when compared with enalapril (NNT=35) at 27 months in
a HFREF population (60) but has the effect of increasing natriuretic peptide levels
through its actions. A similar trial is now underway for a HFPEF cohort in the PARAGON-
HF study (99).

Exercise Assessment

With this increasing recognition that HFPEF may be a disease that presents only on
exertion in some cases, some teams have tried to observe the various haemodynamic
responses to exercise in this group of patients. Borlaug and colleagues have shown how
euvolemic patients with normal BNP, normal coronary arteries, and normal cardiac filling
pressures at rest have markedly abnormal hemodynamic responses during exercise in
over half of 55 patients with exertional dyspnoea, to suggest HFPEF (113). These
haemodynamic parameters included pulmonary capillary wedge pressure (PCWP) and
pulmonary artery systolic pressure (PASP) and were measured invasively. Others have
demonstrated various parameters of systolic and diastolic left ventricular dysfunction
during exercise in a HFPEF population with proven cardiopulmonary limitation, including
mitral annular tissue Doppler parameters, colour flow propagation velocities, speckle
tracking and longitudinal and radial strain in particular (114-116). The publication of
normal ranges for left ventricular strain help to encourage the application of this imaging
technique more widely (117). Recently, specialist centres have also convincingly
demonstrated that left atrial dysfunction (by way of strain imaging) is associated with

reduced exercise capacity in patients with preserved ejection fraction (118).
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Comprehensive diastolic imaging protocols that include exercise assessments are
beginning to be established for the diagnosis of HFPEF (119).

Other prognostic markers in heart failure

Recently it has also been appreciated that right-sided heart and inferior vena cava
measurements are perhaps more predictive of outcome than left-sided heart
measurements, including LVEF, or biomarkers (BNP) (120, 121). The rationale for the
superior prognostic importance of right-sided heart measurements remains to be
established and has been only minimally studied thus far and it is still to be established
whether abnormal right heart measurements reflect left heart disease or intrinsic

pulmonary arterial pathology.
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Chapter 2

Diagnostic algorithms for HFPEF

Formal diagnostic parameters for HFPEF have been suggested by way of various
echocardiographic measures in association with symptoms and signs, plus or minus
support from elevated biomarkers, but there are no widely agreed criteria for the
diagnosis of HFPEF.

Large trials investigating medical treatment in a HFPEF cohort have used varying
inclusion parameters for the diagnosis (Figure 4). The first large study (CHARM-
Preserved) enrolled 3025 patients with preserved ejection fraction. This was defined as
LVEF >40% and NYHA II-1V but no formal measures of diastolic dysfunction (72). DIG-
PEF a few years later redefined HFPEF as current or past symptoms of heart failure with
the higher LVEF of = 45%, but once again with no imaging evidence to confirm cardiac
dysfunction (122). PEP-CHF was the first large study to use echo derived measures of
cardiac dysfunction to confirm a diagnosis of HFPEF for study purposes as shown below.
The investigators agreed that at least three out of nine clinical and at least two out of four
additional echocardiographic criteria were required for a diagnosis. Atrial fibrillation
could be substituted for an echocardiographic criteria recognising that many diastolic
measurements above would be unreliable and that atrial fibrillation alone could be
considered equivalent to evidence of impaired LV filling by Doppler (123). These entry
measures were a mixture of systolic and diastolic dysfunction, or raised diastolic
pressures, but excluded those with a LVEF < 40% (equivalent to a RWMSI <1.4). Whilst
those with moderate to severely reduced LVEF were excluded, such a varied inclusion
criteria would have undoubtedly resulted in a broad mix of pathologies with a variety of
underlying aetiologies. In 2008 the I-PRESERVE trial categorised HFPEF as those with
heart failure symptoms and left ventricular ejection fraction of at least 45% with some
form of corroborative evidence of symptomatic heart failure by way of hospital admission
or pulmonary oedema on X-ray, and structural cardiac abnormality by way of left
ventricular hypertrophy or left atrial enlargement on echo. LBBB as corroborative

evidence was used for the first time in this study (124).

The two most recently published trials used different entry criteria again. The ALDO-
DHF trial insisted upon an LVEF = 50%. It was the first study to require evidence of
diastolic dysfunction according to recognised diagnostic pathways (or else atrial
fibrillation), supporting evidence of impaired exercise capacity by way of a reduced peak
VO2 < 25ml/kg/min on cardiopulmonary exercise testing, and exclusion of significant
airways disease by spirometry (125). TOPCAT, to evaluate the effects of spironolactone

in patients with HFPEF, insisted upon symptoms of heart failure, LVEF = 45%, and for
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the presence of a raised BNP or NT-pro BNP in many cases. The inclusion of biomarkers
was novel for such a trial and the controversy surrounding the meaning of the trial
outcome may be explained, in part, by differences between the countries from which the

participants were recruited, or else the use of a biomarker to aid recruitment (91).

PARAGON-HF is currently recruiting. The study aims to look at the effects of the new
LCZ696 angiotensin receptor neprilysin inhibitor in patients with HFPEF (99). Similarly
to TOPCAT it uses BNP or NT-pro BNP as a possible (but not essential) entry criteria.
These latest trials reflect some scientific opinion that biomarkers may be more accurate
for diagnosing heart failure than symptoms, clinician opinion, or resting structural
changes on echocardiography but to date, no trial has insisted upon an elevated

biomarker to ensure inclusion.
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Figure 4: The diagnostic criteria for Heart Failure with Preserved Ejection Fraction

(HFPEF) used in recent landmark trials.

Study Diagnostic criteria for Heart Failure with HFPEF: Compulsory versus contributory
Clinical Echocardiographic Other Exclusion criteria
CHARM- NYHA II-1V; LVEF > 40%

Preserved (72)
2003

Prior hospitalisation for a
cardiac condition;

HF symptoms & signs as
judged by investigator.

DIG-PEF (122)
2006

Current/past symptoms/signs
of HF or radiographic
pulmonary congestion
Normal Sinus Rhythm

LVEF > 45%

Atrial Fibrillation/flutter
Cor Pulmonale

PEP-CHF (123)
2006

270yrs

3 out of 9 below:
Exertional breathlessness;
Orthopnoea or PND;
Ankle swelling;

Improved with diuretics;
Increased JVP;

Previous pulmonary oedema;
Prior Ml;

Cardiothoracic ratio >0.55;
Previous radiological
pulmonary oedema

2 out of 4 below:

Some impairment of systolic
function:

LV WMSI 1.4-1.6 or

LVEF fraction 40-50%

LA enlargement

LA >25 mm/m? or >40 mm

LVH

Posterior or septal wall 212 mm
Evidence of impaired LV
filling by 2 1 of list below:
Atrial Fibrillation

E/A ratio <0.5

Deceleration time >280 ms
IVRT >105 ms

Significant valve disease
RWMSI <1.4
LVEF <40%

260yrs old LVEF 2 45% CxR - pulmonary Significant valve disease;
NYHA lI-1V (and hospitalised 1 of echo or other congestion HCM;
|I-PRESERVE for HF in last 6 months) or corroborative evidence ECG - LVH or LBBB Restrictive
(124) NYHA 1lI-IV LVH cardiomyopathy;
2008 LA enlargement Pericardial disease;
Isolated right heart failure;
ALDO-DHF >50 yrs old LVEF 250% Peak VO2 < 25ml/kg/min LVEF <40%
Current HF symptoms (NYHA 2 Grade | Diastolic Significant coronary
(125) 11-111) dysfunction or atrial disease or angina
2013 fibrillation VC or FEV1 < 80%
predicted
EGFR<30ml/min/1.73m?
TOPCAT (91) 250yrs old 245% HF hospitalization within Uncontrolled
Symptomatic HF prior year OR elevated Hypertension,
2014 BNP 2100pg/mL or NT- Infiltrative
proBNP 2360 pg/mL) cardiomyopathy,
within last 60 days HCM
PARAGON-HF 255 years old LVEF 2 45% A HF hospitalisation Prior documented
Symptoms of HF requiring Structural heart disease within the last 9 months LVEF<45%
(99) diuretic for 2 30 days (Left atrial enlargement or OR Elevated NT-proBNP Prior IHD event that culd
Recruiting Current HF symptoms (NYHA LVH) (>300pg/ml, or >900pg/ml | have reduced LVEF < 45%

11-1v)

if AF at baseline)

NYHA, New York Heart Association; HF, Heart failure; PND, Paroxysmal nocturnal dyspnoea; JVP, Jugular
venous pressure; MI, Myocardial infarction; LVEF, Left ventricular ejection fraction; LV, Left ventricle; LA,
Left atrium; LVH, Left ventricular hypertrophy; LVWMSI, Left ventricular wall motion score index; IVRT,
Isovolumic relaxation time; LBBB, left bundle branch block; VO2, Oxygen consumption; BNP, Brain
natriuretic peptide; AF, Atrial fibrillation; HCM, Hypertrophic cardiomyopathy; VC, Vital capacity; FEV1,
Forced expiratory volume in 1 second; EGFR, Estimated glomerular filtration rate; IHD, Ischaemic heart

disease.
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Various sets of guidelines and consensus statements have been published over the last
decade suggesting a diagnostic framework for the diagnosis of HFPEF/HFNEF and
diastolic dysfunction (8, 9, 31, 68, 126-129).

In 2007 the Heart Failure and Echocardiography Associations of the European Society
of Cardiology is reproduced in Figure 5. It advocated that the diagnosis of HFNEF
requires the following conditions to be satisfied: (i) signs or symptoms of heart failure; (ii)
normal or mildly abnormal systolic LV function; (iii) evidence of diastolic LV dysfunction
(9). Normal or mildly abnormal LV systolic function implies both an LVEF >50% and an
LV end-diastolic volume index (LVEDVI) <97mL/m?, noting that no upper limit for an
abnormal LVEF is defined. In this framework diagnostic evidence of diastolic LV
dysfunction by way of elevated diastolic pressures can be obtained invasively (LV end-
diastolic pressure >16 mmHg or mean pulmonary capillary wedge pressure >12 mmHg)
or non-invasively by tissue Doppler (TD) (E/e’). An E/e’ >15 is diagnostic HFPEF by this
strategy. When E/e’ is between 8 and 15, additional non-invasive investigations are
required for diagnostic evidence of diastolic LV dysfunction. These can consist of blood
flow Doppler of mitral valve or pulmonary veins, echo measures of LV mass index or left
atrial volume index, electrocardiographic evidence of atrial fibrillation, or plasma levels
of natriuretic peptides. If plasma levels of natriuretic peptides are elevated, evidence of
diastolic LV dysfunction is still required from additional non-invasive investigations such
as tissue Doppler, blood flow Doppler of mitral valve or pulmonary veins, echo measures
of LV mass index or left atrial volume index, or electrocardiographic evidence of atrial
fibrillation (9).

40



Figure 5: HFNEF diagnostic flowchart according to the 2007 European Heart
Failure and Echocardiography Associations of the European Society of

How to diagnose HFNEF

‘ Symptoms or signs of heart failure |

v

Normal or mildly reduced left ventricular systolic function
LVEF > 50%
and
LVEDVI < 97 mL/m?

'

Evidence of abnormal LV relaxation, filling, diastolic
distensibility, and diastolic stiffness

il R

Cardiology.

Invasive Haemodynamic measurements i8] Biomarkers
mPCW > 12 mmHg EIE'>15 [ 15>EF>8 NT-proBNP > 220 pg/ml
or or
LyEDF ’016 L BNP>200 pg/mL
r>48ms / \‘
or
b>027 Biomarkers Echo - bloodflow Doppler 1L
NT-proBNP > 220 pg/mL ElA,5,<05and DT, > 280 ms EIE>8

or
BNP>200 pg/mL

or
Ard-Ad > 30 ms

or
LAVI > 40 mL/m?
or
LVMI >122 g/m?(9Q); >149 gim? (3)
or
Atrial fibrillation

Image reproduced from the 2007 European Heart Failure and Echocardiography Associations, ESC
guidelines (9). HFNEF, Heart failure with normal ejection fraction; LVEDVI, left ventricular end-diastolic
volume index; mPCW, mean pulmonary capillary wedge pressure; LVEDP, left ventricular end-diastolic
pressure; t, time constant of left ventricular relaxation; b, constant of left ventricular chamber stiffness; TD,
tissue Doppler; E, early mitral valve flow velocity; €’, early TD lengthening velocity; NT-proBNP, N-terminal-
pro brain natriuretic peptide; BNP, brain natriuretic peptide; E/A, ratio of early (E) to late (A) mitral valve flow
velocity; DT, deceleration time; LVMI, left ventricular mass index; LAV, left atrial volume index; Ard, duration

of reverse pulmonary vein atrial systole flow; Ad, duration of mitral valve atrial wave flow.

In 2009, the joint American Society of Echocardiography (ASE) and European
Association of Echocardiography (EAE) defined discrete pathways for the diagnosis of
raised filling pressures and diastolic dysfunction, with the guidance that
researchers/clinicians “on the basis of a clearly formulated question, should define the

needs: to examine changes in relaxation, stiffness, and/or filling pressures” (8). Both
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diagnostic algorithms are shown below (Figure 6 and Figure 7). The scheme to estimate
LV filling pressures is very similar to the 2007 European model to diagnose HFNEF,
albeit with a slightly lower cut-off for LA volume, use of valsalva E/A measurements,
pulmonary artery systolic pressure estimations and t (IVRT/(Te-Te)) in the 2009 protocol.
There is also an absence of biomarker influence given that this is a purely
echocardiographic scheme. The scheme to grade diastolic dysfunction uses a direct
measure of impaired LV relaxation (reduced €’) as the primary influence followed by
estimates of LVEDP using E/e’ thereafter.

These 2009 guidelines allow the user to determine whether to take a diagnostic approach
according to raised filling pressures versus diastolic relaxation or stiffness abnormalities
depending upon the specific question. The 2007 European Heart Failure and
Echocardiography associations (9) ask the specific question “does this person with
normal ejection fraction have heart failure?” and uses elevated LVEDP (by way of the
surrogate echocardiographic measure E/e’) as the crucial echo abnormality, thus
promoting the need for evidence of haemodynamic changes to diagnose HFNEF.
Measures of diastolic relaxation or stiffness abnormalities are only required to support

indeterminate cases.

However, in both guidelines echocardiographic measurements are taken with the patient
at rest. This may have limitations in light of increasing evidence that normal resting E/e’
measurements may become pathological and of prognostic significance during exercise
(130).
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Figure 6. Estimation of LV filling pressures in patients with normal ejection
fractions according to the joint American Society of Echocardiography (ASE) and
European Association of Echocardiography (EAE), 2009.

Estimation of Filling Pressures in
Patients with Normal EF

Efe’

Lat. Efe’ = 12

or
/\ l“.. E'F > 13

LA volume = 34 mblim? LA volume = 34 mlim?®
Ar-A <0ms Ar-A =30 ms
Valsalva A EfA = 0.6 Valsalva A E/A > 0.5
PAS <30 mmHg PAS =35 mmHg
IVRTIMT . =2 WRTIM - <2

Normal LAP tLap

Image reproduced from the Recommendations for the Evaluation of Left Ventricular Diastolic Function by
Echocardiography the joint American Society of Echocardiography (ASE) and European Association of Echocardiography
(EAE) (131). Av., Average; LA, Left atrium; PAS, Pulmonary artery systolic pressure; IVRT, Isovolumic relaxation time;

LAP, Left atrial pressure.
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Figure 7. Scheme for diagnosing and grading diastolic dysfunction according to
the joint American Society of Echocardiography (ASE) and European Association
of Echocardiography (EAE), 2009.

Practical Approach to Grade Diastolic
Dysfunction

Septal '
Lateral &’

/ e

Soptal " = 8 Soptal e’ =8 Bnpl:ln =8

Lateral " = 10 Latoral o" = 10 Latoral o' = 10
LA =34 mi/m2 LA = 34 ml/m2 Lﬁzﬂlni.l'mi \

E/A < 0.8 E/A u.n-i.s E/A=2

DT = 200 ms DT 160-200 me DT < 160 ms

Av.Efe" <8 Av. Efe" 9-12 Av.Efe" = 13
Ar-A = 0ms Ar-A = 30 ms Ar-A = 30 ms
Val AEfA = 0.5 Val AE/A =05 | Val AE/A =0.5

Normal function,
Athleta’s haart, or
constriction

Image reproduced from the Recommendations for the Evaluation of Left Ventricular Diastolic Function by
Echocardiography the joint American Society of Echocardiography (ASE) and European Association of Echocardiography
(EAE) (131). Av., Average; LA, left atrium; Val., Valsalva; DT, deceleration time.

Shuai and colleagues derived a simpler model of abnormal resting echo parameters that

would accurately diagnose HFPEF (10). A strategy that consisted of either:
(i) lateral E/e’ 2 12; or
(ii) lateral E/e’ 2 8 but <12, with either LAVI 2 34 mL/m? or Ard—Ad > 30 ms,

provided good diagnostic accuracy for identifying HFPEF, with a sensitivity of 77% and
specificity of 81%. These observations were subsequently confirmed in a small validation
cohort of 98 subjects. The comparative gold standard diagnosis of HFPEF was by way
of a history of hypertension, typical heart failure symptoms or signs evaluated by two
cardiologists, and LVEF > 50%, without any invasive measurement to confirm elevated
LV filling pressures. This strategy compared favourably with the 2007 European
consensus statement pathway which produced a sensitivity of 72% and specificity of

87%. Interestingly the joint ASE and EAE strategy fared poorly with a sensitivity of only
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47%, although maintained a good specificity of 87%. The authors also described a low
diagnostic accuracy of E/A <0.5 and DT > 280ms for detecting HFPEF most likely due
to the U-shaped relation with LV diastolic function, making it difficult to discriminate

patients with pseudonormalisation from normal patients.

Emery and colleagues performed a retrospective analysis of 1229 echocardiograms to
discern which echocardiographic parameters were most helpful to diagnose diastolic
dysfunction (132). Measurements were correlated against the 2007 European
guidelines whereby an E/e’ > 15 is confirmatory of diastolic dysfunction, and an E/e’ < 8
is normal. A LAVI = 40ml/m2 provided the greatest sensitivity and specificity of 76% and
77% respectively. Similar to the findings of Shaui et al, the combination of E/A < 0.5 with
an E wave deceleration time > 280 ms in patients over the age of 50 years was not a
sensitive marker of HFPEF, with only 0.5% of the group fulfilling these three criteria. In
contrast to Shaui et al, pulmonary venous inflow measurements also added little to the
overall diastolic functional assessment. It should be remembered however that the
echocardiograms included for analysis were broad in their indication and the referral
reason may not have been heart failure. As such, the population may not be
representative of a group with a clinical diagnosis of suspected HFPEF. LVMI criteria
according to the 2007 European guidelines were of little use, being highly specific but
poorly sensitive. However when the cut-off was changed to the upper limit of the normal
(> 116 and > 96 g/m? for males and females, respectively) instead of the lower limits of
severe this yielded a much greater sensitivity, but with little change in specificity. The
application of LVMI and LA volume as a combined marker to differentiate HFPEF from
those with asymptomatic LVH or normal controls has been justified previously but this
was a small study recruiting predominantly obese African-American women and cannot

be extrapolated to the wider population (133).

In a study of 122 patients with high burden of ischaemic and hypertensive heart disease
yet preserved ejection fraction (LVEF > 50%), Dokainish and colleagues demonstrated
that E/e’ had a strong correlation with LVEDP by invasive measures, and that E/e’> 12
had a 75% sensitivity and 78% specificity for LVEDP = 20mmHg (134). The secondary
most useful measurements identified were LAVI, E alone, and estimated pulmonary
artery pressure (PAP). When these measures were collated into (E + LAVI)/2 and (PAP
+ LAVI)/2 they were shown to have similar diagnostic accuracy to E/e’ for the estimation
of LVEDP. (E + LAVI)/2 also provided incremental accuracy to E/e’ when E/e’ was in the
grey zone (10, 127, 128, 130, 132). In addition, E alone <60cm/sec ruled out, and
>90cm/sec ruled in elevated LVEDP with high negative and positive predictive values

respectively.
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The European Society of Cardiology Guidelines for the diagnosis and treatment of acute
and chronic heart failure 2012 (31) combine the 2007 European and 2009 joint ASE and
EAE recommendations to guide the clinician’s decision making process about the
presence or absence of diastolic dysfunction (Figure 8). No specific diagnostic strategy
is endorsed. Instead, a table of common echocardiographic measures of LV diastolic
dysfunction is displayed along with the caveat that “no single echocardiographic
parameter is sufficiently accurate and reproducible to be used in isolation to make a
diagnosis of LV diastolic dysfunction”. They suggest a comprehensive
echocardiographic examination including the evaluation of both structural (LV
hypertrophy, LA dilation) and functional abnormalities, and conclude that the presence
of at least two abnormal measurements and/or AF increases the likelihood of the
diagnosis of diastolic dysfunction. These guidelines also define HFREF
echocardiographically as an LVEF <50% or LVEDV 297ml/m?. This cut-off value for
LVEF was agreed by a show of hands from the guideline committee rather than being
based upon any specific trials or evidence as highlighted by Dr Alan Fraser at the British
Cardiovascular Society annual conference 2014.
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Figure 8: Common echocardiographic measures of left ventricular diastolic
dysfunction in patients with heart failure according to the ESC heart failure
guidelines 2012.

Measurement Abnormality Clinical implication

e Decreased (<8cm/s Delayed LV relaxation
septal, <10cm/s lateral, or
<9cm/s average)

E/e’ ratio High (>15) High LV filling pressures
Low (<8) Normal LV filling pressures
Intermediate (8-15) Indeterminate LV filling pressures
(additional measures needed)
Mitral inflow E/A Restrictive (>2) Delayed LV relaxation
Impaired relaxation (<1) Normal LV filling pressures
Normal (1-2) Inconclusive
Mitral inflow E/A Change of the High LV filling pressures
during valsalva pseudonormal to the unmasked through valsalva

impaired relaxation pattern
(with a decrease in E/A
ratio 20.5)

A pulmonary-A >30ms High LV filling pressures
mitral duration

Adapted from the European Society of Cardiology Guidelines for the diagnosis and treatment of acute and
chronic heart failure 2012 (31).

A subsequent large European multi-centre epidemiological study of 734 healthy subjects
(mean age 45.8 + 13.3 years) published in 2014 was the first piece of work to provide a
comprehensive assessment of 2D transthoracic echo measurements to produce normal
references ranges (67). These data demonstrate that the mean normal LVEF by
Simpson’s Biplane assessment is 63.9%, (56.5% to 71.7% to include 2 standard

deviations).

This lower (2SD) cut-off of 56.5% for a normal LVEF closely mirrors the British Society
of Echocardiography (BSE) guidelines (68). These stipulate that an LVEF <55% equates
to mild LV impairment, and that a LVEF = 55% can be considered normal. These BSE
guidelines provide the references ranges for all echocardiographers in the UK and a

diagnosis of “mild LV impairment” will be documented when the echocardiographer feels
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the LVEF is below 55% by eyeballing or RWMS, when an accurate Simpson’s

measurement could not be obtained.

Most recently in 2013 the British Society of Echocardiography published a protocol for
the diagnosis and grading of diastolic dysfunction (Figure 9) (129). Similarly to the
ASE/EAE 2009 guidelines, this is purely echo based and as such does not include
biomarkers in the pathway.

Figure 9. Diagnosis and grading of diastolic dysfunction according to the British

Society of Echocardiography

I E/A, DT, s/d, €, LA volume I

! '
EA<1* E/A1-2 EIA 2"
DT=230 DT 130-230 DT <130
|
I I
I e'normal I I e’ reduced I
I Grade | I I Mormal I I Grade ll I I Grade Il I
e ¢ - reduced ¢ LA- normal** o [A-1 o ¢ —reduced
¢ LA —normal or ¢ o sfd=1 o sd<l ¢ [A-1
e 5id =1 e Be' <8 e Bl usually =13# e s/d <l
e Bl —usually < 8 e Ee->13

Flow chart

*E/A <1 without any additional evidence of diastolic dysfunction can be normal above 60 years of age.
**E/A >2 and/or increased LA size without structural heart disease can be seen in young subjects and athletes.

#**(Combined with one or more parameters from below. Confidence of categorisation increases with increasing
number of corroborative parameters.

# If E/e’ is between 9 and 12, additional measurements should be used (see text).

Reproduced from the British Society of Echocardiography (BSE) protocol for the diagnosis and grading of
diastolic dysfunction (129).

The BSE utilises the most commonly measured and understood markers of diastolic
function in the initial step of assessment (E/A ratio and DT). Thereafter, the next most
readily obtainable measurement (e’) contributes to separating apart normal from diastolic
dysfunction in controversial cases due to the U-shaped curve pattern of changes with
the E/A measurement. The diagnosis is then consolidated by supportive information
from other diastolic parameters. This protocol is very user friendly and incorporates

features of both haemodynamic changes in LV/LA diastolic pressures through the use of
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the E/A ratio, alongside structural changes to suggest LV stiffness or impaired relaxation
by way of the DT and e measures. In controversial cases once again a combined
approach of haemodynamic and structural measures are called upon to aid decision

making.

Limitations of the E/A measurement are highlighted, including age and athletic status.
Clinical scenarios that limit the application of this pathway are also given including left
ventricular hypertrophy (LVH), tachycardia, atrial fibrillation, systolic dysfunction, mitral
valve disease and constrictive pericarditis, and these should all be observed when using

any of the diastolic diagnostic pathways described thus far.

In summary, the current official strategies for diagnosing HFNEF and diastolic
dysfunction by echocardiographic parameters are as documented in the 2007 European,
2009 joint ASE and EAE, 2012 ESC, and 2013 BSE guidelines above. The 2007
European guidelines are the only ones that provide a specific pathway to diagnose heart
failure due to diastolic dysfunction as opposed to diastolic dysfunction alone and as such
in-corporate the use of biomarkers where the others do not. Small clinical studies have
tried to validate and improve upon these guidelines. They highlight the limitations of
incorporating E/A and Deceleration time (DT) measurements due to difficulty
discriminating between pseudonormalisation and normal LV filling patterns. E/e’ seems
to stand up to validation but the consensus as to the cut-off for accurate prediction of
elevated LVEDP > 20mmHg is not clear and probably lies between = 12 to = 15.
However E/e’ < 8 seems to be universally accepted as reflecting a normal LVEDP.
When the E/e’ is in the grey zone there is gathering evidence that the most helpful
measurements to diagnose diastolic dysfunction and HFPEF are elevated LAVI, €', Ard—
Ad, PAP, and LVMI. Out of all of these, elevated LAVI is probably the most consistently
helpful, and indeed the only marker of chronic diastolic LV function rather than being
affected by the volume status of the patient. However, the cut-off values for each of
these measurements varies between studies. Most likely a LAVI 2 34ml/m? or 2 40ml/m?,
Ard—-Ad > 30 ms, and LVMI at the upper limit of the normal range (> 116 and > 96 g/m?
for males and females, respectively) would be most discriminative as to whether diastolic

dysfunction exists.

The diagnosis of HFPEF remains challenging and resting echocardiographic
measurements have significant limitations. Currently no universal diagnostic pathway
has been agreed and convincingly validated. Ruling out HFPEF in individuals with
symptoms or signs of heart failure should also be subject to a formalised screening
strategy that includes normal ECG (including no atrial fibrillation), normal BNP and

normal echocardiogram that includes normal chamber volumes, myocardial mass and
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Doppler parameters according to current echocardiography accepted criteria. 3D echo
and speckle tracking imaging may provide superior methods of assessment but are still
sensitive to the patient’s volume status. Exercise derived values of diastology may prove
to be necessary and there is on-going research into the utility of novel biomarkers of

myocardial fibroinflammation which would reflect chronic myocardial remodelling (135).

This analysis will continue to use the 2007 European diagnostic framework as the
discriminator for the presence or absence of HFPEF with the exception of the cut-off
LVEF, below which a diagnosis of HFREF would be given. In this regard, and in keeping
with the new epidemiological evidence (67) and daily British echocardiographers
practice, | will use a LVEF <55% to represent HFREF and = 55% will be necessary to
pursue a diagnosis of HFPEF. The LV chamber volume cut-off criteria will remain the
same at 97ml/m?, as dictated by the 2007 European guidelines, and re-enforced by the
ESC 2012 guidelines.

This 2007 framework makes more physiological sense for a diagnosis of heart failure as
it requires criteria to suggest haemodynamic changes within the heart rather than just
structural changes. It is probably least likely to result in false positive diagnoses of
HFPEF due to the fact that it uses the higher values of E/e’, LAVI, and LVMI.

I have opted not to use the pulmonary artery systolic pressures (PAS) > 30mmHg
adopted by the ASE/EAE 2009 guidelines to support a diagnosis of HFPEF. PASP may
be elevated as a result of pulmonary disease or pulmonary artery hypertension rather
than left-sided cardiac dysfunction and so may result in a falsely positive diagnosis for
HFPEF. Neither will | incorporate the Y (IVRT/(TE-Te’)) or Valsalva manoeuvre into my
diagnostic pathway due to inexperience of use within the echo department. Also,

cardiopulmonary exercise testing is not available.

I will be able to compare the prevalence of the different diagnostic groups with previously
reported data and examine how this more robust diagnostic framework would affect the
distribution of the different groups. In those deemed to have HFREF by this pathway |
will establish if other markers of systolic dysfunction are also abnormal and whether
these other markers correlate with the degree of LV impairment or BNP level. In those
deemed to have HFPEF or HFNMSD by this diagnostic pathway | will establish what
echo and CMR abnormalities of systolic and diastolic function can be identified, and | will
look at the grade of diastolic dysfunction according to BSE or ASE/EAE pathways. The
numbers of patients in the HFNMSD diagnostic bracket may be large due to the tight
diagnostic constraints on the normal and definitely abnormal groups. This will be an

interesting group to differentiate in its own right.
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Chapter 3

Echocardiography versus Cardiac Magnetic Resonance

The role of Echocardiography in heart failure

The advent of echocardiography was a major step forward in the understanding of heart
failure and allowed an assessment of heart structure and function through the use of
ultrasound. It remains the main imaging modality for investigation of people with
suspected heart failure in today’s practice. It is widely available, non-invasive and can
identify chamber volumes, measures of ventricular systolic and diastolic performance,

and valve structure and function when image quality is good.

Unfortunately, the limits of echocardiography by way of sub-optimal image quality are
frequently apparent. As a cardiology registrar, with 4 years of echocardiography
experience, | am still filled with a sense of excitement when | am able to obtain a
complete scan with clear images and measurements that | can be confident about. All
too often patient related factors mean that it is difficult for the individual to lie in the correct
position for scanning or lie still for long enough to obtain good images. Chest wall
deformities and obesity or lung disease undoubtedly impair image quality and then
sometimes the clearest images completely disappear as the acoustic window vanishes
with inspiration or expiration. Even when you believe you have obtained clear images at
the time of scanning, trying to perform measurements on the work station is hampered
by the clearly defined LV wall disappearing as the cine loop is stopped. Poor endocardial
definition limits reliable chamber volumes and ejection fractions, and off axis images can
underestimate flow velocities. Echo is also unable to provide tissue characterisation and

as such cannot differentiate ischaemic from non-ischaemic cardiomyopathy.

In daily practice with limited scanning time, the most embraced use of this modality is to
identify serious valve disease and measure the left ventricle (LV) size and ejection

fraction (EF) as a measure of left ventricular systolic performance.

Some measurements of diastolic dysfunction and elevated end-diastolic filling pressures
are routinely performed in an echo study however in a number of cases the results are
not clear cut enough to establish a firm diagnosis of HFPEF. In these circumstances
more complex 2D echo measurements should be performed to help clarify the diagnosis.
These measures include blood flow Doppler of the pulmonary veins, LV mass index or

left atrial volume index, but they are often difficult to obtain.
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The evolving role of Cardiac Magnetic Resonance imaging in heart failure

Cardiac Magnetic Resonance (CMR) is a highly accurate, non-invasive method for more
detailed assessment of the heart. It is the gold standard for measuring left and right
ventricular volumes, myocardial mass and particularly validated in systolic dysfunction
(18). Some pericardial diseases and most congenital defects are also readily identifiable.
Additional information about myocardial infarction, inflammation and infiltration can be
achieved by incorporating the use of gadolinium contrast agent and assessing the
pattern of uptake into the myocardium (19). However, it is not without limitations and
patients who have difficulty holding their breath or lying flat, claustrophobia,
ferromagnetic contraindications, or very irregular heart rhythms are generally not suitable

for scanning.
Cardiac chamber size and systolic function

2D echo Simpson’s Biplane LVEF versus CMR LVEF

CMR is the gold standard method of measuring LV volume and LVEF. However, 2D
echo continues to be used for the routine assessment of systolic function in most centres
and it is important to remember that previous trial inclusion criteria have used 2D echo
LVEF measures and as such CMR measures may not be valid when practising the

evidence based medicine according to such trials.

The most widely accepted and validated method of demonstrating LV systolic function
with 2D echo is via LVEF by way of the Simpson’s Biplane methods of disks. This is
achieved by planimetry of the LV endocardial borders in end-diastole and end-systole in
both a 4 chamber and 2 chamber view to obtain LV end-diastolic and end-systolic
volumes from a series of disks created by the imaging software, and thereafter LVEF by
way of the equation LVEF= (LVEDV-LVESV)/LVEDV. This measurement is generally
done on a single cycle, and should be averaged in irregular rhythms. It can be done by
visually guided line drawing of the endocardial edge, or semi-automatic feature tracking
imaging (16, 136, 137).

LVEF by CMR uses multiple slices through the LV from a short stack, and images are
obtained from a composite of a number of cardiac cycles. One time frame deemed to
be smallest and largest volume for all slices and endocardial borders are traced at these
end-systolic and end-diastolic phases. The inclusion or exclusion of papillary muscles
tends to be operator and centre depended and trabeculations are generally excluded
from the analysis. It is sometimes difficult to fully differentiate the most basal slice of the
LV from the LA but the slice is generally considered to be within LV if blood volume is
surrounded by >50% ventricular myocardium. Cross-referencing packages also help in

this regard.
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It is not uncommon for LVEF by 2D echo versus CMR to differ in clinical practice. In my
experience it is not uncommon that an echo report of moderate or severe LV impairment
converts to normal or only mildly impaired LV function following CMR. The reverse can

also be true though.

Whether the differences between 2D echo and CMR LVEF are due to true differences in
function over time (e.g. medical therapy improving LVEF prior to the CMR being
performed) is not clear. However, a small audit within the cardiology department at
Darlington Memorial Hospital would suggest the difference is due to more than true
temporal discrepancies. The audit compared the consistency of LVEF measurements
using 2D echo (via an automated method, traditional Simpson’s Biplane method and
physiologist “eyeballing” LVEF) with CMR LVEF in 15 patients (5 with LV impairment)
who had both scans performed on the same day (138). Image quality with echo was
satisfactory in only 56% of cases compared with 100% of CMR studies and the audit
demonstrated that all echo methods gave statistically different results to the CMR, whilst
being fairly well correlated with other echo techniques. CMR tended to give higher LVEF
results than the echo measures. This very small local audit demonstrates significant
differences on same day scanning, discounting the theory about differences due to real
temporal changes in LVEF. Thus, other causes to be considered include either frequent
inaccuracies in one method making it unreliable, or intrinsic differences in the methods
of measurement leading to different normal and abnormal reference ranges with the two
modalities. Whilst some published literature suggests similarly that 2D echo LVEF tends
to universally underestimate CMR LVEF (16, 37, 139), others show statistically similar
mean LVEF between the two methods but with wide variation in the level of agreement,
making the techniques clinically non-interchangeable (15). Overall the literature on this
topic is surprisingly scarce and patient numbers small. Whilst 3D echo has more robust
comparison data of LV volumes and LVEF with CMR it is rarely used in routine clinical
practice (37, 140).

A normal CMR LVEF is judged to be above 56-60%, whereas a 2D echo LVEF by the
Simpson’s Biplane method is 54-55%, (sex and age dependent) (67) (141, 142) and so
would suggest that CMR would tend to give, albeit small, a higher LVEF than 2D echo in
the same patient on the same day. If the same cut-off to define normal LVEF is being
used for both imaging modalities then there will invariably be discrepancies in the

diagnoses for a number of patients.

Echo volumes tend to be universally smaller than volumes calculated by CMR, which
may reflect the different recognition of the trabeculated endocardial borders with the two

methods (139). The different methods of identifying end diastole between echo and
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CMR may also have a role to play and this may be particularly relevant in those with
dyssynchronous left ventricles. The averaging of a number cycles for CMR
measurements versus a measurement from a single cycle with echo could also result in
differences between the two measurements, particularly in irregular rhythms such as

atrial fibrillation.

In day to day practice the 2D echo Simpson’s Biplane method of disks method is
frequently hampered by poor endocardial definition and off axis imaging preventing its
application in a large number of cases (15). Regional wall motion scoring index may be
more applicable (137) but the reality is that most commonly a method of visual estimation
of LV systolic function is employed despite highly subjective, and often inaccurate results
(16, 34).

The recent audit of echo practice of 39 trained physiologists and cardiologists in the north
east of England demonstrated that a qualitative assessment of LV function was used
frequently in 38 responders. It highlighted substantial variation in individuals’ and
centres’ interpretation of LV function when applying a qualitative assessment, visual

ejection fraction, or wall motion scoring (17).

Other methods of assessing systolic function

Other methods of quantifying LV systolic function by 2D echo include M-Mode %
fractional shortening, regional wall motion scoring, subaortic velocity time integral
measurements and myocardial performance indices, LV dp/dt (change in
pressure/change in time of mitral regurgitation signal), M-mode mitral annular systolic
excursion (MAPSE), tissue Doppler measures of mitral annular motion (S’ waves), and

strain imaging, most commonly global longitudinal strain.

Global longitudinal strain measures the deformation of myocardium between two points
in multiple areas of the LV. Positive strain represents relaxation or lengthening of a fibre
and negative values represent active contraction. A mean normal value of -19.7 was
comprehensively established from a meta-analysis of 2,597 subjects from 24 studies
recently (117) and there is strong evidence of the prognostic value of GLS, which
appears to have superior prognostic value to EF for predicting major adverse cardiac
events, and correlates better than LVEF with peak VO2 in both a HFREF and HFPEF
populations (143-145). It may be a helpful measure to identify heart failure in someone

presenting with dyspnoea but preserved LVEF (146).

Diastolic function
Echocardiography is superior to CMR for diastolic measurements of blood flow and

tissue movement due to real time Doppler imaging with excellent time and spatial
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resolution when focused on a specific point. The numbers of diastolic measures that can
be obtained using echo are vast. Most have been described within the HFPEF diagnostic
framework chapter above and include E/A ratio, E/e’ ratio, deceleration time (DCT),
isolvolumic relaxation time (IVRT), left atrial size, pulmonary vein Dopplers and Ard—Ad,

LV mass and colour flow propagation velocity.

All of these have standardised protocols for acquisition and analysis, as well as widely
accepted caveats to their use. These are freely available in text books and national and

international guidelines and so have not been covered in detail.

The ability of CMR to perform measures of diastolic function by way of mitral flow
velocities, mitral annular motion and pulmonary vein flow have been demonstrated in
small studies (20-23) but echo remains the superior imaging modality for these (when
the image quality is acceptable) and so these CMR measures tend not to be used in daily

practice.

CMR might add to the echo assessment of diastolic function by way of more accurate
measurements of atria and ventricular sizes and mass, right heart function, myocardial
grid tagging, and tissue characterisation with gadolinium contrast enhancement, but
these have not yet been adequately investigated or validated in diagnostic framewaork for
HFPEF.

Only one study has compared evidence of fibrosis on CMR with echo derived E/e’
Doppler markers of diastolic dysfunction (147) and described a correlation between the
degree of fibrosis seen with late enhancement and degree of diastolic dysfunction.
However the study comprised only 91 subjects and the population was not clearly
defined, and contained patients with congenital heart disease. Similar studies using a
general heart failure population and the distinct groups of HFREF and HFPEF patients

are needed.

Late gadolinium enhancement (LGE) - A CMR specific tool

CMR has the added benefit over echo that it can incorporate the use of a gadolinium
contrast agent, which is taken up into scarred areas of the myocardium, to provide
information about the cellular matrix of the myocardium. The pattern of uptake reflects
the underlying cause of myocardial scarring, and clearly differentiates between
ischaemic and non ischaemic pathology in most cases. This is discussed further in the
next chapter with regards to the use of CMR as a gatekeeper to angiography in a heart

failure population.
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The diagnostic utility of LGE in those with LV systolic dysfunction has been convincingly
demonstrated (19). The transmural extent of LGE also predicts viability on
revascularisation in ischaemic LV systolic dysfunction (148, 149). The presence and
extent of delayed contrast enhancement has also been found to be a prognostic indicator
in ischaemic and non ischaemic LV systolic dysfunction as well as those with preserved
ejection fraction (150-153). It also helps to predict mortality following cardiac
resynchronisation therapy (154). Although the prevalence, diagnhostic and prognostic
utility of LGE in pre-defined groups above has been demonstrated, the prevalence and
extent of delayed enhancement in a generic newly diagnosed heart failure population

has not apparently been published and would be of interest.

For the future, there will also be the introduction of T1 mapping in CMR which provides
a quantitative assessment of the cellular matrix of the myocardium using the relaxation
properties of hydrogen protons. Although very promising, currently this software tends

to be restricted to research applications.

Routine use

Currently the use of CMR is generally restricted to specialist centres and performed on
a case-by-case basis with a specific question in mind. The clinical impact of routine CMR
has been studied in well-defined subgroup analyses but there is a complete lack of CMR
demographics for a generic group of heart failure patients, which incorporates HFPEF

and heart failure without major structural heart disease.

Focused studies suggest that routine CMR should have a significant impact on clinical
management. For instance a study in 100 patients with acute myocardial infarction and
ejection fraction <40% demonstrated that routine CMR influenced management in 24%
of cases (24). Another study showed how CMR provides additional clinically relevant
information compared with transthoracic echo in over 50% of patients by way of a

retrospective review of 54 patients with left bundle branch block (LBBB) (25).

In 2000, the National Heart and Lung Institute Unit in London performed a same day
CMR on 64 people attending a heart function clinic and concluded that CMR can provide
a rapid, reproducible and patient acceptable assessment of cardiac function in heart
failure (30). However, this study is now out-dated and used CMR to look at only cardiac
volume, mass and function without the use of contrast agents. It was performed in only
a small group of patients in a tertiary centre setting and groups were not defined

according to presence or absence of systolic dysfunction.

A Canadian study is currently recruiting patients to examine the impact of routine CMR

on the aetiological diagnosis in patients with a non-ischaemic heart failure (155). This
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will compare the frequency of definitive diagnosis in a cohort receiving routine CMR
versus a standard workup that is generally without CMR imaging. However all those
patients that are deemed likely to have ischaemic cardiomyopathy due to history of
coronary artery disease will be excluded and as such does not examine the impact of

routine CMR in this group or indeed all comers to the heart failure services.

Incorporating routine CMR into the initial screening of patients with heart failure could
provide clinically important information that could not be obtained with echocardiography.
Indeed requests for the validation and cost analysis of routine CMR in this setting are
being expressed (156). Epidemiological information provided by CMR may support or
refute the current presumed spectrum of pathology in the heart failure population. From
a population and individual perspective, CMR could alter diagnosis and reclassify the
presence or absence of systolic dysfunction, and better differentiate the cause of

cardiomyopathy compared with echo.
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Chapter 4

Ischaemic Heart Disease in Heart Failure

The national heart failure audit in England and Wales 2013 demonstrated that almost
half of all heart failure admissions had a history of ischaemic heart disease. When
subdividing according to the presence of LV systolic dysfunction, 51% those with LV
systolic dysfunction had history of ischaemic heart disease, as opposed to 40% of those
without LV systolic dysfunction (2). The ESC guidelines for acute and chronic heart
failure suggest that two thirds of cases of LV systolic dysfunction are caused by
ischaemic heart disease (31). The rationale for this is well established in that infarcted
myocardium becomes thinned and non-contractile, and that ischaemic but non infarcted
myocardium may hibernate and become hypokinetic.

The rational for ischaemia as a cause of diastolic dysfunction is less well established,
but some models do exist to provide a plausible pathophysiological model whereby
ischaemia causes diastolic as well as subtle systolic function that may result in HFPEF
(157, 158). Ischaemia results in impaired calcium ion sequestration into the
sarcoplasmic reticulum during the energy dependent phase of myocyte relaxation.
Localised infarcts causing fibrosis interspersed with relative areas of hypertrophy will
also affect the passive relaxation properties. However, because CAD and HFPEF have
similar risk factors it is entirely possible that CAD merely coexists with HFPEF with
greater frequency than a non HFPEF population. Prevalence data comes from inferred
CAD in HFPEF populations by way of clinical history and ECG findings and suggests
varied prevalence rates of 20 to 75%, and generally around 40% (77, 159-161).
However, the only known study that undertook stress testing found no evidence of
significant ischaemia in the 20 patients enrolled (162). There have been no studies
looking at infarct prevalence by CMR in this group. Some prognostic data is available
from the Coronary Artery Surgery Study (CASS) registry for the HFPEF population, and
shows that the 6-year survival rate for patients who had three vessel disease was 68%
compared with 83% in those with one or two vessel disease and 92% for those without
CAD (163). A recent retrospective observational study of the prognostic impact of CAD
and revascularisation in a HFPEF cohort showed a high prevalence of CAD, approaching
70% (164). However this was a pre-selected sample of individuals that all underwent X-
ray angiogram for clinical reasons and thus will have been subject to referral bias. More
interesting was that, despite similar rates of angina and heart failure symptoms, and
matched baseline echocardiographic LV function, those with CAD went on to have a
greater deterioration in LVEF as well as increased mortality compared to those without

CAD. Thereafter, complete revascularisation was associated with a lesser reduction in

58



LVEF and lower mortality than patients who were not completely revascularised.
Whether this survival gain and maintenance of LVEF relates specifically to a HFPEF
population as opposed to screening general population with similar characteristics but

without heart failure cannot be elucidated.
Cardiac Magnetic Resonance to detect significant coronary artery disease

A gatekeeper to angiography
This topic needs to be divided into those patients with angina and those without.

In patients with angina or suspected coronary heart disease, Greenwood et al
established that stress perfusion CMR has a high diagnostic accuracy, and has
superiority over single-photon emission computed tomography (SPECT) (165). Klem et
al also demonstrated the high sensitivity and specificity of stress perfusion CMR in
combination with late gadolinium enhancement in this group. However, the sensitivity

was low if using late gadolinium enhancement alone (166).

When patients have systolic heart failure but no symptoms of angina studies have
suggested that late gadolinium enhancement alone is a sensitive and specific marker of
significant coronary artery disease (19, 26-28). However a recent investigation in
HFREF patients with ischaemic heart disease but without angina questioned this by
demonstrating that two thirds of abnormal regional wall motion was not associated with
scar. Unfortunately this study did not confirm that this was due to ischaemia (167). The
most recent and largest trial of CMR as a gatekeeper for angiography in heart failure
patients with reduced ejection fraction and without a history of ischaemic heart disease
or angina used late gadolinium enhancement alongside magnetic resonance imaging of
the coronary arteries (MRCA) and reported a diagnostic accuracy of 96% compared with
invasive angiography (29). However, no mention was made about the extent that MRCA
added to the accuracy of late gadolinium enhancement alone. This is important because
in general CMR in a clinical setting of newly diagnosed heart failure patients would rarely
employ routine MRCA. Also the patient selection excluded those with atrial fibrillation

and so does not represent a generic district general heart failure population.

No studies have looked at the relationship between the presence and extent of late
gadolinium enhancement of the myocardium with angiographic evidence of coronary

disease in a HFPEF population.

Defining prognostic coronary disease in general
The ESC guidelines on the management of stable coronary artery disease from 2013

provide a summary of the indications for revascularisation of patients with stable
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coronary artery disease in a variety of clinical scenarios (168). They highlight the
complexity and nuances of the trial data within this area. “Prognostic coronary disease”
is an expression used not infrequently within the cardiology community but the specifics
of this term are not clear cut, as demonstrated by the fact that the foremost
recommendation by the ESC is that “A Heart Team approach to revascularisation is
recommended in patients with unprotected left main, 2-3 vessel disease, diabetes or

comorbidities.”

Developments in medical, interventional and surgical techniques over the last 10-20
years mean that most of the trials in this field are reduced to historic value. Many of the
trials that compared revascularisation with optimal medical therapy occurred at a time
when optimal medical therapy did not include beta-blockers, ace inhibitors, statins, or
other drugs with proven survival benefit that are used in standard practice today. Many
of these trials were also analysed using an intention to treat model with high cross over
rates from the medical to revascularisation arm and interpretation of the results could be
debated. Also, these previous angiogram-only criteria to justify revascularisation have
been superseded by the need to prove functional significance of a coronary artery
stenosis either by way of severe angina symptoms, or documented ischaemia on non-

invasive or invasive fractional flow reserve (FFR) testing.

The ESC provides a number of recommendations for revascularisation of stable coronary
artery disease patients on optimal medical therapy to improve prognosis (Figure 10)
(168). The definition of prognostic LMS disease as >50% stenosis mirrors the ESC
guidelines on myocardial revascularisation from 2010 (169), yet the accompanying 2013
guideline text refers to LMS CAD as “stenosis 50% or greater”. The ACCF/AHA
guidelines for the diagnosis and management of patients with stable ischaemic heart
disease from 2012, which refer to the same evidence, specify a definition of prognostic
LMS as = 50% (170). Whilst the difference appears subtle, in practice the distinction
between these definitions could be significant. Many coronary stenosis classifications
use set boundaries and exactly 50% stenosis would be one of these boundaries, with
70% or 75% stenosis being the next grading level. Inclusion versus exclusion of the 50%

stenosis in this scenario would result in two very different cohorts.
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Figure 10. Current ESC recommendations for revascularisation of stable coronary

artery disease.

Indication Class & level
of evidence

LMS > 50% stenosis (with ischaemia or FFR <0.8 if stenosis 50-90%) I, A

Any proximal LAD >50% stenosis (with ischaemia or FFR < 0.8 if I, A

stenosis 50-90%)

2-3 vessel disease with impaired LV function (if asymptomatic the I, B

decision should be decided by the extent of ischaemia on stress testing)

Single vessel >50% diameter stenosis (with ischaemia or FFR < 0.8 if I, C
stenosis 50-90%)
Proven large area of ischaemia (>10% of LV) as assessed by non- I, B

invasive imaging (SPECT, MRI, Stress echo)

Dyspnoea/cardiac failure with > 10% ischaemia/viability supplied by a lib, B

stenosis >50%

Adapted from the 2013 ESC guidelines on the management of stable coronary artery disease (168). LMS,
Left main stem; LAD, Left anterior descending coronary artery; FFR, Fractional flow reserve; LV, Left

ventricle.

This confusion is manifest in the wider trial data. Some recent LMS intervention trials
have used a definition of >50% for inclusion (171, 172), and some editorials and clinical
decision sources specify that >50% is required for a definition of LMS disease (173, 174).
Yet other pivotal, both historical and recent, intervention trials use entry criteria of 250%
stenosis. These include the Veterans Administration Cooperative, Coronary Artery
Surgery Study (CASS), and SYNTAX group (175-181). Although interestingly, the
subgroup analysis from the Veterans Administration Cooperative data would suggest a
significant survival gain with CABG for LMS >75% stenosis but only a non-significant
trend towards survival benefit in the 50-75% stenosis groups (bearing in mind the
limitations of a small cohort compared at less than two years follow-up to eliminate cross-

over confounding) (182).

It is difficult to know if the ESC guidelines have mis-defined LMS disease in error, or as
a deliberate reflection of nuances in opinion or trial data. Certainly the addition of the
FFR study data would not justify the guidelines’ stance (183) and there is sufficient
evidence to suggest that the lower cut-off definition of = 50% should be applied. The
data should be re-evaluated in light of the studies that assess the functional significance

of the LMS disease by FFR and suggest that revascularisation can be safely deferred if
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the FFR is >0.8. Yet when functional information is not available, LMS disease = 50%

remains a Class 1 indication for revascularisation.

A definition for 2-3 vessel disease is not provided in the ESC guidelines and this may be
because the specifics of these terms are assumed. More likely, they were not fully
disclosed in some of the earliest trials and also that the definition varied from one study
to another with some using a definition of 70% stenosis (176, 179) and others using a
definition of 75% (184, 185). Certainly angiographer opinion as to what constitutes two
or three vessel disease remains inconsistent (186). When functional information is not
available, the ACCF/AHA guidelines affirm that CABG to improve survival is beneficial in
patients with significant (=70%) stenosis in 3 major coronary arteries (with or without
involvement of the proximal LAD) or in the proximal LAD artery and one other major
coronary artery with class I, level B evidence (170). CABG to improve survival is also
deemed reasonable for 270% stenoses in two major coronary arteries (without proximal
LAD involvement) in the presence of significant ischaemia or viable myocardium in that
territory (level lla class B evidence). What constitutes a major or main epicardial artery
is also debatable although the consensus is probably the main LAD or large secondary
branch (generally the 1% diagonal), the main LCx or large secondary branch (generally
the first obtuse marginal) or the main right coronary artery alone (175, 187).

In practice, those people with convincing angina despite optimal medical therapy may be
revascularised according to the visual assessment of a stenosis at angiogram, without
functional testing. If the reason for revascularisation is heart failure without angina then
functional testing would generally be obtained to identify ischaemia or viability. However,
many clinicians would prefer an angiogram assessment prior to functional tests in this
group. If there is only minor disease at angiography functional testing would not be
pursued. Alternatively, knowing about severe stenoses on angiogram will allow
functional testing to be performed with a higher degree of caution, acknowledging an
individual at higher risk of complications. The angiogram features thought to be of
prognostic value for revascularisation in heart failure are debatable and out-dated but
the appraisal below reflects on previous trials in this area to create a clinically workable

definition.

Prognostic coronary disease in a heart failure (HFREF) population

The guidance for prognostic revascularisation discussed above also applies to a heart
failure population. However, LV dysfunction, with reduced ejection fraction, portends a
worse prognosis in ischaemic cardiomyopathy (176) and represents a group whereby
revascularisation can offer greater survival gains for similar, or even lesser, degrees of

coronary disease than matched cohorts with preserved LV function.
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Whilst overall, the Veterans Administration Cooperative Study confirmed a significant
improvement in survival with CABG for LMS 250%, subgroup analysis would later show

that this was limited to those with abnormal LV function (182).

The original CASS randomised trial of CABG versus medical therapy showed a
distinction between normal and impaired LV function with a survival benefit of CABG for
three-vessel disease (stenosis = 70%) only when LV dysfunction was present (LVEF
35% to 49%) (188). Subsequent observational studies from the CASS registry have
confirmed this (189), but also shown survival benefit in only those individuals with LV
impairment for left main stem equivalent disease (combined stenoses of 270% in the

proximal LAD and proximal LCx coronary artery) (190).

The contemporary STITCH trial investigated survival differences between CABG and
optimal medical therapy in those with LVEF <35% and less severe forms of coronary
disease (191). Inclusion coronary disease was that deemed to be “amenable to
revascularisation by their treating clinicians”. The exception was those with LMS disease
= 50% for whom it was deemed unethical to receive medical treatment alone. Over a
third of the population had no symptoms of angina. Most patients had two vessel (31%)
or three vessel (60%) coronary disease, and 68% had severe proximal LAD stenosis.
The trial results both refute and support the added benefit of CABG depending upon
whether one takes an “intention to treat” versus an “as treated” approach to analysis, but
some argue a prognostic benefit of CABG in “STICH like” patients with two vessel

disease, including an LAD stenosis.

In an attempt to promote a standardised definition of ischaemic cardiomyopathy for use
in clinical research one group looked at survival rates of those with LVEF <40% to create
a prognostically powerful clinical definition according to the degree of coronary artery
disease (184). More extensive disease was associated with shorter survival, and all
traditional definitions of ischaemic cardiomyopathy had reduced survival rates compared
with a non-ischaemic cardiomyopathy except in those patients with single vessel disease
(non LMS/proximal LAD) disease 275% stenosis. Those with 275% stenosis of two
epicardial vessels (regardless of LMS or proximal LAD involvement) had survival rates
similar to three vessel disease, and certainly reduced compared with zero or one vessel
disease. In addition, those with 275% isolated proximal LAD disease had significantly
reduced survival rates compared with non-ischaemic cardiomyopathy. The authors
concluded that these additional groups should be incorporated into the definition of
ischaemic cardiomyopathy on prognostic grounds. Interestingly the definition for LMS

disease was set at = 75% stenosis and those with 50-74% stenosis were not studied.
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Significant coronary artery disease as defined by LGE trials in heart failure

A number of studies have observed the predictive value of late enhancement with
gadolinium on CMR to detect significant coronary artery disease in the setting of systolic
heart failure. In all studies the presence of any subendocardial LGE was used as the
marker of significant coronary disease however “significant coronary disease” was
defined differently for all. The earliest study used >50% stenosis in 21 coronary artery
in the context of a previously documented myocardial infarction to differentiate ischaemic
cardiomyopathy from dilated cardiomyopathy (19). Later, Soriano et al defined
ischaemic LVSD by the requirement of 270% stenosis of a major epicardial vessel (26).
Another group described ischaemic heart failure as LVEF <40% associated with 275%
stenosis of one or more major proximal epicardial vessels or “LMS disease” which was
not defined (27).

One unifying feature of all these definitions is that one stenotic epicardial artery is
sufficient to justify a diagnosis of ischaemic cardiomyopathy. Whilst this is entirely
plausible at a physiological level, the data above suggest that the prognostic impact of
single vessel disease is minimal, even in heart failure. The exceptions are proximal LAD
disease or when significant ischaemia can be proven. As such, the implications for LGE
to alter management of these patients would be simply by way of the addition of an
antiplatelet or lipid lowering therapy for IHD, rather than consideration of

revascularisation for prognostic purposes.

Most recently, Assomull and colleagues explored the predictive value of the combined
presence of LGE with proximal magnetic resonance coronary angiography to detect the
basis of cardiac dysfunction in new presentations of heart failure (29). Significant
coronary disease at X-ray angiogram was defined as LMS >50% stenosis or >75%
stenosis in either the proximal LAD or = 2 epicardial vessels. The gold standard
consensus panel definition of ischaemic heart failure without infarction on CMR was
slightly different “severe proximal 3 vessel or left main stem disease”. What constituted
severe was not defined and the rational for the difference in definitions isn’t fully
explained. Single vessel disease not in the proximal LAD was not considered to be a
cause of LVSD. This definition is much more in keeping with a prognostic pattern of

coronary disease, and so of superior clinical value in a heart failure population.
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A workable definition of significant coronary artery disease

Revascularisation in heart failure could be justified for prognostic reasons for all the ESC
indications for stable CAD as described above but on the basis of ACCF/AHA and the
other evidence reviewed the following list is a more accurate reflection of prognostic
disease in a heart failure population based upon the visual interpretation of angiographic

findings alone:
e LMS disease (= 50% alone) (170)
e LMS equivalent disease (proximal LAD = 70% and proximal LCx = 70%) (190)
e Three vessel disease (= 70% stenosis in each main epicardial vessel) (178, 180)
¢ Two vessel disease excluding LAD stenosis if 275% stenosis (184)
e Single vessel disease only if proximal LAD =275% stenosis (184)

¢ Two vessel disease (270% stenosis, and without proximal LAD involvement) in

the presence of significant ischaemia or viable myocardium in that territory (170)

A simplification of these indications to incorporate all of the above scenarios yet allow

practical application within a trial setting is described below:
e LMS = 50% stenosis
e Proximal LAD = 75% stenosis

e Two or three vessel disease with = 70% stenosis of a main epicardial vessel
(defined as main LAD or large secondary branch, main LCx or large secondary

branch or main right coronary artery excluding branches)

This definit