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Abstract

Heart failure (HF) is an increasing and leading cause of cardiovascular morbidity, hospitalisation
and death. Echocardiography is often used in HF patients because it provides important
aetiological, diagnostic and prognostic information to assist physician management at moderate
cost. This thesis has explored contemporary echocardiographic techniques for assessment of both
diastolic and systolic function to ascertain their effectiveness and optimal utility. Assessment of
systolic function in HF patients is optimised by the use of harmonic imaging and not enhanced with
the use of transpulmonary contrast agents, whilst diastolic filling is optimised by the use of preload
manipulation. When optimised in this way, echocardiography can be used to stratify HF patients in
terms of risk of death and/or hospitalisation after discharge from hospital. This was confirmed in a
meta-analysis of more than 6000 patients (1000 deaths) with HF or after acute myocardial
infarction (AMI), where the presence of restrictive filling pattern (the most severe form of diastolic
dysfunction) was associated with a four-fold increase in mortality in both patient groups. In addition,
restrictive filling pattern also predicted development of HF post AMI and hospitalisation in patients
with HF. This meta-analysis also evaluated the intermediate stages of diastolic dysfunction and
found a stepped relationship between each grade and prognosis. The last part of this thesis
explored the role of contemporary echocardiography for management of symptomatic patients in
the community and found that the diagnosis of HF in the community may be optimised by using
brain natriuretic peptide (BNP) as a first test to “rule-out” heart failure and then echocardiography,
which was superior to BNP in patients with intermediate BNP levels to diagnose HF. Furthermore,
the systolic echocardiographic parameters were important for diagnosis, whilst the diastolic
parameters predicted future hospitalisation. In summary, contemporary echocardiography in HF
patients should include comprehensive assessment of systolic function (using tissue harmonics
imaging) and diastolic filling (utilising preload manipulation). This approach will optimise both

diagnosis and prognosis and in turn may aid physician management.
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Chapter 1 - The Role of Echocardiography in the Contemporary
Management of Chronic Heart Failure



Introduction

Heart failure (HF) is a leading cause of cardiovascular morbidity and mortality and contributes
significantly to the worldwide burden of cardiovascular disease[1]. Heart failure is predominantly a
disease of the elderly[2] and arises in the setting of several risk factors and/or cardiovascular
conditions, including coronary heart disease, valvular heart disease, hypertension, diabetes,
myocarditis and cardiomyopathies. Patients with left ventricular (LV) dysfunction and HF have very
poor prognosis[2,3] and those who do survive have multiple hospitalisations with very high costs
associated with management.[4] Both HF incidence and the rate of heart failure related hospital
admissions continue to rise. In the USA, between 1990 and 2000, the percentage of all
hospitalisations increased from 2.6% to 3.4% per annum for a primary diagnosis of HF and 7.8% to
11.4% per annum for a secondary diagnosis of HF.[5] For many years, HF has been regarded by

clinicians as left ventricular pump failure - Eugene Braunwald[6] once described HF as:

“The clinical manifestations of heart failure arise as a consequence of inadequate cardiac output

and/or damming up of blood behind one or both ventricles”
Eugene Braunwald [6]

Increasingly HF is recognised as a complex clinical syndrome characterised by abnormalities of
cardiac structure and function with associated neurohormonal activation. Four decades ago, the
most common causes of HF were hypertension and primary valve disease. Since then, the
incidence of HF has dramatically increased due to the increasing role of coronary artery disease.
Management of patients with coronary artery disease has improved patient survival but
paradoxically may be contributing to the increase in patients eventually developing HF. In addition,
hypertension and diabetes already contribute significantly to the major burden of HF and
echocardiography may have a larger role to play in the future as the world faces an epidemic of
type 2 diabetes. As a result, HF is an increasingly common condition and echocardiography has a
pivotal role to play with regard to understanding aetiology, indications for treatment, evaluating

prognosis and to guide management.

Echocardiography was introduced into clinical practice in the 1970’s and rapidly grew in popularity

once its outstanding ability to diagnose valve disease and to assess LV function was established.



Utilisation of echocardiography has continued to grow and ultrasound has advanced, particularly
with the introduction of harmonics, tissue Doppler and digital imaging, allowing rapid assessment of
cardiac structure and function. Echocardiography is the most widely used advanced imaging
technique in cardiovascular medicine because it allows rapid, noninvasive assessment of cardiac

function and structure in a wide variety of hospital and community settings at moderate cost.

As our knowledge of the underlying causes and pathology of HF has extended beyond the
assessment of pump function, so too have echocardiographic methods. Using the theory of
pressure changes and gradients within the heart, it is possible to use Doppler ultrasound to assess
both left atrial (LA) and LV pressures and their changes relative to one another in order to
determine the effectiveness of diastolic filling of the LV. Diastolic filling, as assessed by Doppler
echocardiography, is a useful surrogate for diastolic function of the LV and is used to identify,

diagnose and quantify diastolic filling abnormalities.

Diastolic function may contribute significantly to the forward output of the ventricle. Frank Starling
first described the importance of myocardial stretch upon subsequent contraction of the muscle.
Whether HF is primarily due to systolic or diastolic LV dysfunction, the clinical syndrome and
symptoms may be similar and difficult to differentiate in individual patients. Whilst it is rare for
systolic dysfunction to exist in solitude (diastolic filling abnormalities are almost always present
when contractile function is reduced) it is possible for diastolic dysfunction to exist in isolation.
From an echocardiographic perspective, the differences are clearly apparent. In the setting of
systolic impairment, the LV is likely to be dilated, spherical in shape and show impaired myocardial
thickening, i.e. fibre shortening and depressed pump function (Figure 1A). In patients with primarily
diastolic abnormalities, the LV may be small, with hypertrophied walls and the LA is usually dilated
(Figure 1B). The ejection fraction (EF) may appear normal but the stroke volume that is generated
from a small ventricular chamber is inadequate and thus forward output of the LV is significantly

reduced (Figure 1B).



Figure 1 - Apical four chamber view in diastole and systole in systolic and diastolic heart
failure
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The role of echocardiography in heart failure diagnosis

Although the diagnosis of HF is based upon clinical findings, echocardiography is widely used and
indeed advocated in patients with HF to determine aetiology, to document the degree of ventricular
dysfunction and determine reversible or treatable causes of HF.[7.8] Recently published guidelines
for HF diagnosis from both the American College of Cardiology/American Heart Association[8] and
the European Society of Cardiology[9] include an objective measure of ventricular dysfunction.
Thus, clinicians are increasingly relying upon echocardiography to confirm a clinical suspicion of
HF and as a result, there is a call for open access echocardiography to be available to primary care
physicians to aid their diagnosis of HF without consultation with a cardiologist.[10] However there
remains debate regarding the level of expertise required by primary care physicians to both
perform and interpret echocardiography. Whether echocardiography is requested by a primary care
physician or a cardiologist, the goal remains similar - to establish the underlying anatomy and

pathology and to assess both systolic and diastolic function.

Anatomy

In the case of HF patients, echocardiography is a very sensitive and specific way to identify
correctable pathology, such as valve disease, coronary artery disease or pericardial constriction.
Once the underlying pathology is established, echocardiography is useful for determining the
severity of the cardiac disease, such as degree of dilatation, hypertrophy and haemodynamic
compromise. This will often include emphasis upon the LV, in particular on size and function, but
should not exclusively focus on the LV. Other contributing factors such as right ventricular

involvement, pulmonary hypertension and the degree of valvular disease should not be overlooked.

Ventricular size and hypertrophy

Left ventricular dilatation can be assessed by M-mode or two-dimensional (2D) echo methods. The
easiest and most commonly used method measures the chamber diameter from the parasternal M-
mode or 2D view.[11] Dilatation, if present, will almost certainly be detected by this method but may
in fact be significantly underestimated in patients with HF due to the spherical shape of the LV or
indeed overestimated if the M-mode beam is not orthogonal to the LV long axis. In addition, many
of the M-mode and simple 2D methods use algorithms to calculate LV volumes that make

significant (and sometimes incorrect) assumptions about the LV geometry. Left ventricular size is



more accurately determined using a 2D biplane volumetric approach (typically the modified
Simpson’s or summation of discs method) from the apical four and two chamber views.[11] It is
important that both M-mode linear dimensions and LV end-systolic and end-diastolic volumes be

indexed to body size.

Let ventricular hypertrophy (LVH) is commonly seen in patients with HF resulting from
hypertension[1] and can be assessed by simple linear measurements of the LV walls. LV mass can
be calculated from the M-mode measurements[12] but is subject to the same limitations as
mentioned for dimensions above. In the presence of LVH, LV wall thickness is usually increased,
although in the setting of ventricular dilatation wall thickness might be within normal limits but
calculated ventricular mass will usually be increased. Where HF is due to either hypertension or
diabetes, wall thickness is commonly increased. In many cases, there will be clear dilatation of the
LV chamber whilst in others, the chamber itself may not be dilated, or may even be smaller than
anticipated. Where coronary heart disease is the cause of HF there may or may not be regional
wall motion abnormalities, including the presence of infarction (wall thinning), dyskinesis and/or

aneurysm.

The left atrium

The left atrial response to LV dysfunction is complex and differs depending upon the stage of
ventricular involvement. Initially, LA contraction compensates for the compromised early filling, but
as LV relaxation slows and end-diastolic pressure increases, this is diminished. LA pressure rises
in response to increased LV end-diastolic pressure and at the same time increased LV stiffness
shortens the passive filling time (corresponding to short deceleration time of the mitral inflow) and

patients develop restrictive filling and LA dysfunction.[13]

LA diameter is often measured by M-mode echocardiography. However, M-mode may be
inaccurate and significantly underestimate LA size.[14] Significant errors may occur due to beam
angulation or where LA dilatation occurs along its long and axis. LA volume (or area) can be

estimated using a modified Simpson's method (summation of discs) from the apical two and four



chamber views.[15] Left atrial volume is related to both systolic and diastolic LV function, is
correlated with LV filling pressure [16] and independently associated with congestive HF.[17] Thus,
it is recommended that LA area or volume be measured from the 2-D apical views in patients in

whom ventricular dysfunction in suspected[18] and indexed to account for body size.

Left atrial function, or LA stroke volume, may also contribute significantly to forward output and is
related to filling pressures[16] and LA dysfunction may occur in the presence of preserved LV EF

and may be a contributing factor to the development of diastolic HF.[13]

Assessment of LV systolic function

The assessment of LV systolic function is an important goal of echocardiography in patients with
HF[8,9] and there are a number of validated quantitative echocardiographic approaches for
comprehensive assessment of systolic function.[19] Despite this, there remains wide variation in
both the technique routinely used to assess systolic function and the way in which it is reported.
There are a variety of approaches, from expert qualitative data (normal, mild, moderate or severe

impairment) to complex quantitation.

The simplest quantification uses chamber diameter change over the cardiac cycle, or fractional
shortening (FS), as a measure of global systolic function. This is usually done by placing an M-
mode cursor through the LV cavity and provides a good estimate of systolic function. However, this
M-mode method is biased towards the basal segments and is unreliable when regional wall motion
abnormalities are present. The simplest method of global assessment, and the most commonly
used in clinical practice, is subjective assessment of systolic function. Typically, LV function is
viewed in several views and a thoughtful judgment is made about overall systolic function - the so-
called “eye-ball” EF. Because this requires individual assessment of segmental function it is
unquestionably subjective and dependent upon the interpreter’s experience. Despite this, eye-ball
EF has been shown to quite accurate in experienced hands[20,21] but the results may be

inconsistent in smaller laboratories.[22]



Assessment of regional wall motion abnormalities becomes particularly important in cases where
coronary heart disease is the underlying cause of HF. Quantification of assessment of regional wall
motion as recommended by the American Society of Echocardiography[11,23] correlates closely
with EF by radionuclide assessment[24.25] and echocardiography.[26] It requires allocating a
numeric score based on the assessment of function (normal, hypokinetic, akinetic, dyskinetic,
aneurysmal), for all segments of the ventricle and averaging the results.[11,23] Many
echocardiographers already do this in their mind but do not quantify or document the results.
Despite being a simple incremental step from eyeballing ventricular function, this method is rarely

used in clinical practice.

The gold standard of echocardiographic assessment of systolic LV function is currently 2D biplane
volume assessment. Typically, this requires manual tracing of the blood-endocardial interface in
diastole and systole in both the apical four and two chamber views. There are several adaptations
of this method, based on different formulae but the Simpson's summation of discs is the most
accurate in a wide range of clinical scenarios and is thus the recommended method.[11] This
method is time-consuming, and requires significant operator expertise, but does provide a
reasonable assessment of global systolic function and possibly more importantly, provides
measurements such as LV volumes and EF that many clinicians are familiar with. Ultrasound
manufacturers have attempted to make this method easier and less operator-dependent by
introducing automated edge detection, but current ultrasound imaging is not always of sufficient
quality to allow this technique to be employed reliably and it is not easily applied to large groups of

patients.

All of the 2-D methods described thus far require clear endocardial definition, which is sometimes
difficult to obtain. In a recent meta-analysis comparing 2D echocardiography methods with
radionuclide assessment of LV EF, there was poor agreement between the methods (limits of
agreement + 7-25 %).[25] Specifically, the agreement for the Simpson's biplane volume approach
was worse in patients with poor acoustic windows, low EF, atrial fibrillation (AF) and regional wall

motion abnormalities.[25]



Both tissue harmonic imaging (THI)[28-36] and LV opacification (LVO) using transpulmonary
contrast agents[37-44] improve endocardial visualisation and improve the diagnostic capability of
echo,[42.45] both by increasing the number of segments seen and also enhancing the overall

quality of the endocardial visualisation.

Both methods are now widely advocated for use in patients with sub-optimal images because they
increase the number of patients in whom quantitative echocardiography may be performed.
Harmonics imaging improves the quality and increases the number of segments visualised[28] and
contrast echocardiography increases the accuracy and reproducibility of measurements.[46,47]
Neither method has been tested in HF subjects in whom it has been suggested that LVO may not
be as efficacious for endocardial visualisation in patients with low cardiac output.[48] However, this
was observed using a first-generation contrast agent and newer agents may be efficacious in HF

patients, but this remains unproven.

Echocardiographers are often focused on the 2D and now 3D views of the heart. But simpler M-
mode techniques may still have something to contribute to overall assessment of LV function. The
atrioventricular plane displacement(AVPD) or longitudinal motion of the LV myocardium contributes
significantly to systolic function of the LV and was first described by Feigenbaum in 1967.[49] This
can be measured by M-mode or 2-D echocardiography and is correlated with conventional
measures of systolic function such as EF.[50] The systolic component of AVPD may not simply be
reflective of longitudinal systolic function - in a small cohort of HF patients, AVPD was
independently related to both FS and mitral deceleration time[51] and as such may be related to
both systolic and diastolic function. Pulsed wave tissue Doppler (TDI) echocardiography is a
modern replacement for this technique. The systolic annular velocity (Sa) may provide similar
information as the M-mode AVPD and in a small study by Bruch et al, the systolic annular velocity

(Sa) was lower in patients with diastolic HF compared to controls and lower still in systolic HF.[52]



Several quantitation techniques are also available for assessing regional wall motion: colour kinesis
quantifies using acoustic quantification to determine the blood-myocardial boundary and thus
determine myocardial motion;[53] centre line wall motion measures the motion of the myocardium
along individual radial lines that dissect the LV through a hypothetical central point in the LV
chamber and generates an average myocardial thickening on a regional basis;[19] anatomical M-
mode allows true orthogonal planes to be used to assess motion of both the endocardial and
epicardial walls[54] and TDI records the low velocity motion of the myocardium on a region by
region basis.[55] The assessment of load independent wall stress and the calculation of mid wall
shortening may become important measurements in the future, but are not widely available at
present.[19] Measurement of the rate of pressure rise during isovolumic systolic contraction
(dP/dT)[56] and the time constant of relaxation (Tau)[57] can also be reliably performed in the
presence of mitral regurgitation. However these more advanced techniques require further
development and acceptance within the echocardiographic community, before they can be

routinely applied in all HF patients.

The role of stress echocardiography

The role of both exercise and dobutamine echo for identifying viable myocardium is clearly
established.[58] Recently, dobutamine echocardiography has been applied to patients with
coronary artery disease with severely depressed LV function. Although studied in a non-
randomised manner, patients in whom viability was identified and revascularisation performed had
significantly improved two year survival.[59,60] In patients with dilated cardiomyopathy, dobutamine
echocardiography is useful in the differential diagnosis between idiopathic and ischaemic
cardiomyopathy[61] but its prognostic role remains controversial.[62-66] Stress echo will continue
to play an important role in patients with suspected coronary heart disease, however its routine

application in all HF patients remains unproven.

Assessment of diastolic function

Echocardiography does not allow direct assessment of diastolic function, but filling pressure may

be estimated by measuring the pressure gradients, blood flow and annular motion during the
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diastolic phase of the cardiac cycle.[67] Based upon the ratio of early to late mitral valve diastolic
filling and deceleration time, five progressive filling categories have been described: normal,
abnormal relaxation, pseudonormal, reversible restrictive filling and non-reversible restrictive

filling.[68-71]

Pulsed wave Doppler assessment of the mitral valve is now routinely used in clinical practice to
non-invasively assess LV diastolic filling, although this is complicated in the presence of AF or a
paced rhythm. The addition of pulmonary venous Doppler flow measurements helps to differentiate
between true normal and pseudonormal filling and is useful for estimating LA pressure in patients
with systolic dysfunction and advanced diastolic filling abnormalities[16,70,72-74] as well as in
ischaemic patients with normal EF and only mild filling abnormalities.[75] Preload reduction,
achieved with the Valsalva manoeuvre or sublingual glyceryl trinitrate, can also differentiate
pseudonormal from true normal flow[70,76,77] as well as reversible from non-reversible restrictive
filling.[78] Importantly, the Doppler changes observed with the Valsalva are correlated with
changes in LV end-diastolic pressure (LVEDP).[79] Propagation velocity of the mitral inflow colour

Doppler has also been used to assess advanced phases of diastolic filling.[80-82]

One of the most recent and clinically useful developments is tissue Doppler
echocardiography,[83,84] which uses pulsed wave Doppler to assess the velocity of myocardial
motion rather than blood flow. The mitral annular velocities mirror the mitral inflow pattern, but are
less influenced by preload (i.e. do not pseudonormalise) and as a result the addition of tissue
Doppler provides another means of confidently differentiating pseudonormal filling from normal
filling. In addition, the ratio of mitral inflow velocity (E) to annular early velocity (Ea) provides the
best non-invasive correlate of left atrial pressure regardless of EF,[84] in different filling patterns[83]
and in patients with supraventricular tachycardia with normal and reduced EF.[85] The E/Ea ratio

correlates well with and predicts both PCWP[83] and LVEDP.[84]

Although these methods of assessing diastolic function are reliable and extensively researched,

they are not always well applied and often echocardiographic reports may be confused in their
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nomenclature. One suggested approach describes the filling phases as grades from 0to 4 (0 =
normal, 1 = abnormal relaxation, 2 = pseudonormal, 3 = reversible restriction, 4 = non-reversible
restriction).[70] This is attractive given that many other clinical scores are based on a similar
system. Coupled with an objective measure of left atrial pressure elevation, such as the E/Ea ratio,
this grading would provide a clinically useful assessment of diastolic function. The reporting of

diastolic function needs to be consistent and based upon easily understood terminology.

For diagnostic and clinical purposes, a complete non-invasive haemodynamic study of diastolic
filling should include pulsed wave Doppler assessment of the mitral valve, pulmonary veins and the
LV outflow tract for assessing isovolumic relaxation time.[86] However, in HF patients the simple
assessment of the diastolic filling pattern and its reversibility, together with an estimate of LA
pressure (pulmonary venous Doppler and/or mitral annular TDI) may be helpful for both clinical

management and prognosis (Figure 2).
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Figure 2 - Diastolic filling grades based upon mitral, pulmonary venous and mitral annular
pulsed wave Doppler
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Relationship of diastolic echocardiography parameters measures with left atrial and
ventricular pressure

It is important to distinguish between diastolic function and diastolic filling. Doppler
echocardiography does not measure diastolic function per se, but rather provides an estimate of
filling pressure. Many of the Doppler indices of diastolic filling have been correlated with filling
pressures and as such are surrogates for filling pressure.[16,74-76,79-81,83-85,87-97](Table 1)
The E:A ratio is related to filling pressure[16,88,89] and mitral E wave deceleration time is
negatively correlated with LV stiffness[98] and filling pressures[88,90-93,95,96] and associated with
higher neurohormonal activity.[99] Yamamoto and colleagues studied 83 patients undergoing
coronary catheterisation and found that although deceleration time was negatively correlated

(r = -0.85) with LVEDP in patients with EF < 50%, there was no relationship in patients with EF >
50%.[74] In another study, of patients with atrial fibriallation [AF], the relationship between LV filling
pressures was stronger with deceleration time in patients with systolic impairment, but it was still
demonstrated in those with EF > 45 %.[91] In that study, isovolumic relaxation time was also
closely correlated with LV filling pressures. However the difference between mitral A wave and
pulmonary venous atrial reversal duration was correlated with LVEDP regardless of EF.[74] These
relationships are valid in AF where pulmonary capillary wedge pressure is negatively correlated
with mitral deceleration time[92,95], IVRT[95] and pulmonary deceleration time.[92] This

relationship has been validated in patients with normal EF and only mild systolic impairment.[75]
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Table 1 - Non-invasive echocardiography surrogates of LV filling pressure

Study Aetiology N Time Delay Invasive EF  Echo r
(echo v cath)  Pressure Y% Parameters
Choong [76] IHD: 9 pts Altered 11 Simultaneous A PCWP - A E velocity 0.58
loading conditions
Kuecherer [89] Trans-oesophageal 47 Simultaneous LAP >50 SysFractionguim vein -0.88
surgery PCWP E:A ratio 0.68
Appleton [16] IHD: 96 % 70 <1hr LVEDP 55 E:A 0.72
PVAdur - MAdur 0.77
LA Volumenmin 0.66
LA EF -0.70
PCWP E:A 0.72
PVAdur - MAdur 0.56
LA Volumenmin 0.70
LA EF -0.66
LV pre-A E:A 0.82
PVAdur - MAdur 0.60
LA Volumemin 0.74
LA EF -0.67
Nishimura [88] 97 (42 EF < 40 %) 97 Simultaneous Mean LAP - Decel. Timenita -0.73
E:A 0.49
Yamamoto [74] IHD: 100% 82 +/- 3 hours LVEDP <50 Decel. Timenita -0.85
PVAdur - MAdur 0.80
>50 Decel. Timenita ns
PVAdur - MAdur 0.69
Hofman [87] Trans-oesophageal 32 Simultaneous LAP 58 S:Dpuim veins -0.83
Surgery S VTlouim veins -0.65
Pozzoli [90] DCM: 100 % 231 Simultaneous PCWP 25 Decel. Time -0.67
SysFractionguim vein -0.76
Nagueh [91] AF 30 Simultaneous PCWP (27) 48 IVRT -0.76
LVEDP (3) Peak Acc E 0.84
<45 Decel. Timemira 0.78
>45 Decel. Timenita 0.22
Chirrillo [92] AF 35 Simultaneous(25) PCWP 41 Decel. Timepuim veins -0.91
+/- 28 min (13) Decel. Timenita 0.50
Temporelli [93] HF: IHD 71% 35 Simultaneous PCWP 22 Decel. Timemita -0.95
Brunner-La Rocca [79] IHD: 88 % 78 < 30 min LVEDP pre-A 60 %  PVagur - Madur 0.43
8.1 mmHg %! E:A (Valsalva) 0.57
LVEDP post-A PV adur - Magur 0.62
14.6 mmHg %! E:A (Valsalva) 0.72
Traversi [95] AF, HF IHD 50 % 51 Simultaneous PCWP 25 Decel. Timenita -0.60
SysFractionuuim vein -0.67
IVRT -0.70
Poerner [75] IHD: E:A < 0.9 82 +/- 4 hours LVEDP 68 PVadur - Madur 0.70
LV preA PV agur - Magur 0.62
Nagueh [83] Mixed 60 Simultaneous PCWP - E/Ea (lateral) 0.87
Nagueh [85] Sinus Tachy DCM: 100 Simultaneous PCWP <45 E/Ea (lateral) 0.86
33% IHD: 33% >45 E/Ea (lateral) 0.72
Ommen [84] IHD: 73 % HF:27% 96 Simultaneous Mean LVDP 46 E/Ea (lateral) 0.51
E/Ea (septal) 0.64
36 >50  E/Ea (lateral) 0.40
E/Ea (septal) 0.47
60 <50 E/Ea (lateral) 0.49
E/Ea (septal) 0.60
Yamamoto [96] HF EF < 45 Within 24 hours PCWP 35 Ea (posterior) -0.94
40% LVEDP Ea (posterior) -0.70
Dokainish [97] ICU 50 Simultaneous PCWP 41 E/Ea (average) 0.69
Garcia [94] Surgery altered 14 Simultaneous LA (tau) 57 Vp -0.78
loading conidtions
Firstenberg [81] Normal Altered 7 Simultaneous PCWP - E/Vp 0.81
loading conditions
Schwammenthal [80] IHD: 85 % 14 Within 24 hours LVEDP 50 E/Np 0.73

Abbreviations: A = change, Decel. Timenira = Mitral deceleration time, Decel. Timeyum veins = diastolic pulmonary venous deceleration time, E = early

mitral filling velocity, Ea = early tissue Doppler velocity of mitral annulus, HOCM = hypertrophic cardiomyopathy, LVEDP = left ventricular end-diastolic

pressure, Magyr = mitral valve A wave duration, PCWP = pulmonary capillary wedge pressure, Peak Acc E = peak acceleration rate of the mitral E
velocity, PVagur = pulmonary vein atrial reversal duration, S VTlum veins = Velocity time integral of systolic pulmonary vein velocity,
S:Dpuim veins = ratio of systolic to diastolic pulmonary venous flow, SysFractionpumvein = ratio of systolic pulmonary filling to total filling, Vp = mitral flow

propagation velocity.
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In some early studies, the systolic fraction of the pulmonary veins was a significant correlate of LA
pressure in sinus rhythm[87,89,90] and AF.[95] The difference between the mitral and pulmonary
venous A duration is observed in higher grades of diastolic filling abnormalities and correlates with
LV end-diastolic pressure.[16,75,79,96,100] These relationships have also been tested under

manipulated loading conditions.[76]

Propagation velocity (Vp) of the mitral inflow colour Doppler is a relatively preload-independent
measure of ventricular relaxation that is correlated with Tau, the time constant of relaxation.[94]
The ratio of E velocity to propagation velocity (E/Vp) may also be useful for predicting both
pulmonary congestion and LVEDP[80,81] and appears to be the best correlate of pulmonary

capillary wedge pressure (PCWP) in normal subjects.[81]

The most promising measurement for assessment of filling pressures is pulsed wave tissue
Doppler echocardiography. This is easy to apply and is both sensitive and specific for detecting
elevated or normal LVEDP regardless of EF.[83,84,96] These relationships have also been
evaluated in sinus tachycardia, where the ratio of mitral E to annular E velocity (E/Ea) was the best
correlate of PCWP irrespective of EF.[85] In the intensive care setting, E/Ea was a better predictor
of PCWP than brain natriuretic peptide (BNP) levels.[97] Several studies have generated formulae
that include various echocardiographic measurements to estimate filling pressure,[90,92] but these
are not well understood and the calculations complex. As a result they are rarely applied in

everyday clinical situations.

Doppler echocardiography provides an imprecise assessment of LV filling pressure and is
dependent upon many other factors such as preload, afterload and heart rate. In most cases,
however a comprehensive approach utilising several different measurements will provide a

clinically useful estimate of filling pressure.
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Systolic versus diastolic heart failure

It is widely believed that coronary artery disease is the underlying aetiology of HF in about two-
thirds of patients.[101] However, this premise is based upon baseline data collected during large
pharmacotherapy trials that selected patients on the basis of impaired LV systolic function and are
therefore subject to selection bias. In contrast, many studies suggest that around 40 percent of
patients with clinical HF have no discernable systolic dysfunction by echocardiography or
ventriculography.[102] This group of patients with so-called “diastolic HF” are often described as
having HF with preserved systolic function. This is probably a misnomer and a more appropriate
description might be “HF with preserved LV EF” as subtle systolic dysfunction may be present but
the assessment method lacks the sensitivity for detection. Methods such as strain-rate imaging,
stress echocardiography and tissue Doppler imaging may prove to be particularly useful in this

area, where crude measurements of EF fail.[17]

The ACC/AHA guidelines for diagnosing diastolic HF, or rather HF with preserved systolic function,
do not currently advocate a role for diagnostic echocardiography beyond assessment of systolic
function.[8] The European guidelines[9] recognise that echocardiography can assess diastolic
function and refer to another European Society of Cardiology document for diagnostic criteria.[104]
These criteria are cumbersome and not easily applied in clinical practice. Given the growing body
of literature in support of diastolic filling and pressure assessment using Doppler echocardiography,
this probably needs review. It is now possible to grade diastolic filling in the same way as systolic
dysfunction and the grades of diastolic function have been shown to be related to outcome,

independent of systolic function (see below).

The role of echocardiography for diagnosis of HF in primary care

Many primary care physicians rely upon clinical findings, sometimes with a chest x-ray or a trial of
diuretic therapy to diagnose HF[105,106] and compared to hospital-based practice they utilise
echocardiography less frequently to make their HF diagnosis of HF.[106] In a cross-sectional study
performed in the United States, where 63% of HF patients in the community received an
echocardiogram within three weeks of their symptomatic event, the patients who received an echo

were less likely to be admitted to hospital, twice as likely to receive angiotensin converting enzyme
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(ACE) inhibitors and had better five-year survival (adjusted for gender, age and NYHA class).[107]
The group who were not referred to echo were older, had milder symptoms and were more likely to

be female.

Many general practitioners feel access to echocardiography would improve their HF patient
management,[105] despite there being no definitive data to support improved outcome with open-
access echocardiography. In a recent review of five open access echo services in the United
Kingdom it was found that 80% of the patients were referred with suspected HF, and approximately
20% of those patients had demonstrable systolic impairment.[108] However, open access
echocardiography has not been rigorously trialled and the current supportive evidence is mostly
anecdotal. Further, whilst it is easy to diagnose structural abnormalities or systolic impairment, it is
more challenging to diagnose diastolic HF if one is to use the complex European Society of
Cardiology Working Group guidelines.[104] In addition to providing confirmation of diagnosis,
primary care physicians anticipate open access echocardiography will contribute to their treatment
decisions, and while there are clear treatment guidelines for structural abnormalities and systolic

dysfunction, the data are limited in diastolic HF.

Prognostic Value of Echocardiography in Heart Failure

Despite optimal medical therapy, mortality associated with congestive HF (HF) remains high.[2,3]
One-year mortality rates after the first hospitalisation for HF are approximately 30-40%.[109] This
prognosis is worse than many cancers.[110] Several clinical, functional and echocardiography
parameters predict survival, including New York Heart Association (NYHA) classification[111], peak
oxygen uptake[112,113] end-systolic volume,[114] EF,[112,115,116] creatinine clearance[117] and
echo-Doppler indices of diastolic function.[78,96,118-147] Echocardiography may allow clinicians
to determine which patents will fare worst, to identify those patients who may benefit the most from
newer or more intensive treatments, or simply allow patients to better plan for their remaining

years.

18



Heart size and systolic function

Simple m-mode measurements may be useful for determining prognosis.[116,139] In the Val-HeFT
trial, patients with the largest LV internal diastolic dimension (LVIDd) (> 7.5 cm) were twice as likely
to die early as those with the smallest, but still dilated ventricles (< 6.3 cm).[116] The same was
true for m-mode derived EF and those patients with the worst EF and largest LVIDd responded
better to treatment. However, the difference between the first (EF > 32 %) and fourth quartile (EF <
22%) was only 10 absolute points in EF. In such a large cohort of patients (N=5010) small
differences in EF yielded important prognostic information, but current echocardiographic
techniques are not accurate enough to detect such small differences in individual patients. In fact,

in multivariate analyses, EF is often not an independent prognostic indicator.[148]

Patients with severely depressed systolic function do have poor prognosis and for every 10 %
decline of EF below 45%, 4 year mortality increases approximately 10%. No effect is observed
above 45 %.[115] In a small cohort of Framingham subjects who had HF at the time of study
enrolment, patients with a normal EF (>50%) had better survival rates than those with EF < 50%
but were still significantly worse than population controls.[149] Although survival may be better in
patients with preserved EF, readmission rates are similar to those observed in patients with
reduced EF[150] and once a patient is admitted to hospital for exacerbation of HF symptoms, there
may be little difference in either death or readmission rates.[151] Subjective assessment of LV
systolic function (i.e. normal/mild versus moderate/severe impairment) by a single experienced,

cardiologist has been shown to predict death in an unselected group of patients.[21]

Atrioventricular plane displacement also predicts mortality in HF patients[152] and in patients with
coronary artery disease with no or mild LV impairment where EF is not predictive.[153] Systolic
annular velocity measured by TDI is a similar measurement to AVPD and also predicts death in a
mixed cohort of patients, not specifically HF.[143] Thus, echocardiographic assessment of systolic
function may aid prognostication in patients with HF, but may not provide a complete prognostic

picture.
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Diastolic measurements

There are now more than twenty-five studies evaluating the use of diastolic echocardiography
measurements for predicting events in patients with heart failure. This collectively represents more
than 5000 patients and over 1000 events (death or transplantation) (Table 2),[78,96,118-145] and
more than twenty studies in patients after acute myocardial infarction (AMI).[146,147,154-174] The
differentiation of restrictive filling patterns (high E:A ratio, short deceleration time) from non-
restrictive patterns or short deceleration time in isolation provides important independent prognostic
information in HF patients [78,96,118,120-126,128-131,133-137,139-142,144] and after myocardial
infarction. [155-165,167-174] Short deceleration time is also a useful prognostic indicator in
patients with AF.[129] When restrictive filling is further categorised into reversible (responsive to
pharmacological preload reduction) and non-reversible (unresponsive) the latter is associated with
worse outcome.[78,127,130,175] Further, patients who respond to preload manipulation also
respond better to beta-blocker therapy.[175] Peak oxygen uptake (VOzmay) is also reduced in HF
patients with restrictive filling[176] and the combination of both restrictive filling and reduced peak
VO.max provides additional prognostic information to either on their own.[139,141] Shortened

isovolumic relaxation time is also associated with increased mortality.[138]

Although the relationship between restrictive filling and outcome has been studied extensively,
further classification of patients with non-restrictive filling patterns is also important, but has not
been studied extensively. Colour M-mode propagation velocity[156] and pulmonary venous
Doppler[137] have been used to identify patients with elevated filling pressure and thus presumed
pseudonormal filling and in both cases was related to prognosis. ldentification of pseudonormal
filling using preload reduction for prognosis in HF patients has not been investigated and may

provide an easily applied clinical tool to identify patients at intermediate risk.

Other pulsed Doppler measurements such as the Tei or myocardial performance index also predict
long-term outcome in both HF[177] and post myocardial infraction.[167] Data are emerging
showing that tissue Doppler measurements are useful for predicting cardiac events. In HF patients,
with impaired systolic function, the systolic annular velocity (Sa) predicts all cause mortality.[96] In

a study of patients undergoing echocardiography, but not specifically with HF, Ea predicted death
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over a mean of 23 months.[143] In another study, E/Ea > 15 added important prognostic
information to clinical data and EF, by predicting death in patients post myocardial infarction in
patients with reduced EF (<40%) and normal EF (>40%).[146] Even in asymptomatic subjects,

advanced diastolic filling patterns have been shown to predict death.[178]
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Table 2 - Echocardiographic assessment of diastolic function and prognosis

Study Year  Study design Aetiology EF N Number Echo Event
Follow-Up of Events Endpoint Free %
Pinamonti [120] 1993  Prospective DCM: 100 % 25 % 79 4 deaths Decel. Time <115 ms 79
2 years 10 Tx Decel. Time > 115 ms 100
Werner [122] 1994  Prospective DCM:100 % 33% 57 15 deaths Decel. Time < 140 ms 97
2.5 years EF <50 % 4 Tx Decel. Time > 140 ms 77
Guannuzzi [125] 1996  Prospective HF 26 % 508 100 Decel. Time > 125 ms 55
4 years EF <35 % deaths Decel. Time < 125 ms 87
Rich [123] 1999  Prospective HF 16 > 45 % 39 8 deaths Decel. Time > 160 ms 88
1 year Prior MI: 25% 23 <45% Decel. Time < 160 ms 64
Hurrell [129] 1998  Retrospective IHD: 60% SR: 29 % 367 120 Decel. Time < 130 ms: AF 39
5 year AF: 39 % deaths Sinus rhythm 42
Bettencourt [134] 2000  Prospective HF 34 % 139 39 deaths Decel. Time < 130 ms 80
1.5 years IHD: 53 % Decel. Time > 130 ms 43
Yong [140] 2001 Prospective IHD: 100 % 28 % 40 5 deaths Decel. Time < 150 ms 63
Post-CABG 3 Tx Decel. Time > 150 ms 95
1 year
Morales [141] 2002  Prospective HF 25% 60 8 deaths Decel. Time > 165 83
1 year IHD: 35% 2 Tx Decel. Time 130-165 80
15 HF Decel. Time < 130 44
Temporelli [158] 2004  Prospective IHD 47 % 571 47 deaths Decel. Time >130 ms 93
4 years Post-MI Decel. Time <130 ms 80
Tabet [136] 2000 Prospective HF <45% 100 17 deaths Decel. Time >145 ms 65
1.5 years IHD: 18 % 16 Tx Decel. Time <145 ms 37
Non-Restrictive 82
Restrictive 54
Xie [121] 1994  Prospective HF 26 % 100 26 deaths Non-Restrictive 95
1 year IHD: 55 % Restrictive 81
Nijland [155] 1997  Prospective IHD: 100% 40-50% 95 10 deaths Non-Restrictive 100
3 years Post MI Restrictive 22
Pozzoli [78] 1997  Prospective HF 23% 173 41 deaths Non-Restrictive 94
1.5 years EF <35% 9 Tx Reversible Restrictive 81
Non-Reversible Restrictive 49
Temporelli [130] 1998  Prospective HF 22 % 144 37 deaths Reversible Restrictive 89
4 years IHD: 76 % Non-Reversible Restrictive 63
Faris [142] 2002  Retrospective DCM: 100% FS 18% 337 74 deaths Non-Restrictive 80
5 years Restrictive 61
Pinamonti [127] 1997  Prospective DCM: 100% 25% 110 28 deaths Non-Restrictive Reversible 97
4 years 13 Tx Restrictive 96
Non-Reversible Restrictive 13
Pozzoli [154] 1995  Prospective Post MI 30 % 101 53 mixed E:A Ratio: < 1 90
1 year >1, NYHA lor Il 64
>1, NYHA lll or IV 36
Dini [137] 2000  Prospective IHD: 70 % 31 % 145 29 deaths Filling pattern: 1 91
15 months EF< 45 % 2 67
3 66
Maller [156] 2000  Prospective Post MI 54 % 121 33 deaths Filling pattern: 0 100
1 year 1 87
2 52
3 35
Liu [144] 2003  Prospective IHD: 100% 53 % 102 19 mixed Filling pattern: 0 92
Post CABG 1 83
2.5 years 2 75
3 58
Wang [143] 2003  Prospective IHD: 16% not 518 46 deaths Sa:>5cm/s 98
2 years HF:18.5 % reported 3-5cm/s 91
Normal: 32% <3cm/s 72
Ea:>5cm/s 99
3-5cm/s 91
<3cm/s 75
Hillis [146] 2004  Prospective IHD: 100 % 48 % 250 29 deaths EF >40: E/Ea< 15 97
2 years Post MI E/Ea > 15 66
EF > 40: E/Ea< 15 89
E/Ea> 15 53
Florea [138] 2000  Prospective HF 55 % 185 54 deaths IVRT > 30 ms 78
3 years IHD: 63 % IVRT <30 ms 52
Maller [157] 2003  Prospective IHD, post MI 46 % 314 46 deaths LA volume < 32 ml/m? 95
2 years LA volume > 32 ml/m? 70
Sabharwal [145] 2004  Prospective HF 26 % 109 44 deaths LA volume < 60 ml 85
5 years IHD: 100 % LA volume > 60 ml 55
Hansen [139] 2001 Prospective HF 22% 311 65 deaths VO2max < 14 ml/min/kg: RFP 52
3 years IHD: 28 % Non-restrictive 80
VOzmax >14 ml/min/kg: RFP 80
Restrictive 94

Abbreviations: CABG = coronary artery bypass grafting, DCM = dilated cardiomyopathy, Decel. time = deceleration time of
passive mitral filling velocity (E), Ea = early mitral annular tissue Doppler velocity, EF = ejection fraction, HF = heart failure,
IHD = ischaemic heart disease, IVRT = isovolumic relaxation time, LA = left atrium, Ml = myocardial infarction, NYHA = New

York Heart Association class, RFP = restrictive filling pattern, Sa = systolic mitral annular tissue Doppler velocity, Tx =

cardiac transplantation, VO.max = peak maximum oxygen uptake.
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Beyond left ventricular function

When assessing patients with HF and LV dysfunction, the evaluation of right ventricular function
may add further prognostic information[179-182] and thus should be considered. Both mitral and
tricuspid regurgitation are commonly found in the presence of HF[1] and LV systolic dysfunction.
Long-term survival in HF is predicted by worsening atrioventricular valve regurgitation.[183] Mitral
regurgitation has been shown to be prognostically important in both ischaemic[184] and non-

ischaemic HF.[185]

LA volume is a powerful predictor of mortality after myocardial infarction, providing additional
information to clinical variables, systolic and diastolic function[157] and has recently been shown to
predict mortality in ischemic HF patients with depressed systolic function.[145] In this study, many
of the diastolic echo parameters predicted mortality, but in multivariate analyses, LA volume was

the only independent predictor of death.

The Role of Echocardiography in Heart Failure Management

Echocardiography is often used by clinicians to guide their clinical management of HF patients and
for both patient and physician reassurance. Typically, clinicians refer HF patients for
echocardiography to assess LV function and often request quantification of systolic function. This

approach may be too narrowly focussed and thus may not provide optimal management.

Ejection fraction is not the diagnosis

Many of the contemporary medical therapies have only been tested and shown to be beneficial in
clinical trials in patients with EF < 35 - 40%, including ACE-inhibitors,[186-191] beta-blockers[192]
and spironolactone.[193] Because many treatments have only been extensively proven in patients
with low EF, echocardiography is often used to determine the indication for many HF therapies.
Whilst the efficacy of many treatments in patients with higher EF remains uncertain, EF appears to
have replaced HF as the treatment goal. Many clinicians have become focused on the need to
quantify EF before initiating treatment. However, current ehcocardiographic techniques may not be

precise enough to accurately determine the EF. Further, using arbitrary cut-off values of EF for
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deremining the systolic dysfunction do not reflect the inherent variability of such measurements -

neither the within patient, nor between days, nor observer measurement variability.

Echocardiography guidance for device implantation

Echocardiography is used to guide physicians’ use of devices such as implantable defibrillators or
biventricular pacemakers. Implantable defibrillators have been shown to reduce mortality in
patients with HF due to coronary heart disease and severe systolic dysfunction (EF <30-40%).[198-
200] However, these devices have only been trialled and shown to be beneficial in patients with EF
below 30-40% and are thus only recommended in those subjects with advanced systolic

impairment.[198,199]

Cardiac resynchronisation using biventricular pacemakers is indicated in HF patients with severely
depressed LV systolic function and left bundle branch block (wide QRS complex) and significantly
improves LV function, reduces LV volumes and the degree of mitral regurgitation.[201,202] The
recently published COMPANION study in patients with advanced HF and severe LV impairment,
showed a beneficial effect upon death and hospitalisation for biventricular pacing, with and without
the addition of an implantable defibrillator, over optimal medical management.[200]
Echocardiography has been used to demonstrate the improvement in LV systolic function with
biventricular pacing and also its reversal with cessation of pacing.[201] Simultaneous right and left
ventricular chamber pacing overcomes the dyssynchrony of the ventricles. Tissue Doppler
techniques may be useful to document dyssynchrony prior to pacemaker implantation by
measuring the timing of events in the right and left ventricles and also to demonstrate the
correction of timing abnormalities with biventricular pacing.[201,202-204] Further,
echocardiography measures, including tissue Doppler[204] and the duration of mitral regurgitation
and dP/dT of the upstroke of the mitral regurgitation[205] can be used to predict those patients who

will benefit most from biventricular pacing.
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Summary

Echocardiography can play an important role in the management of patients with HF for diagnosis,
prognosis and to assist medical management. Ejection fraction, a measure of systolic ventricular
function is the most commonly used echocardiographic measurement but is often not measured
precisely, if at all. Assessment of diastolic function has become a very important role of
echocardiography in patients with HF, especially given the large numbers of patients in whom
systolic function appears within normal limits. Unfortunately, current guidelines and methods make

interpretation of diastolic measurements difficult.

For both diastolic and systolic measurements, current echocardiographic techniques are highly
accurate when differentiating severe dysfunction from normal or very mildly impaired function. But,
it is the intermediate phases of dysfunction where current echocardiographic methods may lack

precision and require refinement.

Echocardiography has much to offer the HF physician beyond simple diagnosis and identification of
pathology. But in order for echocardiography to be used optimally, the assessment of cardiac
function needs to be precise and reproducible. These methods should also display excellent
diagnostic sensitivity, add independent prognostic value and be widely available in a wide variety of

patients and clinical settings.

Objectives

This thesis will investigate the role of contemporary echocardiography in patients with HF both for
establishing diagnosis and aetiology, but also for providing prognostic information and to assist
management. Specifically, optimisation of both systolic and diastolic measurements using
contemporary methodology will be investigated, with specific reference to reproducibility and
diagnostic accuracy. Secondly, the role of echocardiography for prognostic purposes will be
evaluated in a group of patients with established HF. Thirdly, a meta-analysis of the diastolic filling
pattern for predicting mortality and development of HF in patients with established HF and patients

suffering acute myocardial infarction will be undertaken. Lastly, the role of echocardiography for
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diagnosis of HF and prognosis of symptomatic patients in the community will be evaluated and

compared to brain natriuretic peptide.

Key Points:

e Heart failure, which is increasing in prevalence, is associated with significant mortality and
morbidity and is a leading cause of cardiovascular morbidity, hospitalisation and death

e Echocardiography can provide essential information for physician management of heart
failure patients by providing important aetiological and diagnostic information

e Echocardiography may also assist with prognosis in patients with heart failure

e Echocardiography in patients with HF should be comprehensive and extend beyond the
assessment of LV systolic function

e Assessment of diastolic filling should be considered in all patients with high clinical
suspicion of HF and those patients with established systolic impairment

e Current echocardiographic techniques lack the precision required for repeat assessment of

systolic function in individual patients
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Chapter 2 - Quantification of Left Ventricular Function in Heart
Failure - Effects of Measurement Variability
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In order to maximise the diagnostic and prognostic benefits of echocardiographic LV volumes and
ejection fraction (EF), the measurements must be accurate, reproducible and free of bias to
accurately detect clinically relevant changes. Reproducibility is often considered in three parts:
intra-observer variability, inter-observer variability and test-retest variability. Each of these are
sequentially dependent and as a result test-retest variability poses the largest challenge in clinical
medicine. Measurement reproducibility is the sole determinant of the smallest change that repeat
examinations can detect and it depends upon several factors including the patient, sonographer,

ultrasound equipment, image acquisition, storage techniques, image analysis and interpretation.

Many laboratories recognise the need to establish measurement consistency within individual
sonographers or readers (intra-observer reproducibility) and between different readers (inter-
observer reproducibility), it is perhaps even more important to determine the reproducibility of
measurements obtained on two completely different days (test-retest reproducibility). Whilst it is
common for studies to report either intra-observer or inter-observer variability for EF
measurements[28,47] it is rare to report test-retest variability. Test-retest reproducibility best
mimics the true clinical setting — it is often months, perhaps even years between follow-up visits
and measurement reliability becomes a crucial issue. In HF patients clinical status may change
frequently, thus it is imperative that the test-retest reproducibility of echocardiographic
measurements be sufficient to detect small but clinically important changes. Because the causes
and sources of measurement variability are different for systolic and diastolic measurements

different techniques need to be employed to minimise measurement variability in each case.

During the last decade, ultrasound imaging has undergone a rapid transformation: the introduction
of broadband transducer technology, digital beam formers, enhanced digital processing and
storage of images, harmonic imaging and myocardial Doppler techniques. Thus, it may be
inappropriate to compare the accuracy of echocardiography a few years ago with the imaging in

modern laboratories.

Many new techniques are evaluated and tested in healthy controls prior to routine introduction into

clinical practice, but such techniques are often not tested in the patient groups in whom the test is
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intended for and thus most likely to be beneficial and used. Therefore, the primary aim of this
research was to evaluate new methods of assessing both systolic and diastolic function in a cohort

of patients with HF and a comparison group of healthy controls.

Part A - Systolic Function

Background

Two-dimensional (2D) echo has been used successfully as an endpoint in many HF trials to detect
small changes in EF in groups of patients[190,206,207] and is often used as a threshold for the
initiation of pharmacotherapy.[208,209] In addition, systolic parameters such as LV end-systolic
volume (LVESV),[114] EF,[111,112,210] and change in EF[111,211,212] are important prognostic
indicators in HF. As is the echo-derived wall motion score index (WMSI)[24,213,214] which is also

closely correlated with EF.[24,215]

While echocardiography has been used in groups of patients, it remains relatively insensitive for
detecting changes in EF in individual patients. 2D echo measurements of EF are variable, lack
precision and have inferior reproducibility when compared to magnetic resonance imaging
(MRI).[216] At best it is possible to differentiate a difference of 10% in EF, but more commonly only
gross differences are discernable. As a result, quantitative 2D echo techniques are often regarded
as time-consuming and unreliable, principally because of the manual identification and tracing of
the endocardial-blood boundary involved, which is both observer-dependent and affected by image
quality. Image quality is determined by machine performance, patient factors, and sonographer

experience.

Current echo techniques for measuring EF and WMSI are hampered by poor endocardial definition
in patients with HF, who often have dilated ventricles with displaced apices, making visualisation of
all wall segments even more difficult. Thus, if echocardiography is to be routinely applied to
patients to assess systolic function, it needs to be highly accurate and reproducible in order to

detect small changes.
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Modern digital ultrasound machines have improved image resolution and better depth penetration,
resulting in superior gray scale B-mode images, even in patients with very large hearts. In addition,
both tissue harmonic imaging (THI)[28-35] and LV opacification (LVO) using new transpulmonary
contrast agents [36-47] improve endocardial visualisation and improve the diagnostic capability of
echo [42,45,217,225] by increasing the number of segments seen and also enhancing the overall
quality of the endocardial visualisation and are now widely advocated for use in patients with sub-
optimal images. These methods may also increase the number of patients in whom quantitative

echocardiography may be performed.

Improved intra-observer and inter-observer variability with THI [28] and contrast LVO [47] has been
reported, but no studies have specifically targeted patients with HF. Furthermore, no studies have
evaluated the test-retest reproducibility of these methods, which is potentially the most important
parameter when considering the usefulness of a test for follow-up or monitoring of patients over

time.

Most of the studies that investigated the role of LVO for endocardial definition were performed in
patients with ischaemic heart disease. The enhanced endocardial visualisation observed in other
patient groups may not necessarily be the same in patients with HF, who often have enlarged
hearts and abnormal geometry, both of which may contribute to non-uniform endocardial
visualisation, since regional differences in visualisation with fundamental imaging, as well as with
harmonic imaging and contrast LVO[29,34] has been demonstrated in other patient groups.
Further, it has been suggested that LVO may not be as efficacious in patients with low cardiac

output.[48]

The ACC/AHA guidelines for management of HF advocate repeat measurement of EF where a
change in clinical status has occurred that might have an effect on cardiac function.[8] This is
based upon expert opinion rather than objective evidence. This viewpoint probably arises from the
clinical trial data showing a beneficial effect upon LV remodelling and EF with many contemporary

HF treatments such as ACE-inhibitors[206,218,219] and beta-blockers.[26,207,220-223]
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In the acute coronary syndrome setting, the benefit of repeat echocardiography has been
established. In a very large study (N = 756), those patients in whom LV volume increased or EF
decreased within three months of their acute event were more likely to experience recurrent
myocardial infarction or develop HF, but only when measurements were made by the centralised
core laboratory - when the individual sites’ measurements were considered, no prognostic benefits
were observed.[224] Thus, it would appear that in the usual clinical setting determination of systolic

function by repeat echocardiography in all patients would not be clinically useful.

If endocardial visualisation with LVO and harmonics imaging is improved in HF patients and this
leads to improved assessment of systolic function, in particular more precise, unbiased and
reproducible EF measurements and better assessment of regional wall motion, this would

potentially have important and widespread implications for the management of HF patients.

Aims

To evaluate the role of both harmonic imaging and contrast for improving endocardial visualisation
and assessment of systolic function. Specifically, to determine whether the improvement in
endocardial visualisation is uniformly distributed throughout the LV cavity and whether the
determination of WMSI is affected by echo technique and to subsequently determine whether the
improved endocardial visualisation impacted upon the intra-observer, inter-observer, and test-retest
variability and reproducibility associated with volume and EF measurements.

Methods

Subjects

Thirty-one subjects with chronic HF and 30 healthy volunteers, who were not selected on the basis
of echo quality, were studied. HF patients were clinically stable with NYHA class Il symptoms at the
time of the study, all had at least one prior hospital admission for exacerbation of HF symptoms.
The healthy volunteers were free of clinical cardiovascular disease at the time of the examination
and completed a health questionnaire, physical examination and an electrocardiograph (ECG)
performed, prior to commencing the study. All subjects provided written informed consent and the
study was approved by the Auckland Ethics Committee. All subjects underwent the same echo

protocol on two different days (at least 1 day apart, median 7 days, range 2 -10 days).
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Study Imaging Protocol

All subjects were examined lying on their left side and images were obtained by an experienced
research ultrasonographer according to a standard protocol using the same ultrasound machine
(ATL HDI-3000 or HDI-5000, ATL Ultrasound, Bothell, WA). Standard diagnostic echo views were
obtained in five thoracic windows and recorded onto super-VHS videotape and digitally acquired.
All analyses were performed off-line (Nova Microsonics/Kodak Eastman, Mahwah, NJ). Apical four
and two chamber views were optimised: depth was set to maximise the LV chamber on the screen,
eliminating most of the left atrial chamber from view, and the focus placed in the mid cavity level.
Two ECG triggers were set: at end-diastole (on the R wave) and at end-systole (the smallest LV
cavity volume). Six to ten beats for each view were obtained under each condition and in the same
order for each subject: 1) fundamental imaging; 2) harmonic imaging (factory tissue harmonics

settings); 3) harmonic imaging with Levovist®; 4) dual triggered Power Doppler with

Levovist®.(Figure 3)

32



Figure 3 - Apical four chamber view at end-diastole by four methods
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A = Real-time fundamental grey scale imaging, B = Real-time harmonic grey scale imaging, C = Real-time harmonic
imaging with contrast injection, D = Dual-triggered power Doppler imaging with contrast injection.
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Contrast protocol

The ultrasound machine was set to the factory settings for Levovist®. Grey scale images were
obtained using contrast specific harmonics machine settings (mechanical index 1.2, frame rate
medium) and recorded in real-time. These settings were considered standard at the time of this
study and were recommended by both the ultrasound machine manufacturer and the comntrast
manufacturer. Intravenous access was obtained via a cannula in the subjects’ right arm. A three-
way tap was put in place and the line flushed with saline. Levovist® (Schering NZ Ltd) is an air
based contrast agent composed of galactose (99.9%) and palmitic acid (0.01%). Contrast was
prepared according to the manufacturer’s instructions (4g, in solution 400 mg/ml) and given as a
bolus followed by a 0.9% saline flush. Six to ten cardiac cycles of the four and two chamber views
were recorded onto videotape and then immediately repeated using with power Doppler

(mechanical index 1.3, PRF 2000, wall filter high) and dual ECG triggering on every cardiac cycle.

Contrast performance — degree of opacification

LV cavity opacification was graded for both the apical four and two chamber view at end-diastole
and end-systole according to the following criteria: 0 = no contrast seen in the cavity; 1 = partial
opacification of the cavity; 2 = full opacification, but not uniformly dense throughout cavity; 3 = full
chamber opacification with uniformly dense opacification. The time taken from initial appearance of
contrast in the right ventricle (RV) until first appearance in the LV was recorded as a measure of

pulmonary transit time (PTT).

Endocardial visualisation

The twelve segments seen in the apical four and two chamber views were graded for visualisation:
0 = not visible, 1 = barely visible, 2 = well visualised. The grading was performed by reviewing the
videotapes, in random order by one observer (GW) without knowledge of the results of the other

methods or any clinical details.

Left ventricular volume measurements

LV volumes were calculated according the modified Simpson’s biplane method using the apical

four and two chamber views. The endocardial borders were manually traced at end-diastole (the
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largest LV area just prior to the QRS wave) and end-systole (the smallest LV area close to the end
of the T wave) for three different cardiac cycles. The papillary muscles were included in the blood
volume.[11] One observer (GW) measured all volumes on both visits and repeated measurements
on visit one only. A second observer (RD) measured all volumes on visit one only. All
measurements were made in random order, without any knowledge of previous measurements or

clinical details. LV volumes were measured when a minimum of ten segments were visualised.

Left ventricular wall motion scoring

Only segments visible in the apical four and two chamber views were scored (Figure 4). One
observer scored each of the twelve segments in random order according to ASE guidelines
(1=normal, 2=hypokinetic, 3 =akinetic, 4=dyskinetic, 5=aneurysmal).[11] Wall motion was scored
under three different imaging modalities: fundamental, second harmonic imaging and contrast +
harmonic imaging. It was not possible to blind the observer to the imaging modality or LV function,
although the observer was unaware of the identity, clinical details and other echo measurements of

all subjects.
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Figure 4 - American Society of Echocardiography twelve segment model for analysis of
regional wall motion and calculation of wall motion score index

Parsternal Short Axis Wall Segments Apical Views
Mitral Valve Level Four Chamber View

1 - Basal septum
2 - Basal anterior wall
3 - Basal lateral wall
4 - Basal posterior wall
5 - basal inferior wall
6 - basal infero-septum

7 - Mid septum
8 - Mid anterior wall
9 - Mid lateral wall Two Chamber View
10 - Mid posterior wall
11 - Mid inferior wall
12 - Mid infero-septum

13 - Apical inferior wall
14 - Apical septum
15 - Apical anterior wall
16 Apical lateral wall

Note: Only the apical segments (right) were used for this analysis

Statistics

Least squares regression was used to look at effects across all three groups and Student’s T-test
was used to determine significance of pair wise comparisons. Significance was maintained at
p=0.05 throughout the analysis. Two way analysis of variance (ANOVA), with Tukey’s post hoc
analysis was used to compare the proportions of segments visualised (not visualised, barely
visualised, well-visualised) by each method and the differences between HF patients and control
subjects. Segments were grouped according to anatomical position (anterior, inferior, posterior,
septal, basal, mid and apical walls) and further two-way ANOVA performed. Wilcoxon non-
parametric analysis of variance was used to compare the relationship between EF and WMSI by

each echo method.

Bias was assessed by comparing the mean values obtained by each method for each echo

parameter and comparing the measurement difference in relation to the mean measurement,
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according to the Bland-Altman method. Reproducibility was assessed by the mean difference and
confidence interval (limits of agreement) for each method and coefficient of variation, calculated as
the standard deviation of the difference divided by V2 expressed as a percentage of the mean for
that measurement. Least squares regression was used to look at effects across all four groups and
Student’s t-test was used to determine significance of pair wise comparisons. Significance was
maintained at p=0.05 throughout the analysis. All analysis was carried out for the whole group and

separately (HF and control subjects).

Results

Subjects

The HF patients were clinically stable (87% in NYHA class | or Il), with mixed etiology of HF (39%
hypertension, 19%, revascularisation, 23% diabetes). There were more men than women (24:7)
and 25% were in atrial fibrillation. Patients were receiving standard HF treatment including ACE-
inhibitors (94%) and diuretics (97%)(Table 3). Few patients in this cohort were receiving beta-
blockers because the study was performed prior to the publication and dissemination of the large

beta-blocker HF trials.

37



Table 3 - Baseline clinical characteristics and medications in patients with heart failure

Clinical Details

Diabetes

Hypertension

Prior revascularization

Permanent pacemaker

Atrial fibrillation
NYHA class I/l/II/IV
Heart rate (bpm)
Systolic BP (mmHg)
Diastolic BP (mmHg)

Creatinine (mmol/l)

7 (23 %)

12 (39 %)

6 (19 %)

1 (3 %)

8 (26 %)
8/19/4/0
71.0+9.3
127.1 +18.2
739 +11.4
0.14+0.05

Medications

ACE-inhibitors
Warfarin
Beta-blockers
Calcium antagonists
Diuretics

Digoxin

Amiodarone

29 (94 %)
8 (26 %)
1 (3 %)
11 (36 %)
30 (97 %)
6 (19 %)
7 (23 %)

Values shown are mean * standard deviation or numbers of patients (%)
Abbreviations: BP = blood pressure, JVP = jugular venous pressure, NYHA = New York Heart
Association functional class, ACE = angiotensin converting enzyme.

The HF patients were older, but there were no differences between the groups in gender

distribution, current smoking rates, height, weight or body surface area. The HF patients had larger

LV end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV), larger left atrial area, lower

EF and higher WMSI (Table 4).
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Table 4 - Baseline demographics and echocardiography measurements in HF patients and

healthy controls

Heart failure Patients Healthy Controls t-test
Number of subjects 31 30
Age (years) 76.7+£7.0 376+13.8 p < 0.01
% male 77 59 p=0.12
% current smokers 13 10 p=0.76
Height (cm) 165.4+7.4 170.5+6.6 p=0.05
Weight (kg) 742 +14.2 73.0+9.8 p=0.44
BSA (m?) 1.81+0.18 1.85+0.13 p=0.74
LV end-diastolic volume (ml) 164.7 £ 93.9 959+ 15.7 p < 0.0001
LV end-systolic volume (ml) 100.3 + 78.1 33.0+8.8 p < 0.0001
2D stroke volume (ml) 64.4 +20.7 63.0+9.9 ns
2D ejection fraction (%) 454+ 144 66.0£5.8 p < 0.0001
Wall motion score index 1.85+0.63 1.05+0.14 p < 0.0001
Left atrial diameter (cm) 4.29 +0.68 3.84 £ 6.45 p < 0.001
LV end-diastolic dimension (cm) 6.65+1.03 5.58 + 0.56 p < 0.001
LV end-systolic dimension (cm) 5.1511.25 3.79£0.63 p < 0.001

Values are mean + standard deviation, Student’s t-test (unpaired, two way) to test difference

between the group means.

Left ventricular opacification

Contrast performance was different between the two groups: opacification was consistently lower

quality in the HF patients and pulmonary transit time (PTT) was prolonged in the HF patients (Table

5). PTT was positively correlated with LVEDV (r=0.29, p=0.03), LVESV (r=0.32, p=0.01) and

negatively correlated with EF (r-0.32, p=0.02) and opacification grade (4-chamber systole: r=-0.38,

p=0.003, 4-chamber diastole: r=-0.23, p=0.8, 2-chamber systole: r=-0.24, p=0.07, 2-chamber

diastole: r=-0.32, p=0.01). PTT was not related to NYHA functional class (p=0.91) or heart rate

(r=-0.25, p=0.17) but there was a trend towards correlation with the level of jugular venous

pressure (JVP) (r=0.33, p=0.07).
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Table 5 - Contrast performance in heart failure patients and healthy controls

Contrast Performance Heart Failure Patients Control Subjects

Opacification Grade (0-3) t-test
4-chamber diastole 1.5+0.76 1.9+1.08 p=0.13
4-chamber systole 2.4+ 0.67 2.8 +0.51 p=0.02
2-chamber diastole 1.4+0.83 1.8+1.04 p =0.06
2-chamber systole 2.4+0.67 2.6 +0.56 p=0.25

Pulmonary transit time (s) 76122 5.9+0.97 p = 0.0006

Values shown are mean * standard deviation or numbers of patients. P value is Student’s t-test (two-tailed). Contrast
performance was measured on a scale of 0-4: 0 = no contrast visible in the LV cavity; 1 = partial opacification of the LV
cavity; 2 = full, but not uniformly dense opacification; 3 = full and uniformly dense cavity opacification.

Endocardial Visualisation

Endocardial visualisation with fundamental imaging was good at baseline and there was a
consistent improvement in the number segments either visualised or well visualised with THI in
both groups (Figure 5). In the controls, there was an additional benefit of LVO, but no further
benefit using LVO triggered power Doppler imaging. However, in the HF patients, no further
improvement in endocardial visualisation was seen with LVO, either used alone with THI or in

conjunction with triggered power Doppler imaging.
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Figure 5 - Endocardial visualisation by four echocardiographic methods in heart failure
patients and healthy controls
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Using two-way ANOVA, there was a significant difference in wall visualisation between the three
methods (p=0.0021) and between HF patients and control subjects (p=0.03) but no interaction
between the methods and subject category (p=0.76) (Table 6). In the healthy control group, wall
definition was subjectively improved with both THI and contrast LVO imaging. The number of
segments not visualised dropped from 49 (13.6%) with fundamental imaging to 20 (5.6%) with THI
and further reduced to 10 (2.8%) with contrast LVO (overall, Tukey’s post hoc p=0.01). In the HF
patients, endocardial visualisation improved with THI, but no further improvement was seen with
contrast LVO. In the HF patients, 36 (9.7%) segments were not visualised with fundamental
imaging, this was reduced to 13 (3.5%) segments with THI, but when contrast LVO was used, the

number of non-visualised segments increased to 18 (4.8%) (p=0.06).

Table 6 - Endocardial visualisation in HF patients (n=31) and healthy controls (n=30)

Number of segments (%)

Method Not Visible Barely Visible Well-Visualised

Control subjects (30 subjects, 360 wall segments)

Fundamental 49 (13.6 %) 125 (34.7 %) 186 (51.7 %)
Harmonic Imaging 20 (5.6 %) 80 (22.2 %) 260 (72.2 %)
Contrast + Harmonics 10 (2.8 %) 33 (9.2 %) 317 (88 %)

Contrast + Power Doppler 30 (8.3 %) 17 (4.7 %) 313 (86.9 %)
Column effect: p=0.001* P < 0.0001** p < 0.0001***

Heart Failure Patients (31 subjects, 372 wall segments)

Fundamental 36 (9.7 %) 115 (30.9 %) 221 (59.4 %)
Harmonic Imaging 13 (3.5 %) 63 (16.9 %) 296 (79.6 %)
Contrast + Harmonics 18 (4.8 %) 85 (22.9 %) 269 (72.3 %)
Contrast + Power Doppler 32 (8.6 %) 45 (12.1 %) 295 (79.3 %)
Column effect: p=0.0013" P <0.0001 ' p < 0.0001 T

Overall effect HF v controls, p = 0.018

* fundamental different to harmonic and contrast; harmonic different to contrast; no difference contrast v power;
fundamental different to harmonic and contrast; harmonic different to contrast; no difference contrast v power; ***
fundamental different to harmonic and contrast; harmonic different to contrast; no difference contrast v power; t
fundamental different to harmonic and contrast; no difference fundamental v power, no difference harmonic v contrast; 11
fundamental different to all others; harmonic different to contrast; no difference harmonic v power; contrast different to
power; t11 fundamental different to all others; harmonic different to contrast; no difference harmonic v power; contrast
different to power.

*k
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Regional differences in endocardial visualization

There were regional differences in endocardial visualisation in both groups with fundamental
imaging and the other echo methods (Figure 6, Figure 7). The anterior and lateral walls were the
least well visualised with fundamental imaging but improved with THI and contrast LVO (anterior:
p=0.0026, lateral: p=0.0003). There was no effect upon endocardial visualisation associated with
the different echo methods in either the inferior or septal walls (inferior: p=0.30, septal: p=0.20).
There was also a depth-related decline in endocardial definition, with progressive deterioration from
the apex to the base of the heart. Endocardial definition was improved by the different echo
methods in all three regions: base (p=0.0007), mid (p<0.0001) and apex (p=0.04). Comparing the
HF patients with the control subjects, endocardial definition was improved in the anterior (p=0.04)
and lateral walls (p=0.03), but not in the inferior (p=0.40) and septal walls (p=0.50). HF patients
had worse basal visualisation by any method (p=0.001) but similar mid (p=0.50) and apical

(p=0.80) visualisation as the control subjects.
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Figure 6 - Regional endocardial visualisation by four echo methods in heart failure patients
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Figure 7 - Regional endocardial visualisation by four echo methods in control subjects
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Left ventricular volume measurements

In both groups, LV volume and EF measurements were similar using either THI or fundamental

imaging. However, in the control subjects real-time LVO with THI resulted in larger LVEDV but

similar LVESV and higher EF. LVO with triggered Power Doppler imaging resulted in smaller

(similar to the non-contrast) LVEDV but larger LVESV and hence, lower EF. In the HF patients,

both the LVEDV and LVESV were smallest with LVO and triggered Power Doppler, and although

the EF was closer to the non-contrast values, it was still significantly different to that measured with

THI (Table 7).

Table 7 - Left ventricular volume measurements (Simpson's biplane method) obtained with
four different imaging modalities in patients with heart failure and control subjects

Fundamental Harmonic Contrast + Contrast +
Imaging Imaging Harmonics Power Doppler

Heart Failure Patients:
End-diastolic volume ( ml) 164.3+ 89.0 161.9+92.7 177.3£101.01t 151.2+ 722 #
End-systolic volume (ml) 103.5+79.6 99.8 +79.4 104.8 £ 85.3 96.0 + 66.3
Stroke Volume (ml) 60.7+17.9 62.1+ 194 725+259 1 552+174*
Ejection fraction (%) 43.3+14.4 449+ 141 47.7+158 1 419+15.7*
Control subjects:
End-diastolic volume ( ml) 93.4+155 95.1 £16.2 99.7 £ 16.3 1t 93.7+ 146
End-systolic volume (ml) 323+ 75 328+ 7.8 305+ 6.4 36.0+ 7.7~
Stroke Volume (ml) 61.0£10.5 63.3+ 10.5 69.2+11.8 ¢ 577+ 9.6~
Ejection fraction (%) 65.4+ 4.9 66.8+ 4.5 69.7+ 391 61.7£5.0*

Values are mean + standard deviation. Student’s t-test two-tailed paired p>0.05 non significant.
T p < 0.01, contrast compared to all other methods; 11 p < 0.05, contrast compared to all other methods; £ p = 0.01,

contrast compared to fundamental, p = 0.02, contrast compared to power; * p < 0.01, power compared to contrast and
harmonics; ** p < 0.001, power compared to fundamental and harmonics; # p = 0.01, power compared to fundamental
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Wall motion score index

Despite significant changes in subjective visualisation, WMSI was similar by the three real-time
echocardiographic methods (fundamental, harmonic and contrast), in both groups of subjects
(Table 8). WMSI was slightly higher than 1 in the healthy controls, reflecting the fact that some of
the control subjects may have had mild hypokinesia. This may reflect the unscreened “real-world”

control population and also the fact that the wall motion analysis was performed by an observer

who was blind to the clinical status of all patients during analysis and interpretation.

Table 8 - Wall motion score index by the three real time echo methods in heart failure
patients and healthy controls

Heart Failure Patients Healthy Controls Diff HF v C
n =31 n=230
WMSI (fundamental) 1.85+ 0.63 1.05+0.14 P < 0.0001
WMSI (harmonic) 1.77 £ 0.59 1.06 +0.14 p < 0.0001
WMSI (contrast) 1.78 £ 0.59 1.04+0.12 P < 0.0001

ANOVA column effect, not significant between the echo methods
Abbreviations: Diff = difference, C = healthy control subjects, HF = heart failure patients, WMSI = wall motion score index

Relationship between wall motion score index and ejection fraction

In the HF patients, WMSI was significantly correlated with EF and this was unaffected by imaging
modality (p = 0.294, Wilcoxon analysis of variance). Wall motion score index was not correlated
with EF in the healthy controls due to clustering of values around 1, which is consistent with normal

systolic function (Figure 8).
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Figure 8 - Correlation of wall motion score index with ejection fraction by different echo
methods
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Intra-observer, inter-observer and test-retest variability and reproducibility

Comparing the four methods, the limits of agreement and coefficients of variation (CV) for EF were

not significantly different (Table 9).

Table 9 - Intra-observer, inter-observer and between days reproducibility for ejection
fraction, by four different echo methods

Fundamental Harmonic Contrast + Contrast +
Imaging Imaging Harmonics Power Doppler

Intra- A ejection fraction, % 15+ 52 125+ 45 14+ 59 096+ 4.7
observer

LOA -11.9, 8.9 -10.2,7.7 -13.1,10.3 -10.3, 8.4

CV (%) 6.8 5.7 7.1 6.5

CV — heart failure (%) 9.7 8.2 9.8 9.1

CV —controls (%) 4.7 3.8 4.8 4.3
Inter- - .

A ejection fraction, % 0.89+ 5.6 142+ 4.9 -0.04+ 6.2 -1.8+ 49
observer

LOA -10.3, 121 -10.2,7.7 -13.1,10.3 -10.3, 8.4

CV (%) 7.4 6.2 7.6 6.7

CV — heart failure (%) 10.3 8.9 8.4 9.5

CV —controls (%) 5.2 4.1 5.7 4.2
Test- A ejection fraction, % 11+ 78 1.3+ 80 151+ 7.6 023+ 83
retest

LOA -16.7,14.5 -17.4,14.8 -13.7,16.8 -16.8, 16.3

CV (%) 10.2 10.3 9.3 11.4

CV — heart failure (%) 13.9 13.9 12.8 16.5

CV —controls (%) 6.9 7.3 6.3 7.2

Abbreviations: A ejection fraction = change in ejection fraction (absolute percent), LOA = limits of agreement, CV =

coefficient of variation

Bland and Altman plots confirmed that the variation was similar and no bias was associated with
repeat measurements of EF by any method for intra-observer variability (Figure 9), inter-observer
variability (Figure 10) and test-retest variability (Figure 11). The limits of agreement were wider for
the HF patients compared to controls. No modality offered any significant improvement in the

spread of data and THI consistently exhibited the lowest spread and smallest CV.
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Figure 9 - Inter-observer variability associated with ejection fraction measurements by four
different echo modalities
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Figure 10 - Intra-observer variability associated with ejection fraction measurements by four
different echo modalities
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Figure 11 - Test-retest variability associated with ejection fraction measurements by four
different echo modalities
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Discussion

This research investigated the role of THI and contrast LVO for improving endocardial wall
visualisation and measurement of systolic function in patients with HF and a comparison group of
healthy controls. The main aim was to investigate the variability and test-retest reproducibility of LV
volume and EF measurements using and comparing fundamental imaging, THI and LVO. This
study specifically targeted patients with clinical HF, a group of patients in whom accurate
measurements may potentially have the most clinical impact. Four main findings arise from this
study. Firstly, in this study population endocardial definition is enhanced with THI compared to
fundamental imaging, but not substantially further improved with the use of contrast. Secondly, the
contrast performance was different in HF patients compared to control subjects and there are
important regional differences in endocardial visualisation. Thirdly, these methods are not
interchangeable nor do they reliably detect LV dysfunction because LVO produced different LV
volumes and EF measurements when compared to non-contrast imaging and failed to detect
important systolic dysfunction in some patients. Lastly, the intra- and inter-observer and test-retest
variability was considerably lower with non-contrast imaging than previously reported and the

addition of contrast had little further effect upon any measure of reproducibility.

Enhancement of endocardial borders

Improvement of endocardial visualization was observed in all patients with THI and supports the
findings of many other studies that THI improves endocardial wall definition when compared to
fundamental imaging.[28-36] Several studies have demonstrated improved endocardial
visualisation with LVO [36-47] compared to fundamental imaging and this study supports those
findings. However, our findings comparing LVO to THI were inconsistent between the two groups of
subjects studied. There was a further incremental improvement in endocardial definition with LVO
in the control subjects, but not in the HF patients. In fact, endocardial definition was slightly inferior

with LVO compared to THI in patients with HF.

Regional differences in endocardial visualisation
There were important differences between the different regions of the heart, in particular the
anterior and lateral walls were least well visualised in all subjects. In the HF patients, the basal

segments were poorly imaged at baseline and failed to improve with the use of contrast LVO. The



reason for the lack of improvement in the basal segments may arise for several reasons. Firstly,
the HF patients were selected on the basis of a clinical diagnosis of HF, and as a result, many had
significantly dilated hearts. This dilatation meant that the basal segments were located far from the
transducer face and the walls were close to the edge of the ultrasound sector. There are physical
differences in the ultrasound beam at the base of the heart compared with the apex. In particular,
the beam width is wider and the slice thickness increased at depth. Both of these factors may
contribute to poor resolution, which may not have been improved with either THI or contrast LVO.
This may explain why the basal segments were, in general, the least well imaged of all twelve
segments. The proximity of some walls with the edge of the ultrasound sector also poses resolution
problems. The effect of side-lobe artifacts might be significantly worse in these walls and may
explain why the visualisation of the anterior and lateral walls was inferior to either the septum or
inferior wall. The combination of these depth-related and sector edge artifacts resulted in poor
imaging of the basal anterior and inferior walls. However, even with harmonic imaging and contrast

LVO some segments in these areas remained non-visualised.

Harmonic imaging has previously been shown to be particularly useful for improving visualisation of
the lateral and anterior walls[29] through reduction of side-lobe artifacts[34] and also in the basal
segments of the heart.[226] Whereas contrast has shown little benefit for visualising the basal
segments of the heart.[227] Although these benefits were observed in the current study for healthy
controls, the lack of consistency in HF may have resulted because the HF patients have larger
hearts with different geometrical shape resulting in more pronounced beam width and side-lobe

artifacts.

Previous studies have compared both THI and LVO to fundamental imaging in the same patients
with variable results.[29,36,227-230] Two of those studies did not demonstrate any improvement of
LVO over THI.[227,228] Of those studies demonstrating a benefit of LVO, many were performed in
the intensive care unit.[36,217,229-231] Portable echocardiography performed in sub-optimal
lighting conditions and ventilated patients, poses an entirely different situation than that normally
experienced in the echo laboratory and there is considerable evidence that in such situations,

contrast contributes significantly to patient management.[217,229-231] Thus, it does appear that in
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different circumstances, THI may provide maximum benefit, whilst in other situations LVO is
necessary and that suboptimal endocardial visualisation does not always necessitate the use of

contrast.

Comparison of modalities for determination of LV volumes and ejection fraction

This study showed that measurements made by the different methods are not the same and thus
not interchangeable. Importantly, in both groups the range of measurement of EF was large: 7.8%
in the controls and 6.5% in patients with HF. This may mask or magnify real changes that may be

present. It also may result in misclassification if the EF measurements alone are used.

Several studies have demonstrated that echo LV volumes are smaller than those obtained by
angiography,[232,233] radionuclide ventriculography[36] or biplane MRI techniques.[234] However,
since the difference in LVEDV and LVESV is of similar magnitude, the EF obtained by echo is
similar to the other methods.[36,233] The addition of contrast results in larger LV volumes[36,233]
and better agreement with radionuclide EF measurements[235] and hence has been considered
more accurate. LVO with triggered power Doppler has been shown to produce larger LV volumes
than other echo measurements, which are in better agreement with angiographic volumes.[233]
Although LVEDV with LVO was significantly larger in the current study, this was not the case for
the triggered power Doppler images. This may represent a true finding, or the power Doppler
volumes may be underestimated for one or more reasons. Firstly, the power Doppler images were
collected using the same injection of contrast as the LVO images. The time delay was minimal and
there did not appear to be a significant reduction in LVO with Power Doppler, but this cannot be
reliably excluded. The second reason relates to loss of signal at the base of the heart due to
attenuation by a large ventricular blood volume. Thirdly, some of the HF patients had abnormal
rhythms, including AF and ventricular ectopics, which may have affected the ECG triggering,
although this did not appear to be a problem in these patients at the time of imaging. Power
Doppler itself has some technical limitations, including low frame rate, and although we attempted
to overcome these by using triggered imaging which is not dependent upon frame rate, this may
have introduced other translational errors. In general, however the lack of improved visualisation
with non-Power contrast imaging is the most important point of this study and thus the influence of

the technical failings of Power Doppler methodology assume less importance.
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Wall motion score index

This study demonstrated excellent correlation between WMSI and EF in HF patients by all
methods, but without significant benefit of either THI or contrast LVO. This correlation was of a
similar magnitude to that observed in another study comparing WMSI obtained with fundamental
and harmonic imaging to EF measured by nuclear methods.[236] Importantly, no significant
differences were seen between the mean WMSI obtained by the different methods, which means
that these may be interchangeable, which is not the case for EF measurements. This probably
reflects the way that WMSI is calculated - if a segment is not visualised, it is not included in the
calculation of WMSI and thus has no effect on the overall value. Thus, when one or two segments
are not visualised the overall effect upon WMSI may be minimal. In isolated cases, such as a small
localised infarction or aneurysm, this might lead to underestimation of global dysfunction. However,
the improvement of endocardial visualisation with harmonics will minimise such errors, as well as

increase diagnostic confidence.

Whilst WMSI is an important global measure of LV function and provides important prognostic
information it does not provide any specific diagnostic information or provide aetiologic
explanations for the compromised LV function. However, the resolution of a single wall segment,
and hence understanding of its basal functional status, may change clinical management. Thus,
any method which has the potential to convert even one non-visualised wall segment to a visible

one has significant clinical potential.

The lack of correlation between WMSI and EF in the healthy controls reflects the insensitivity of the
method as a useful discriminator of function within the normal range. This is primarily because the
method has only one category for normal function, whereas it has four categories for abnormal

function.

Intra-observer, inter-observer and test-retest variability of EF measurements

The current study did not find significant improvements in the variability of EF measurement with
LVO to warrant widespread advocation of its use. However, compared to other studies, the

baseline variability was significantly lower in our study population with fundamental imaging
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compared to studies performed using older ultrasound equipment.[237-239] For example, in one

study the confidence interval was approximately twice that of the current study.[238]
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Expert versus non-expert readers

LVO improves “non-expert” reading and measurement of echocardiograms[47] and has been
advocated on this basis. The current study demonstrates, that it is possible to achieve highly
reproducible measurements of EF by non-contrast echocardiographic methods, and that in this
case, the widespread use of contrast is not warranted. Although LVO minimises the bias
associated with non-expert measurements, it is questionable whether a time-consuming technique,
which adds considerable cost to an echocardiogram should be chosen to make up for sub-optimal
conditions. The increased cost of using contrast in all patients in whom LV function is being
assessed must be weighed up against the cost of ultrasound equipment upgrades and continuing

education and training for staff.

Performance of contrast in patients with heart failure

Chamber opacification was inferior in patients with HF and this may be explained by multiple
factors. Firstly, the bubbles are exposed to ultrasound for a longer period, which leads to excessive
bubble destruction and loss of signal. Secondly, the larger blood volume may attenuate the signal
considerably and result in loss of signal in the basal segments. Thirdly, the concentration of
contrast may be weaker due to increased blood volume. Lastly, the higher pulmonary artery
pressure may slow the transfer rate through the lungs and hence dilute the concentration of
contrast in the LV cavity. In the current study, the PTT was related to larger LV volumes, reduced
EF, advanced diastolic filling pattern and higher jugular venous pressure (JVP). Hence, it is likely

that those patients with worse HF, may benefit the least from using contrast for LVO.

As previously discussed, the measurement of EF in patients with HF and thus the inferior
performance of contrast for LVO in this setting has important implications for its widespread use.
Data regarding the use of contrast in patients with depressed systolic function are limited. In a
previous study, using an earlier agent (Albunex) 64% of patients with systolic dysfunction had no
chamber opacification at all.[48] The current study is in general agreement, although LVO was
more successful with the current agent (Levovist®) which is consistent with animal data.[240]
Several studies have directly compared different contrast agents in different patient populations
and found that newer agents, such as Optison, provide better opacification than older agents such

as Albunex[42,43] and thus further work with different agents in HF patients may be required.
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When this study was perforemed, Levovist was the only agent available and approved for
intravenous administration for the purpose of LV opacification. In addition, the physics of ultrasound
display with contrast agents was rapidly evolving. Although the recommended approach at the time
was to utilise high mechanical index imaging, current methods use different agents and machine

settings.

Limitations

Although all measurements were made in random order, without knowledge of clinical details or
prior measurements, it was not possible to blind the observers to the imaging modality. The study
lacks an external validation with a gold standard technique for LV volume assessment. However,
many other studies have compared both THI and LVO with such techniques. The focus of the
current study was to assess the effects of endocardial border enhancement upon reproducibility.
The individual imaging modalities have consistently been proven to provide different
measurements, but for long-term follow-up, the actual measurements may assume less importance
in favor of the ability to detect smaller changes. What is clearly important is that once an imaging
modality has been chosen or used at baseline, the same modality should be used for follow-up

studies.

This study was limited to the twelve segments seen in the apical four and two chamber views
collectively. To include all 16 segments, would have necessitated including short axis images of the
LV. Because of attenuation through the LV cavity during contrast LVO, imaging and interpretation
of the posterior wall would have been very poor. Thus, in order to make a fair comparison, we

chose to only use the apical views.

This study was not restricted to patients with sub-optimal echocardiograms. Most other studies
have done so, and whilst this may identify the patients with the potential for the most improvement,
the objective of the current study was to determine the general applicability of the method in

patients with HF.

All of the imaging in the current study was performed using state-of-the-art echocardiography

equipment and by a sonographer with considerable quantitative echocardiography experience in an
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academic research setting. It is conceivable that with older equipment and less operator or reader

expertise, different results may have been obtained.
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Part B - Diastolic Function

Background

The echo-Doppler indices of diastolic filling are also important predictors of outcome. [78,96,118-
145] There is a graded prognostic outlook associated with the phases of diastolic filling: restrictive
filling pattern is associated with very poor long-term outcome compared to non-restrictive filling
pattern[78,96,118-145,155] and reversible restrictive filling (responsive to preload reduction) is
associated with higher survival rates than non-reversible restrictive filling (unresponsive to preload

reduction).[127,130,142,247]

Pulsed wave (PW) Doppler assessment of mitral valve (MV) inflow is routinely used in clinical
practice to non-invasively identify the five progressive filling categories: normal, abnormal
relaxation, pseudonormal, reversible restrictive filling and non-reversible restrictive filling based
upon early (E) and late (A) peak filling velocities and E deceleration time.[68-71] On its own, MV
Doppler does not permit differentiation between true normal and pseudonormal filling patterns.
Preload reduction, can differentiate pseudonormal and true normal patterns,[76-78] and also

differentiate reversible from non-reversible restrictive filling.[78]

Pulmonary venous (PV) Doppler flow, when used in conjunction with MV inflow may differentiate
between true normal and pseudonormal filling and is also useful for estimating left atrial (LA)
pressure.[16,72-74] However, transthoracic PV Doppler recordings are frequently suboptimal [242]
and thus the role of PV Doppler for evaluation of pseudonormal filling has recently been
questioned.[243] This situation is further confounded in patients with HF who often have enlarged
hearts. In such patients, the pulmonary veins are located a significant distance from the transducer
and the PW Doppler at this depth is less accurate. Transpulmonary contrast agents have been
shown to be very useful for improving sub-optimal PV Doppler signals[244] and improve the

haemodynamic information obtained in HF patients.[245]

Current HF management guidelines do not include repeat assessment of diastolic function in

response to treatment. This reflects the limited availability of data regarding the efficacy of

therapies for treatment of patients with preserved systolic function, so the effectiveness of
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treatment in these patients remains uncertain. Of interest, several small studies have demonstrated
that it is possible to alter the diastolic filling pattern of patients. For example, Capomolla et al
demonstrated that patients in whom diastolic filling was affected by preload manipulation (i.e.
reversible restrictive or pseudonormal) were more tolerant of beta-blocker therapy (Carvedilol) and
had better outcome.[175] Similarly, Pallazzouli et al report long-term reversal of the restrictive filling
is more common in HF patients randomised to Carvedilol compared to placebo.[246] Given that
these filling patterns have been shown to be independently and incrementally
prognostic,[78,127,130] it might be reasonable to perform repeat echocardiography to determine if
the filling pattern has changed over time, or with treatment. However, this has only been
demonstrated in highly selected small groups of patients with impaired systolic function, so caution
needs to be applied when extrapolating to patients with HF and normal EF. In this setting,
echocardiographic assessment of diastolic filling is essentially a surrogate for measurement of LA
pressure, as such the methods need to be both sensitive and reproducible in order to be clinical

useful.

Aims
To compare the effectiveness of pulmonary venous Doppler with preload manipulated mitral

Doppler for assessment of diastolic filling pattern and to determine the test-retest reproducibility of

these methods. A secondary aim was to compare three different preload reduction methods.

Methods

Subjects

Patients were recruited as outlined in Part A, but this analysis was restricted to a sub-group of the
main study: 20 HF patients and 25 healthy controls. Eleven of the original HF population were

excluded from this analysis because of atrial fibrillation.

Mitral valve inflow Doppler

Mitral valve PW Doppler recordings were obtained from the apical four chamber view with a 5 mm
PW Doppler sample volume placed distal (5-10mm) to the mitral annulus between the MV
leaflets.[248] The Doppler interrogation beam was carefully aligned with the direction of MV flow.

All Doppler recordings were optimised to maximise the signal on the screen, eliminate excess gain,
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minimise wall filters, and were recorded at a sweep speed of 100 mm/s. Only end-expiratory

signals were analysed.

Contrast enhancement of pulmonary venous Doppler recordings

Contrast was administered as described in Part A. Doppler recordings were made as previously
described. PV Doppler was performed by placing a 5 mm PW Doppler sample volume in the right

upper PV in the apical four-chamber view.

Non-standardised Valsalva

All subjects were instructed in the performance of a Valsalva manoeuvre (forced expiration against
a closed glottis) and each practiced the manoeuvre at least once. MV inflow Doppler was then
recorded during the Valsalva manoeuvre. Preload reduction was considered adequate if the mitral
E velocity dropped by 20%. The Valsalva was repeated up to three times in order to obtain
adequate signals. Figure 12 shows the MV inflow response to the Valsalva manoeuvre in two HF

patients obtained during the study.

Diastolic echocardiographic measurements

Triplicate measurements of all variables were made offline (Nova Microsonics/Kodak Eastman,
Mahwah, NJ) by one observer who was blinded to the subjects’ clinical details. Measurements
were made according to standard methods and include: i) Mitral valve (Figure 13A): MV early peak
filling velocity (E), MV late peak filling velocity (A), MV E wave deceleration time (DT), MV A wave
duration, isovolumic relaxation time (IVRT), ii) Pulmonary veins (Figure 13B): PV peak systolic
velocity, PV peak diastolic velocity, PV atrial reversal velocity, PV atrial reversal duration. The

following variables were calculated: E:A ratio, PV atrial reversal/MV atrial reversal.
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Figure 12 - Effect of preload reduction on mitral inflow

A- Pseudonormal filling: Rest Post Valsalva

Figure 13 - Diastolic Doppler measurements - mitral inflow and pulmonary veins

A - Mitral inflow pulsed wave Doppler Inflow B - Pulmonary Venous pulsed wave Doppler
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Differentiation between diastolic filling patterns
After the baseline measurements were made, each subject was classified into one of the following

categories of filling patterns[69]: normal filling: E:A ratio 1.0-2.0 and DT 0.15 — 0.23 s; abnormal
relaxation: E:A ratio < 1.0 and DT > 0.23 s; Pseudonormal filling: E:A ratio 1.0-2.0, but E:A ratio <
1.0 and DT > 0.23 s with Valsalva and/or PV atrial reversal duration/ MV A wave duration ratio
>1.2; RFP: E:A ratio > 2.0 and DT < 0.15 s; reversible restrictive filling: E:A ratio > 1.5 and DT <
0.150 ms and responsive to preload manipulation; non-reversible restrictive filling: E:A ratio > 1.5

and DT < 0.150 ms and unresponsive to preload manipulation (Figure 14).
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Figure 14 - Diastolic filling grades by pulsed wave mitral inflow Doppler

Pulsed wave Doppler of Mitral Inflow - Diastolic Filling Grades
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Evaluation of preload reduction methods

The non-standardised Valsalva was then compared to both the standardised method[249,250] and
pharmacological preload reduction method in a sub-group of subjects (Figure 15). Nineteen
subjects (HF = 10, Normal = 9) were asked to repeat the Valsalva by blowing into a hollow tube
which was attached to a mercury sphygmomanometer. They were instructed to blow sufficiently
hard to keep the mercury at a level of 40 mmHg. All MV Doppler recordings were made once a
steady state had been achieved. After a rest period, each subject was subsequently given a single
dose (400ug) of nitroglycerin (GTN) administered as a spray under the tongue. Continuous

monitoring of the MV pulsed wave Doppler was then performed for up to five minutes.
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Figure 15 - Mitral valve inflow Doppler - Effect of three different preload manipulations

| Mitral valve inflow |

Non-standardised Standardised Sublingual
Valsalva Valsalva Nitroglycerin

Statistics

Comparisons between the HF patients and the healthy volunteers were tested with the Student’s t-
test and between preload reduction methods with ANOVA (significant main effects explained using
Dunnetts test). All tests performed were 2 tailed and a p value of < 0.05 was considered significant.
For sensitivity, specificity and predictive values calculations, the “gold standard” or correct test was
considered to be the highest filling pattern obtainable (by any method) as the true pattern. For
example, if one method revealed a normal filling pattern and another method revealed
pseudonormal, then the correct one was deemed to be pseudonormal. With the exception of
restrictive filling, in which case, if any preload method revealed reversible restrictive filling this was

considered the true pattern.
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Results

This analysis is based upon the 20 HF patients and 25 healthy controls in whom complete Doppler

was available. As mentioned previously, 12 HF patients were excluded because of AF.

Diastolic echocardiography parameters
The HF patients had lower E velocity, higher A velocity, lower E:A ratio and longer deceleration

time compared to the controls. Heart rate, IVRT and PV forward velocity measurements were
similar between the groups and the retrograde PV atrial velocity was higher in the HF patients.
There was a reduction in the E:A ratio in both groups in response to the Valsalva manoeuvre but

no differences in heart rate was observed during Valsalva in either group (Table 10).

Table 10 - Doppler measurements of diastolic filling

Heart Failure Patients (n = 20) Healthy Controls (n = 25)

Baseline Valsalva Baseline Valsalva
Heart rate 68.3+11.4 68.8+12.7 64.9+7.3 62.5+10.8
E Velocity (cm/s) 58.8 +17.7 31.6+8.8° 68.1 +14.8* 44.4 +13.9°
A Velocity (cm/s) 65.9 + 25.7 545 +155 49.8 +15.7* 47.2 +12.8%
E:A ratio 0.89 + 0.51 0.58 +0.75 1.37 £ 0.69* 0.94 +0.72°
Deceleration time (s) 0.215+£0.099 - 0.188 £ 0.039* -
IVRT (s) 0.063 + 0.021 - 0.061 £ 0.014 -
Mitral A duration (s) 0.167 £ 0.038 - 0.150 + 0.020 -
PV systolic velocity (cm/s) 446 £8.9 - 51.4+155 -
PV diastolic velocity (cm/s) 50.1 £ 211 - 53.5+14.9 -
PV AR duration (s) 0.141 £ 0.030 - 0.122 +£ 0.030 -
PV AR velocity (cm/s) 445+ 6.1 - 23.5+5.3" -
PV AR duration-Mitral AR 0.026 + 0.079 - 0.028 + 0.051 -

*p < 0.0001 heart failure v controls; ¥p < 0.001 Valsalva v baseline; T p= 0.05 Valsalva v baseline;

values are mean * standard deviation

Abbreviations: AR = atrial reversal, E:A ratio = early to late filling ratio, IVRT = isovolumic relaxation time, PV = pulmonary
vein
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Diastolic filling classification

Diastolic filling grade was different depending upon the method used. MV Doppler was the least
accurate. Nine subjects were considered to have suboptimal or incomplete PV recording pre-
contrast and thus all of the results presented are based upon PV recordings obtained with contrast.
The addition of PV Doppler offered slight improvement by identifying subjects with pseudonormal
filling. These subjects were also identified by preload reduction (Valsalva), as were an additional
six subjects with pseudonormal filling that were undetected by PV Doppler. In addition, the Valsalva

manoeuvre identified a further three subjects with reversible restrictive filling(Table 11).

Table 11 - Classification of diastolic filling grade

Diastolic Filling Grade

Visit One 0 1 2 3 4
Mitral inflow pulsed wave Doppler 22 17 - - 6
+ pulmonary venous Doppler 20 17 2 - 6
+ contrast enhancement 21 17 1 - 6

+ preload reduction 14 17 8 3 3

Number of subjects: HF = 20, Control = 25
Diastolic filling classification: 0 = normal, 1 = abnormal relaxation, 2 = pseudonormal filling, 3 = reversible restrictive filling,
4 = non-reversible restrictive filling
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Test-retest of diastolic filling grade classification

All four methods correctly identified the subjects with an abnormal filling pattern, but there was

clinically important variability in the detection of all other filling patterns on different days (

Table 12). Only the preload method correctly identified all of the patients with normal or abnormal
filling patterns on both days. Although there were small differences in the detection of
pseudonormal and reversible restriction between days, non-reversible restriction was correctly
identified with Valsalva on both days, but the other methods displayed poor agreement (Table 12).
Comparing the combination of advanced filling grades (pseudonormal and restrictive grades) to the
other grades (normal and abnormal relaxation) only the grade obtained with Valsalva concurred

between days.

Table 12 — Classification of diastolic filling grade

Diastolic Filling Grade

Visit One 0 1 2 3 4

Mitral inflow pulsed wave Doppler 22 17 - - 6

+ pulmonary venous Doppler 20 17 2 - 6

+ contrast enhancement 21 17 1 - 6

+ preload reduction 14 17 8 3 3
Visit Two

Mitral inflow pulsed wave Doppler 18 17 - - 10

+ pulmonary venous Doppler 17 17 1 - 10

+ contrast enhancement 15 17 3 - 10

+ preload reduction 14 17 5 6 3

Number of subjects: HF = 20, Control = 25.
Diastolic filling classification: 0 = normal, 1 = abnormal relaxation, 2 = pseudonormal filling, 3 = reversible restrictive filling,
4 = non-reversible restrictive filling

The movement between the grades is illustrated in Figure 16 and is most marked within all
methods, with the exception of preload reduction. The latter only misclassified three subjects but on
each occasion each subject was identified as having advanced diastolic filling abnormalities which
would be associated with high filling pressure and may not be clinically misleading. Conversely,

important misclassification occurred with all the other methods.
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Figure 16 - Movement of subjects within diastolic categories on each visit
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Sensitivity, specificity and predictive values

Comparing the sensitivity and specificity of these methods for detection of any grade of abnormal

diastolic filling from normal filling, the addition of PV Doppler increased both the sensitivity and

specificity, but neither the MV nor the PV method reached the diagnostic accuracy of preload

manipulated MV valve Doppler (Table 13). The same was true when used to detect advanced filling

patterns (pseudonormal and restrictive filling) compared to normal or abnormal relaxation patterns.

The positive predictive value was similar and high for all methods, but the negative predictive value

was poor for the non-preload methods (Table 13).

Table 13 - Sensitivity, specificity, positive and negative predictive values of the different
methods: Detection of any abnormal diastolic filling grade

Sensitivity

Specificity

Positive Predictive
Value

Negative Predictive
Value

Detection of any abnormal filling pattern

MV Doppler 74.2% (Cl:55.4,88.1)

+ PV Doppler 80.7% (Cl:62.5,92.6)
+ contrast enhancement 77.4 (Cl:58.9,90.4)

+ preload reduction 100 %

93.3% (Cl:68.1,99.8)

93.3% (Cl:68.1,99.8)

93.3% (C1:68.1,99.8)

100 %

95.8% (Cl:55.4,88.1)

96.2% (C1:80.4,99.9)

96.0% (C1:79.7,99.9)

100 %

63.6% (C1:40.7,82.8)

70.0% (Cl:45.7,88.1)

66.7% (C1:43.0,85.4)

100 %

Detection of pseudonormal or restrictive filling

MV Doppler 42.9% (Cl:17.7,71.1)

+ PV Doppler 57.1% (Cl:28.9,82.3)
+ contrast enhancement 50.0% (Cl:23.0,76.9)

+ preload reduction 100 %

96.9% (C1:83.8,99.9)

96.9% (C1:83.8,99.9

96.9% (Cl:83.8,99.9)

100 %

85.7% (Cl:42.1,99.6)

88.9% (Cl:51.8,99.7)

87.5% (Cl:47.4,99.7)

100 %

79.5% (C1:63.5,90.7)

83.8% (Cl1:68.0,93.8)

81.6% (C1:65.7,92.3)

100 %

Number of subjects: HF = 20, Control = 25.

Normal filling (grade 0) versus all other grades (2-4); gold standard for comparison is preload reduction.
Abbreviations: Cl = 95% confidence interval, MV = mitral valve, PV = pulmonary venous.
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Comparison of different preload reduction manoeuvres

In a subgroup of patients (n=19) all three preload reduction methods were tested. Compared to

baseline, mitral valve E:A ratio was significantly reduced and the deceleration time prolonged with

all three methods (non-standardised Valsalva, standardised Valsalva and GTN) but no differences

were detected between the three methods (ANOVA) (Table 14). Minor differences in the final

classification of diastolic filling occurred with the different methods (Table 15). Importantly, the non-

standardised Valsalva appeared as accurate as the other two methods.

Table 14 - Effect of preload reduction method upon mitral inflow pulsed wave Doppler

Baseline MV Non-standardised Standardised

Nitroglycerin

Doppler Valsalva Valsalva (GTN) ANOVA
E:A ratio 1.60 + 0.60 0.85 £ 0.44* 0.85+0.43* 0.93 +£0.48* ns
Deceleration time (s) 195.2 £ 58.3 0.241 £ 0.071 0.247 £ 0.061 0.215 £ 0.06¢1 ns
A E:A ratio - -0.31+£0.42 -0.31+£0.39 -0.23+0.23 ns
A Deceleration time (s) - 0.048 £ 0.089 0.052 £ 0.082 0.021 £ 0.064 ns

* p < 0.005 all methods compared to baseline, T p < 0.05, all methods different to baseline
abbreviations: E:A ratio = early to late filling ratio

Table 15 - Classification of diastolic filling grade by five methods

Diastolic Filling Grade

Method 0 1 2 3 4
Mitral inflow pulsed wave Doppler 8 8 - - 3
+ pulmonary venous Doppler (Contrast) 6 8 2 - 3
+ preload reduction (Valsalva) 5 8 3 3 0
+ preload reduction (standardised Valsalva) 6 8 2 3 0
+ preload reduction (nitroglycerin) 5 8 3 2 1

Number of subjects: HF = 10, Control = 9.

Diastolic filling classification: 0 = normal, 1 = abnormal relaxation, 2 = pseudonormal filling, 3 = reversible restrictive filling,

4 = non-reversible restrictive filling
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Discussion

This study has compared optimal transthoracic recordings of PV Doppler and found that they do
not reach the diagnostic accuracy of preload manipulation for classification of diastolic filling
abnormalities. Further, it has demonstrated that a non-standardised Valsalva manoeuvre performs
equally well to both standardised (measured) Valsalva and pharmacological preload reduction (with
GTN). To our knowledge, this study is the first study to investigate the test-retest agreement of
these methods for correctly identifying diastolic filling grades in HF patients. The results indicate
that a simple Valsalva manoeuvre may reveal important advanced diastolic filling abnormalities and

thus may be an essential part of the echo examination of patients with HF.

Assessment of diastolic filling is now considered to be a routine part of contemporary
echocardiographic assessment.[251] Given the graded prognosis associated with the higher
diastolic filling grades (pseudonormal, reversible restrictive and non-reversible restrictive) even in
the setting of depressed systolic function,[78,118,125,128,130,137,144] it is paramount that these

grades of advanced filling abnormalities are accurately identified.

Diastole is a complex series of events where the pressure gradient between the LV and LA is in
constant flux due to changes in the myocardial properties induced by ventricular relaxation and in
response to atrial systole. The fluctuations in the pressure gradient give rise to the passive and
active phases of mitral filling that are easily assessed by Doppler echocardiography. The ratio of
these two phases (E:A ratio) was the earliest, and remains the most common, measure of diastolic
filling. Indeed, several patterns of diastolic filling are now well recognised on this basis.[69-72] MV
Doppler used in isolation is insufficient to detect two advanced filling patterns (pseudonormal and

reversible restrictive filling).

Pulmonary venous Doppler has been widely used to identify pseudonormal filling on the basis that
there is some retrograde blood flow into the pulmonary veins during atrial contraction. If the LV
pressure is high, blood will flow for a longer time into the passive pulmonary veins. The comparison
of the time duration of the MV forward flow during atrial contraction (A wave) to the time duration of

this retrograde PV flow (atrial reversal) is related to LVEDP — longer PV atrial reversal duration
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indicates higher pressure. [16,74,75,79] With optimal visualisation of the PV blood flow, it is
possible to detect pseudonormal filling in many patients and in two recent studies of patients
undergoing diagnostic coronary angiography, PV Doppler was superior to preload reduction for
identifying elevated LVEDP[75] but may not be obtained as reliably as MV inflow during
Valsalva.[79] Further, in patients with HF, the pulmonary veins are further away from the
transducer and thus the signal may be even more suboptimal. The current study used a
transpulmonary contrast agent (Levovist) to enhance the PV signal, but despite this, the technique

remained inferior to preload manipulation.

Preload manipulation is essential for correct identification of reversible and non-reversible
restrictive filling. This is an important clinical distinction because the latter is associated with much
higher mortality rates.[78,127,130] Reduction in venous return to the heart (preload) lowers the LA
filling pressure allowing changes in mitral pulsed wave Doppler velocities to be identified. This can
be achieved in two ways, by increasing intra-thoracic pressure with a Valsalva manoeuvre or by
using a fast-acting vasodilator such as sublingual nitroglycerin. The latter is a potent vasodilator
with rapid action and can be administered in a quantifiable dose. The Valsalva manoeuvre is
dependent upon patient skill and effort and as a result, the degree of preload reduction is variable.
Preload manipulation can identify both pseudonormal filling and also the reversible form of the
restrictive filling phase. The change in E:A ratio with preload reduction correlates with invasive
measurements of LVEDP obtained in response to a non-standardised Valsalva

manoeuvre,[79,241] standardised Valsalva manoeuvre[250] and nitroglycerin administration.[241]

This study has shown that after minimal training, adequate preload reduction can be achieved in all
subjects using a non-standardised Valsalva manoeuvre. The non-standardised Valsalva resulted in
similar MV inflow changes as the standardised approach and sublingual nitroglycerin. The findings
of this study suggest that it may not be necessary to obtain PV Doppler measurements when
preload manipulation is achievable and that without preload manipulation misclassification of many
patients may occur. Although all methods showed good positive predictive value, that is if you find
an abnormal filling pattern it is likely to be true, the methods that did not use preload had poor

negative predictive value. This is a known pitfall of using both MV and PV Doppler for detecting
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abnormal filling patterns - if a normal filling pattern is observed it does not necessarily follow that
diastolic filling (or filling pressure) is normal. Preload manipulation offers significant benefit over the
other methods in this regard. For the purposes of this analysis, we have assumed that the highest
filling pattern obtainable (by any method) is the true pattern. This may be incorrect, but reflects
current clinical use of preload manipulation and classification of patients on this basis does identify

groups of patients at progressively higher cardiovascular long-term risk.

This study did not evaluate the newer modality of tissue Doppler imaging (TDI). It has been
previously shown that TDI is Complementary to MV and PV Doppler for differentiating
pseudonormal filling[252-254] and to identify elevated LV filling pressures.[83,84] However, in the
setting of severely depressed systolic function, TDI velocities are often very low making the
technique particularly challenging in such patients. When adequate signals are obtained, pulsed
wave TDlI is useful for identifying pseudonormal filling, but it does not directly provide information
about the reversibility of restrictive filling. Currently, TDI is useful for differentiating subjects with low
LA pressure and those with very high LA pressures. There remains an intermediate group in whom
TDI is ambiguous in relation to LA pressure estimation. TDI is Complementary to the methods
described here, because it provides a surrogate measure of LA pressure.[83,84] Neither TDI nor
preload reduction should be viewed as independent - preload reduction allows you to document the

correct diastolic filling phase and TDI provides an estimation of LA pressure.

The day-to-day variation observed for MV Doppler and pulmonary venous Doppler probably
possibly reflects fluctuations in fluid status and hence preload in HF patients despite apparent
clinical stability. This variation can be so pronounced that an individual may shift between filling
patterns almost daily as a result of changes in preload and LA pressure. The use of the Valsalva
manoeuvre in this situation reduces the preload to a minimum level and hence if preformed well
enough, is able to detect the underlying filling grade such that might be present if the patient had

optimal fluid balance. This finding may be unique to HF patients.

Limitations
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This is a small cross-sectional study and lacks a comparison with a gold standard such as invasive
measurement of LA or LV pressure, which would have confirmed the presence of elevated filling
pressures. However, many previous studies have compared these mitral Doppler measurements
with invasive pressure measurement. These methods are thus quite established. This study did not
evaluate the role of trans-oesophageal echocardiography measurements of PV return, which
almost certainly would have resulted in better quality Doppler recordings. However, we do not
believe that this is routine clinical practice and it was the intention of the study to investigate
common clinical parameters. Lastly, the comparison with newer indices such as Tissue Doppler
annular velocities would have been a useful way to confirm the presence of advanced filling
patterns and elevated filling pressures. But at the time this study was conducted this technology

was unavailable in our laboratory.

Conclusions

The accurate assessment of diastolic filling pattern in patients with HF can provide important
prognostic information, even in the setting of depressed systolic function. This study has shown
that preload reduction, such as might be achieved through the Valsalva manoeuvre is an essential
part of the assessment of diastolic function in HF patients. Preload reduction is superior to PV
Doppler assessment or pulsed wave tissue Doppler because in addition to identifying those
patients with pseudonormal filling and hence mildly increased filling pressures, preload reduction is
able to differentiate between reversible and non-reversible restrictive filling, which are respectively
associated with high and very high filling pressures. Thorough assessment of diastolic filling grade,
including a preload challenge, should form part of any echocardiographic examination of HF
patients and will ultimately lead to better prognosis, which in turn may lead to optimising

management of such patients

Summary

Harmonic imaging significantly improved endocardial wall visualisation in both the control subjects
and HF patients and a small incremental improvement was seen with the use of contrast for LVO.
However, contrast enhancement of endocardial borders was inferior in patients with HF and this

appeared to be related to the delayed passage of contrast through the lungs, which in turn was
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related to worse HF. On a segment by segment basis, harmonic imaging and contrast LVO
improved endocardial visualisation, but is wall segment specific. In particular, segments which lie at
the extremes of the ultrasound sector were not as well visualised with fundamental imaging and
thus may have the most room for improvement with the use of contrast LVO. All of the methods
performed differently in patients with HF compared to control subjects with normal sized and
functioning hearts. Importantly, WMSI was not affected by these different methods.

This study has important and clinically relevant implications for the initial assessment and serial
follow-up of systolic function in patients with HF. Harmonic imaging should be used routinely for
regional wall motion analysis and measurement of EF in HF patients, but contrast LVO should be
carefully considered in light of the specific location of non-visualised segments and heart size.
Further, this study has demonstrated that the LV volumes and EF measured by fundamental,
harmonic and contrast imaging are not comparable and thus not interchangeable for follow-up

assessments.

The current study found no significant differences in test-retest reproducibility using contrast. To
our knowledge, this is the first study to target patients with HF to evaluate the potential benefits of
THI and LVO for echo measurement of EF. The variability observed in this study is the lowest yet
published in the literature (similar to 3D echo and MRI). It probably reflects optimal echo imaging in
an academic institution, but it may also indicate the quality benchmark we should expect from the
latest ultrasound equipment. The results of the study suggest that, with excellent equipment and

optimised non-contrast imaging the benefits of contrast may be minimal.

The accurate assessment of diastolic filling pattern in patients with HF can provide important
prognostic information, even in the setting of depressed systolic function. This study has shown
that preload reduction, such as might be achieved through the Valsalva manoeuvre is an essential
part of the assessment of diastolic function in HF patients and is superior to PV Doppler
assessment. Thorough assessment of diastolic filling grade, including a preload challenge, should
form part of any echocardiographic examination of HF patients and will ultimately lead to better

prognosis, which in turn may lead to optimising management of such patients.
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Key Findings:
e Assessment of systolic function in patients with heart failure is optimised by the use of

harmonic imaging and not enhanced with the addition of transpulmonary contrast agents
e Assessment of diastolic filling is optimised by the use of preload manipulation to correctly

identify true diastolic filling patterns
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Chapter 3 - Predicting Future Hospitalisations and Mortality in
Heart Failure Patients after Hospital Discharge
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Background
Despite optimal medical therapy, mortality associated with congestive heart failure (HF) remains

high.[2,3] Several clinical and functional parameters predict survival, including New York Heart
Association (NYHA) classification,[111] peak oxygen uptake,[112,113] end-systolic volume,[114]
ejection fraction,[112,115,116] creatinine clearance[117] and echo-Doppler indices of diastolic

filling.[78,96,118-147]

Pulsed wave Doppler assessment of the mitral valve is routinely used in clinical practice to non-
invasively assess LV diastolic filling. On its own, mitral Doppler does not permit differentiation
between true normal and pseudonormal filling patterns. Pulmonary venous Doppler flow, when
used in conjunction with mitral inflow helps to differentiate between true normal and pseudonormal
filling and is useful for estimating LA pressure.[16,72-74,89] However, transthoracic pulmonary
venous Doppler recordings are frequently suboptimal[242] and other methods are required.
Preload reduction, achieved with the Valsalva manoeuvre or sublingual nitroglycerin, can assist
differentiation of pseudonormal and true normal patterns[70,76,77] and also differentiate reversible

from non-reversible restrictive filling.

The differentiation of restrictive filling patterns from non-restrictive patterns provides important
independent prognostic information.[78,96,118-146] Reversible restrictive filling (responsive to
pharmacological preload reduction) is associated with better outcome than non-reversible
restrictive filling (unresponsive).[78,127,130] However, little is known about the prognostic

significance of other non-restrictive filling patterns in HF patients.

In patients with acute myocardial infarction (AMI) and normal systolic function, the presence of
pseudonormal filling (identified using colour m-mode echocardiography) within 24 hours of the AMI
predicted cardiac death and LV dilatation[156] and the effect falls in between that observed for
patients with restrictive filling and abnormal relaxation patterns. Similarly, a short deceleration time

is associated with adverse remodelling[164] and development of HF post AMI,
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[155,159,161,164,169,170,266] although the presence of a restrictive filling pattern is the single

best predictor of cardiac death.[155]

We hypothesized that the intermediate pseudonormal filling would provide additional prognostic
information in HF beyond the simple classification of non-restrictive or restrictive filling patterns,
which most studies have previously used. Thus, the aim of the current study was to investigate
whether the distinction of different patient groups based upon filling pattern was associated with

survival or readmission in a chronic heart failure population.

Methods

Subjects

Patients included were those enrolled in a randomised, controlled, trial of integrated heart failure
management carried out at our institution between 1996 and 1999.[267] The intervention had a
beneficial effect on multiple readmission rates, bed days and quality of life but not on mortality.[267]
Patients were eligible if they had been admitted to the general medical wards at Auckland Hospital
with a primary diagnosis of heart failure. Exclusion criteria were kept to a minimum to allow a wide
range of patients to be enrolled, and included: i) a surgically remediable cause for heart failure,
such as severe aortic stenosis, ii) consideration for heart transplantation, iii) inability to provide
informed consent, iv) terminal cancer and v) participation in any other clinical trial. In addition, for
the current analyses only patients with sinus rhythm at the time of the baseline echo examination
were included. Heart failure was diagnosed on the basis of typical symptoms and signs, with review
of the chest X-ray, ECG and echocardiogram. The Auckland Ethics Committee approved the study
and written informed consent was obtained from each patient during the index admission just prior
to hospital discharge. Details of the clinical history, physical examination, blood biochemistry, ECG

and chest X-ray were recorded prior to discharge.

The intervention trial involved follow-up over 12 months. The primary end-points for the analysis in

this report were all-cause mortality, all-cause first readmission and a combined end-point of both
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mortality and first readmission at one year. Outcome data was collected from hospital records,

general practice records and death certificates.

Echocardiographic methods
All patients were examined lying on their left side and images were obtained according to a

standard protocol using one of two ultrasound machines (ATL HDI-3000, ATL Ultrasound, Bothell,
WA or Acuson XP128, Acuson Corp, Mountainview, CA). Images were recorded onto videotape
and digitally acquired for off-line analysis. Mitral valve Doppler recordings were obtained from the
apical four chamber view with a 5 mm pulsed wave Doppler sample volume placed distal (5-10mm)
to the mitral annulus between the mitral valve leaflets.[248] The Doppler interrogation beam was
carefully aligned with the direction of mitral flow. Pulmonary venous Doppler was attempted in all
subjects, by placing a 5 mm pulsed wave Doppler sample volume in the right upper pulmonary vein
in the apical four-chamber view. Isovolumic relaxation time (IVRT) was recorded by placing the
sample volume adjacent to the anterior mitral valve leaflet, in the left ventricular outflow tract in a
five-chamber view. The signal was considered optimal when a clear aortic valve closure click was
observed as well as the onset of early mitral flow. All Doppler recordings were optimised to
maximise the signal on the screen, eliminate excess gain and minimise wall filters, and were

recorded at a sweep speed of 100 mm/s and only end-expiratory signals analysed.

Patients were instructed in the performance of a Valsalva manoeuvre (forced expiration against a
closed glottis) and each practiced the manoeuvre at least once. Mitral valve inflow Doppler was
then recorded during the Valsalva manoeuvre. Preload reduction was considered adequate if the
mitral velocities dropped by 20%. The Valsalva was repeated up to three times in order to obtain
adequate signals. In addition, a full clinical echocardiographic examination was performed. M-mode
recordings were made from the parasternal long axis view and were used to calculate LV size, wall
thickness, mass and fractional shortening. Left ventricular volumes and ejection fraction (EF) were
measured using Simpson’s biplane method from the apical four and two chamber views. Left atrial
area was measured in the apical four-chamber view at end-systole. All echocardiographic images
were obtained by specially trained research sonographers, without knowledge of the patients’

clinical details.
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Echocardiographic measurements

Triplicate measurements of all variables were made offline (Nova Microsonics/Kodak Eastman,
Mahwah, NJ) by one observer who was blinded to the patients’ clinical details. Measurements were
made according to standard methods and included: i) 2-dimensional and m-mode measurements:
left ventricular end-diastolic dimension (LVEDD), left ventricular end-systolic dimension left
ventricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), left atrial
area, ii) Doppler measurements: mitral valve peak early filling velocity (E), peak late filling velocity
(A), deceleration time (DT) of the mitral E wave, A wave duration (A dur), isovolumic relaxation time
(IVRT), pulmonary venous peak systolic velocity (S), peak diastolic velocity (D), atrial reversal
velocity (AR), atrial reversal duration (AR dur), The following variables were calculated: E:A ratio =
E velocity/A velocity, AR dur — A dur, stroke volume (SV) = LVEDV — LVESV, ejection fraction (EF)

= SV/LVEDV x 100%.

Differentiation between diastolic filling patterns

After the baseline measurements were made, each subject was classified into one of the following

categories of filling patterns[121,125]:

- normal filling: E:A ratio 1.0-2.0 and deceleration time 0.14 —0.23 s

- abnormal relaxation: E:A ratio < 1.0 and deceleration time > 0.23 s

- pseudonormal filling: E:A ratio 1.0-2.0 and deceleration time 0.14 — 0.23 s, but E:A ratio <
1.0 and deceleration time > 0.23 s with Valsalva and/or pulmonary atrial duration: A wave

duration ratio >1.2;

- restrictive filling: E:A ratio > 2.0 and deceleration time < 0.14 s

Patients exclusions and final mitral filling class

Patients were excluded if complete mitral Doppler measurements could not be obtained. In total, 19
(14.2 %) of the original study participants were excluded: 13 (9.7%) due to tachycardia and fused

MV Doppler and 6 (4.4 %) who had a permanent pacemaker. This left 115 (85.8%) patients in

85



whom complete Doppler assessment was possible at baseline, patients were divided into three
groups: abnormal relaxation (40%), pseudonormal (36.5%) and restrictive filling (23.5%) (Figure

17).

Figure 17 - Recruitment and final group classification of patients.

Patients admitted to hospital for
exacerbation of CHF symptoms

n=134
Exclusions
Fused E:A =13
Pacemaker =6
\ 4

Classification of mitral filling pattern
by mitral inflow Doppler with Valsalva

n=115
Abnormal Relaxation Pseudonormal Restrictive Filling
n = 46 (40%) n =42 (36.5%) n = 27 (23.5%)
All deaths = 8 (17.4%) All deaths = 10 (23.4%) All deaths = 10 (37.5%)
All readm = 25 (54.3%) All readm = 32 (76.2%) All readm = 19 (70.3%)
CHF readm =7 (15.2%) CHF readm = 13 (30.9%) CHF readm = 11 (40.7%)

Statistical Analysis

Comparisons between groups for continuous normally distributed variables were made using
Student’s t-test and analysis of variance where appropriate. Non-parametric continuous data were
analysed using Wilcoxon and Kruskall Wallace tests where appropriate. Differences between
categorical variables were assessed using Chi-squared analysis. Stratified survival analysis (time
to first event: death, admission or death and/or readmission) was performed using the Kaplan-
Meier method. In multivariate models, Cox proportional hazards was used to adjust for the potential
confounding effect of covariates, including age and LV ejection fraction. All tests were two-tailed
and 5% significance level was maintained throughout. Procedures of the statistical analysis system

SAS were employed in these analyses (SAS Institute, Cary, NC).
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Results

Patients

One hundred and fifteen patients are included in this report. The mean age at entry to the study
was 73 years (SD 10.8). Three quarters of the patients were classified as being NYHA functional
class IV on admission but all patients improved sufficiently to be discharged from hospital. Heart
failure was considered due to ischemic heart disease in 54%, and, while the remainder was
classified as non-ischaemic, many of these patients had multiple potential causes of heart failure
with the exact cause often being uncertain. 46% of all patients had a history of documented prior
MI, 52% prior hypertension, and 29% diabetes. 52% had a prior admission for heart failure before
the index admission. Most were receiving frusemide and 88% were receiving an ACE inhibitor. The
average LV ejection fraction was 32% (SD13). Renal function was impaired with average creatinine

clearance 48.9ml/min (SD 24) (normal range 90-140ml/min).

Mitral filling pattern

No patients had a normal filling pattern. Forty-six patients (40 %) were classified as abnormal
relaxation, 42 (36.5 %) as pseudonormal and the remaining 27 (23.5 %) classified as restrictive
filling (Table 16). There were no statistical differences in age, previous HF admissions, heart rate,
sodium, creatinine, creatinine clearance or ACE inhibitor dose between the 3 groups. When
comparing the abnormal relaxation group with the pseudonormal group, the LA area was smaller,
the E:A ratio lower, the deceleration and isovolumic relaxation times longer. Comparing the
abnormal relaxation group with the restrictive filling group, the systolic and diastolic blood
pressures were higher, frusemide dose lower, LA area smaller, E:A ratio lower and deceleration
and isovolumic relaxation times longer. The mitral A wave duration time was longer, but the
pulmonary atrial reversal duration was not. Comparing the pseudonormal group with the restrictive
filling group, both systolic and diastolic blood pressures were higher, E:A ratio was higher and

deceleration time prolonged (Table 16).
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Table 16 - Clinical and echocardiographic parameters at the time of discharge from hospital,
after stabilisation with medication

Variables Abnormal Pseudonormal Restrictive p
relaxation filling filling

n (%) 46 (40%) 42 (36.5%) 27 (23.4 %)

Age, (years) 735+ 114 71.8+9.8 69.6 £ 13.2

NYHA class at discharge 1.7+ 0.6 1.9+£0.5 2.0+0.6

Previous infarction (n (%)) 24 (52%) 21 (51%) 13 (48%)

Previous admissions (n) 1.1+14 1.3+1.8 1.3+1.7

Heart rate (bpm) 82.1+13.2 782+ 111 80.1 £11.1

Systolic blood pressure (mmHg) 130.5+22.7 128.0 £ 19.2 113.4+19.3 #1

Diastolic blood pressure (mmHg) 718105 742+122 63.7+10.7 #71

Plasma sodium (mmol/l) 138.8+3.5 139.2+ 3.7 137.6 £6.9

Plasma creatinine (mmol/l) 0.12+0.03 0.13+0.05 0.14 £ 0.06

Creatinine clearance (ml/min) 49.6 £ 29.9 49.6 £19.8 492+ 25.6

Frusemide (mg) 87.1+62.1 112.2+86.7 155.6 £ 73.9 #

ACE inhibitors (mg) 9.4+58 11.1+6.6 10.6 + 6.8

LV end-diastolic volume (ml) 165.6 £71.8 181.0 £ 62.4 206.4 £ 83.2

LV end-systolic volume (ml) 117.1 £ 66.2 125.9 £ 57.3 154.5+75.4

LV ejection fraction (%) 32.8+13.6 32.0+11.4 28.7t125

Left atrial area (sz) 24.3+5.0 28.2+4.3 * 282+58 #

E:A ratio 0.7+0.15 1.3+£0.3 * 251+0.8 #71

Deceleration time (s) 0.269+0.103 0.191+0.053 * 0.132+0.038 #1

A wave duration (s) 0.164 £ 0.024 0.153 £ 0.025 0.140 £ 0.024 #

Atrial reversal duration (s) 0.131 £ 0.024 0.155+0.33 0.146 £ 0.037

Isovolumic relaxation time (s) 0.073+£0.022 0.059+0.017 * 0.053+0.022 #

* p < 0.05 abnormal relaxation versus pseudonormal filling; # p < 0.05 abnormal relaxation versus restrictive filling; T p <
0.05 pseudonormal filling versus restrictive filling.

Values shown are mean * standard deviation.

Abbreviations: ACE = angiotensin converting enzyme, E:A Ratio = ratio of early passive to late active mitral filling, LV left
ventricle, NYHA = New York Heart Association class.
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Time to first hospitalisation

During the twelve month follow-up period, 76 (66.1%) patients were readmitted to hospital.
Readmission rates were similar between the non-restrictive group (57 readmissions, 64.8%) and
the restrictive group (19 readmissions, 70.3%, p=0.48) (Figure 17A). Within the non-restrictive
group there was a significant difference between the abnormal relaxation group (25 events, 54.3%)
and the pseudonormal group (32 readmissions, 76.2%, p=0.0057) and a trend between the
abnormal relaxation group and the restrictive group (19 readmissions, 70.3%, p=0.073), but no
difference between the pseudonormal group (32 readmissions, 76.2%) and restrictive group (19

readmissions, 70.3%, p=0.52) (Figure 18B).
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Figure 18- All-cause hospital admissions by non-restrictive versus restrictive filling (A) and
abnormal relaxation, pseudonormal and restrictive filling (B)
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Time to first heart failure hospitalisation
Of the 76 first readmissions to hospital, 31 (40.8%) were for exacerbation of HF. There were more

readmissions for worsening heart failure in the restrictive group (11 HF readmissions, 40.7%)
compared with the non-restrictive group (20 HF readmissions, 22.7%, p=0.046) (Figure 18A).
Within the non-restrictive group, the abnormal relaxation group (7 HF admissions, 15.2%) had
fewer HF admissions than the restrictive group (11 HF admissions, 40.7%, p=0.011) but not
statistically different to the pseudonormal group (13 HF admissions, 30.9%, p=0.078). HF
admissions were not different between the pseudonormal group (13 HF admissions, 30.9%). and

the restrictive group (11 HF admissions, 40.7%, p=0.35) (Figure 19B).
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Figure 19 - Hospital readmissions by non-restrictive versus restrictive filling (A) and
abnormal, pseudonormal and restrictive filling (B)
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One year all-cause mortality

During the twelve month follow-up period, there were 28 deaths (24.3%). Mortality was significantly
different between the non-restrictive filling group (18 deaths, 20.5%) compared to the restrictive
filling group (10 deaths, 37.0%, p=0.035) (Figure 19A). Within the non-restrictive group, mortality
was lower in the abnormal relaxation group (8 deaths, 17.4%) compared with the restrictive group
(10 deaths, 37.0%, p=0.033), but not different from the pseudonormal group (10 deaths, 23.8%,
p=0.47). Survival in the pseudonormal group (10 deaths, 23.8%) was not statistically different from

the restrictive group (10 deaths, 37.0%, p=0.15) (Figure 20B).
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Figure 20 - All-cause death by non-restrictive versus restrictive filling (A) and abnormal,
pseudonormal and restrictive filling (B)
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All-cause mortality and readmission
During the twelve month follow-up period 80 (69.6%) patients either died or were admitted to

hospital for any cause. There was no difference between the non-restrictive (59 events, 67.0%) and
the restrictive group (21 events, 77.8%, p=0.23) for the combined end-point of death and/or
readmission (Figure 21A). However, within the non-restrictive group there was a significant
difference between the abnormal relaxation group (26 events, 56.5%) and the pseudonormal group
(33 events, 78.6%, p=0.004) and the restrictive group (21 events, 77.8%, p=0.02), but no difference
between the pseudonormal group (33 events, 78.6%) and restrictive groups (21 events, 77.8%,

p=0.78) (Figure 21B).
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Figure 21 - All-cause death/hospital readmission by non-restrictive versus restrictive filling
(A) and abnormal, pseudonormal and restrictive filling (B)
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All-cause mortality and heart failure readmission
During the twelve month follow-up period 59 (51.3%) patients either died or were admitted to

hospital for exacerbation of HF symptoms. There was a significant difference between the non-
restrictive 32 events, 36.4%) and the restrictive group (17 events, 63.0%, p=0.0044) for the
combined end-point of death and/or HF readmission (Figure 22A). Within the non-restrictive group
there was a significant difference between the abnormal relaxation group (12 events, 26.1%) and
the pseudonormal group (20 events, 47.6%, p=0.03) and the restrictive group (17 events, 62.9%,
p=0.0005), but no difference between the pseudonormal group 20 events, 47.6%) and restrictive

group (17 events, 62.9%, p=0.15) (Figure 22B).
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Figure 22 - All-cause death/HF hospital readmission by non-restrictive versus restrictive
filling (A) and abnormal, pseudonormal and restrictive filling (B)
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Three month mortality or readmission

In the first three months following hospital discharge from hospital, there were 12 deaths (10.4%)
and 47 readmissions (40.9%). Comparing the non-restrictive and restrictive groups, there was a
significant difference in early mortality (5 (5.7%) v 7 (25.9%), p=0.0035) (Figure 23A) but no
difference in readmission (34 (38.6%) v 13 (48.1%), p=0.42) (Figure 233B) or the combined

endpoint of death and/or admission (34 (38.6%) v 14 (51.9 %), p=0.27) (Figure 23C).

However, when the non-restrictive group were further divided into pseudonormal and abnormal, the
abnormal relaxation group (11 admissions, 23.9%) had fewer hospital readmissions than the
pseudonormal group (23 admissions, 54.7%, p=0.004) or the restrictive group (13 admissions,
48.1%, p=0.02) and the pseudonormal group (23 admissions, 54.7%) was not different to the

restrictive group (13 admissions, 48.1%, p=0.78) (Figure 24).
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Figure 23 — Three month survival plots for all-cause death, HF hospital readmission and combined mortality + readmissions (time to first event
analysis) by non-restrictive versus restrictive filling
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Figure 24 - Three month survival plots for hospital readmission (time to first event analysis)
by mitral filling pattern
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Discussion

Patients with LV dysfunction and congestive heart failure have very poor prognosis.[2,3] Those
who do survive have multiple readmissions to hospital with very high costs associated with their
subsequent management.[4] End-systolic volume[114] and ejection fraction[112,115,116] are both
very useful echocardiographic measurements for predicting survival in HF. However, once severe
LV dysfunction is established, further prognostic differentiation is difficult. Previous work in this area
has highlighted the need to differentiate patients with a restrictive filling pattern from those with a

non-restrictive filling pattern, as the former is associated with poor survival[78,96,118-146] in HF.

To our knowledge, this is the first study to demonstrate that separation of the non-restrictive filling
group using preload reduction provides additional prognostic information. In particular, the time to
first readmission in patients with pseudonormal filling was comparable to that observed in patients
with a restrictive filling pattern, and both were higher than that seen in patients with an abnormal
relaxation pattern. Mortality in the patients with pseudonormal filling was intermediate between that
observed in the abnormal relaxation group and the restrictive group, although not statistically
different from either, which probably reflects the small number of events in each group. However,
the pseudonormal group had hospital readmission rates as high as those observed in patients with
the restrictive filling pattern, and both were nearly double that observed in the abnormal relaxation
group. These data suggest that further differentiation of the HF patients with non-restrictive filling
patterns provides important prognostic information, which may be useful for subsequent
management. These data both complement and extend previous work in this area, which

highlighted the need to differentiate restrictive from non-restrictive filling.

Restrictive versus non-restrictive filling in heart failure

Mitral valve E:A ratio and deceleration time are closely associated with mean left atrial pressure in
patients with systolic dysfunction.[88] In patients with chronic heart failure and severely impaired
LV function, deceleration time is the best predictor of pulmonary artery wedge pressure.[90,91]
Deceleration time provides important prognostic information in addition to clinical parameters,

especially when used to differentiate patients on the basis of restrictive and non-restrictive
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filling.[78,96,118-147] Restrictive filling is correlated with NYHA functional class[268] and may be
the single best predictor of cardiac death in patients with dilated cardiomyopathy.[121] Recently, in
ischaemic cardiomyopathy patients, short deceleration time was related to myocardial viability and
predicted improvement in ejection fraction post revascularisation.[140] Thus, deceleration time is
important for differentiating restrictive from non-restrictive filling, but to date has not been useful for
further differentiation of and risk stratification of the sub-groups within the non-restrictive filling
group. ldentification of the restrictive filling pattern by echo appears to be a surrogate for left atrial
or left ventricular end-diastolic pressures.[16,88,90,95] By categorising patients according to filling
pattern, one is identifying sub-groups in whom there is progressively higher mean left atrial
pressure, thus it follows that if the pseudonormal filling group have higher LA pressures, higher

event rates may be anticipated.

Comparison with previous studies

Despite an older, more generalised HF population, the current study demonstrated better survival
in the non-restrictive group compared to the restrictive group in keeping with many other published
studies.[78,96,118-146] In a larger study of patients with HF with longer follow-up similar
differences in total mortality, hospital admissions for HF and a combined HF admission/death
endpoint were demonstrated between the restrictive and non-restrictive group.[125] Deceleration
time was also an important predictor of both death and a combined HF admission/death endpoint.
In that study, short deceleration time, such as might be seen with restrictive filling, was the best
single predictor of outcome. The study data were collected prior to the contemporary methods of
echo assessment of diastolic function, and therefore the authors did not differentiate patients into
pseudonormal or abnormal relaxation. Our data are in agreement with this study, but extends the

findings and allows further differentiation of the non-restrictive group in particular.

One other study attempted to differentiate the non-restrictive filling group, by using contrast
enhanced pulmonary venous Doppler.[137] Although the authors did not specifically separate
patients into abnormal relaxation and pseudonormal filling, they found that the difference between
atrial reversal duration and mitral A wave duration was an independent predictor of cardiac death

or worsening heart failure. Among the non-restrictive filling group, a bigger difference between
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atrial reversal duration and mitral A wave duration, which is associated with higher left atrial

pressure, was associated with higher cardiac mortality.

Early readmissions

In the restrictive and pseudonormal filling groups, nearly two-thirds of the readmissions occurred in
the first three months after the index HF admission, compared with the abnormal relaxation group,
where only approximately one quarter of the readmissions occurred within 3 months. This suggests

that correct identification of filling pattern may provide both short and medium-term prognosis.

Generalisability of results

Our study population included a mixed population of patients who were admitted to hospital for
exacerbation of HF symptoms and are representative of those patients in a general hospital setting.
Other studies of similar nature often included younger patients, referred for evaluation prior to heart
transplantation, often with severely impaired systolic function.[78,122,125,127,130,139] These
differences are reflected in the high event rate in our study compared to some previously reported
studies. Because of the nature of the study, patients with tachycardia, atrial fibrillation or
implantable pacemakers were excluded from this analysis and thus, these results may have limited

generalisability in those groups.

Limitations

We included patients with mitral regurgitation and did not quantify the degree of regurgitation.
Some studies have excluded patents on the basis of significant mitral regurgitation as it might lead
to misleading results. However, this does not appear to be the case in dilated cardiomyopathy
patients (ischaemic and non-ischaemic) where excellent correlation between mitral deceleration
time and pulmonary venous recordings was seen even in patients with significant mitral

regurgitation.[90]
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Invasive measurements of LA pressure would have confirmed the hypothesis that these findings
reflect higher LA pressure in each group, which is in turn associated with mortality. We believe
there is considerable experimental data to support the hypothesis that pseudonormal filling is

associated with higher LA pressure and likewise the restrictive filling pattern is as well.

Another limitation is the use of mitral filling pattern for assessment of diastolic filling. Heart rate,
loading conditions and age affect mitral filling. Neither heart rate nor age was not significantly
different between the groups. Cardiovascular medications may affect loading conditions. All of
these subjects were on optimal medical therapy and had been stabilised in hospital prior to entry
into the study. It is thus unlikely that major swings in preload would have affected our results. ACE
inhibition was similar between the groups, as was B-blocker use. Diuretic use was incrementally
higher in each of the groups: pseudonormal higher than abnormal relaxation and likewise restrictive
higher than pseudonormal. If anything the higher diuretic use would have tended to lower LA
pressure in those groups, and probably reflects the higher symptomatic status of those patients.
Tissue Doppler and in particular the ratio of the MV inflow E velocity of the MV annular velocity (Ea)
(E/Ea) [83,84] may have shown similar results and would potentially be a more powerful continuous
variable. It also may be useful in patients with atrial fibrillation, who are by necessity excluded from

the methodology used in the current study.

Conclusions

This study has demonstrated that in a population of older patients with HF the restrictive filling
pattern is associated with poor survival and high hospital readmission rates within one year of an
index HF admission. In addition, the pseudonormal pattern of mitral filling is also associated with
readmission rates which are comparable to those observed in the restrictive filling group - the
combined end-point of death or readmission was intermediate between that observed with
restrictive filling and abnormal relaxation. Mitral filling pattern is probably a surrogate for LA
pressure and the differentiation between the three groups in the current study is likely to reflect

three progressive tertiles of LA pressure.
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Restrictive mitral filling pattern has previously been shown to be a useful prognostic indicator and
can easily detect those patients at highest risk. The current approach, which uses preload
reduction, allows further differentiation of the non-restrictive filling group into those with
intermediate risk from the patients with lower risk. This is a relatively easy addition to routine
clinical echocardiography, which may provide important prognostic information in a wide range of
patients with HF, which might otherwise have been overlooked. Importantly, most of the
readmissions occurred within three months of discharge from hospital. Identifying these patients

early may allow for more targeted management and potentially event reduction and cost saving.

Key Points:

e Diastolic filling pattern can be used to stratify heart failure patients in terms of risk of death

and/or hospitalisation

e In particular when preload manipulation is used, it is possible to identify patients with
pseudonormal filling, whose event rate is intermediate between the highest risk group

(restrictive filling) and lowest risk group (abnormal relaxation)
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Chapter 4 - The prognostic significance of restrictive diastolic
filling associated with HF or MI: A meta-analysis.
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Background

Echo-Doppler indices of diastolic function have been used to identify sub-groups of patients with
altered risk in heart failure (HF) populations,[78,96,118-146] after acute myocardial infarction
(AMI)[155-174] post coronary artery bypass grafting (CABG) [286,144] and in population
studies.[162,287] Many of these Doppler studies evaluated the association of mitral filling pattern
with prognosis, and specifically compared the restrictive filling pattern (RFP) with the non-restrictive
filling patterns (non-RFP). Although many of these studies show significant increases in mortality
with advanced filling patterns, the relative risk between the groups is varied because of the

differences in baseline characteristics, number of events, follow-up times and statistical chance.

The aim of these meta-analyses was firstly to combine the results of all studies investigating the
relationship between prognosis and echocardiographic diastolic measurements in order to gain an
accurate estimate of the risk associated with advanced diastolic filling abnormalities. Primarily,
evaluating the mortality associated with restrictive mitral filling pattern compared to the non-
restrictive filling pattern in patients with HF and post AMI. Secondly, to evaluate the relationship
between diastolic filling pattern and development of HF post AMI and recurrent hospital admissions
in patients with HF. Thirdly, to determine the incremental prognostic relationship between different

filling patterns in HF.

Methods

Identification of studies

Published studies were identified through online searches of several medical databases: Biological
Abstracts, Clinical Evidence, Current Contents, Embase, Medline, Medline In-progress and
PubMed, using the search terms: incidence, prognosis, outcome, mortality, clinical trials,
echocardiography, ventricle, systolic, diastolic, HF, LV dysfunction and AMI. The citation lists of the
identified papers were also reviewed. All authors were contacted and asked to provide further data
or studies (published or unpublished). One additional unpublished study was identified this

way.[169]
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Criteria for study inclusion

From the online searches, we selected any study that included echocardiography, prognosis, HF,
LV dysfunction and/or AMI. Each study was then reviewed according to a pre-determined protocol,
which included information about patients, recruitment and follow-up (prospective, retrospective,
consecutive recruitment, exclusions and reason), co-morbidity (NYHA classification, LV ejection
fraction, aetiology), loss to follow-up, completeness of data (i.e. in how many patients the echo
measurements were actually performed) (Table 17). Only the first three questions were compulsory

for inclusion.

Table 17 - Study review questionnaire

Questions:

Were the subjects enrolled retrospectively or prospectively? Prospective

Were patients enrolled on the basis of their clinical syndrome? HF or AMI

What is the endpoint? death, transplantation, HF admission,
development of HF

Setting

How many patients enrolled at baseline?
Were patients enrolled consecutively?
How long was the average follow-up?
How many patients were lost to follow-up?
How was restrictive filling defined?

How many patients in diastolic analysis?
Main aetiology

Average age

male/female

Average EF

Were patients matched at baseline for other clinical variables?
Bold questions must be answered to be

Included in Review? h
included

If not, why not?
comments

Definition of a prospective study

For the purposes of these analyses, we determined a prospective study to be one where patients
were enrolled in a study and then followed up for a period of time. The diastolic analysis may have
been retrospectively applied, but the patients needed to be recruited at the time point where follow-
up began, rather then the time point where follow-up concluded. Retrospective cohort studies
where patients were identified at the end of the follow-up period were thus not included. Most
studies recruited consecutive patients, although this was not an inclusion criterion in order to allow

the exclusion of subjects in whom data was incomplete, i.e. atrial fibrillation or suboptimal imaging.
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Criteria for heart failure or myocardial infarction

Diagnostic criteria for HF or M| were clearly stated in most studies. Studies that enrolled patients

on the basis of LV dysfunction only without a diagnosis of HF or Ml were excluded.

Data collection

For many studies, the numbers of patients and events in each filling pattern group were identified in
the publication. Every investigator was contacted by letter and/or email asking them to confirm the
data we had extracted or provide data where the paper’s content was insufficient. Authors were
also asked to confirm that patients were included in one publication only and to identify sources of
potential publication duplication. We also sought any additional references to either published or
unpublished studies. For papers published in languages other than English, we obtained English
translations and data directly from the authors or used numbers in the English language
abstracts.{147,162,166,273] One paper reported pseudonormal and RFP together and these
deaths were attributed equally between the two groups{161] and one author supplied unpublished
data from a doctoral thesis[169] to supplement already published data.[173] In some HF studies, it
was not possible to separate the deaths from transplantations.[147,160] Not all studies reported
diastolic parameters as a primary endpoint. We contacted authors of any publications that included
outcome data and comprehensive echocardiographic examinations at baseline to determine

whether patients were able to be stratified according to diastolic filling grade.

Differentiation of restrictive filling

Restrictive filling was determined by the individual authors and clearly stated in the manuscript
methods. These criteria were reviewed and considered to be acceptable and in accordance with

internationally accepted standards, allowing for slight regional and institutional variation.

Statistical methods

The Cochrane Collaboration Program Review Manager 4.2.7 was used for analysis. For each
study, patients were stratified according to the individual study criteria as restrictive or non-
restrictive. The number of patients and the number of events allocated to each group were

recorded. The odds ratio using a fixed effects model is presented, but a random effects model was
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also evaluated. As the latter was not different from the former we only present the fixed effects
model. Each study was weighted in the model according to sample size. Standard tests for
heterogeneity were used including Chi? (presented) and funnel plots were examined for evidence

of publication bias and none was observed.

Many of the HF studies included patients with non-ischaemic dilated cardiomyopathy only, thus the
studies were subdivided by aetiology: non-ischaemic dilated cardiomyopathy and a mixed aetiology
group (HF of any cause) according to the individual study recruitment strategies. HF end-points
were all-cause mortality, a composite endpoint of death or transplantation, and readmission to
hospital. For the MI analysis, all-cause mortality was the major endpoint under consideration,
although sub-analyses of development of HF were also performed in this group. Further sub-

analyses were performed to determine the effect of other diastolic filling patterns.

Results

Seventy-nine potential studies were identified, of which 43 studies were included in this analysis:
26 studies recruited HF patients and 17 studies recruited patients after AMI. Thirty-six studies were
reviewed and subsequently excluded: 6 studies were retrospective cohort studies; in 9 studies
patients were not selected on the basis of a clinical syndrome of HF or Ml; 2 studies did not collect
data about filling pattern; 2 studies reported other outcomes than those previously defined; 17
studies reported patients that were included in other patient cohorts and publications and the

remaining two studies that we were unable to confirm or obtain data(Table 18).
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Table 18 - Excluded Studies

Author Year Reason for Exclusion
Heart failure studies

Pinamonti [120] 1993 Same patient cohort [127]
Shen [269] 1993 Same patient cohort [118]
Rihal [123] 1994 Retrospective

Werner [270] 1995 Same patient cohort [122]
Fuchs [271] 1995 Same patient cohort [122]
Werner [277] 1996 Same patient cohort [122]
Traversi [246] 1996 Same patient cohort [78]
Lipsitz [276] 1996 Retrospective

Dujardin [272] 1998 Retrospective

Florea [138] 1998 Not filling pattern

Rich [132]} 1999 Retrospective

Dini [256] 2000 Same patient cohort [259]
Dini [259] 2000 Same patient cohort [259]
Farris [142] 2002 Retrospective

Morales [141] 2002 Unable to confirm data
Sabharwal [145] 2004 Not filling pattern

Acute myocardial infarction studies

Garcia-Rubira [278] 1997 Same patient cohort [159]
Poulsen [280] 2000 Same patient cohort [161]
Moller [279] 2000 Same patient cohort [156]
Poulsen [280] 2001 Same patient cohort [161]
Poulsen [282] 2001 Same patient cohort [161]
Moller [166] 2001 Same patient cohort [156]
Boccalandro [255] 2002 Retrospective

Szymanski [168] 2003 Unable to confirm data
Moller [285] 2003 Same patient cohort [156]
Schwammenthal [284] 2003 Same patient cohort [171]
Hillis [146] 2004 Same patient cohort [157]
Other aetiology

Hurrell [129] 1998 Not HF / AMI

Lapu-Bula [274] 1998 Retrospective, not HF / AMI
Yong et al [257] 2001 Post CABG

Vaskelyte [286] 2001 Post CABG

Aurigemma [287] 2001 Population, Not HF / AMI
Alameda [261] 2002 Not HF or AMI

Kuperstein [258] 2003 Retrospective, not HF / AMI
Liu et al [114] 2003 Not HF or AMI

Wang [143] 2003 Not HF or AMI

Abbreviations: AMI = acute myocardial infarction, CABG = coronary artery bypass grafting, HF = heart failure
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Heart failure

Study data (number of patients and events) were confirmed by 20 authors. Despite repeated
attempts, confirmation was not possible for 7 studies.[121,124,126-128,141,273] Of these, 6
studies clearly reported numbers in the publication[121,124,126-128,273] and these unconfirmed
numbers were used in the analysis, the remaining one study may have been eligible but was not
included[141]. One author combined the results of two studies to exclude overlapping
patients.[137,256] Thus, this report includes 3020 patients reported in 6 studies of non-ischaemic
dilated cardiomyopathy (379 patients, 91 deaths) and 20 studies of HF of ischaemic or mixed origin
(2641 patients, 593 deaths)(Table 19). The average follow-up time varied between the studies: one
study was less than six months; seven were one year; fourteen were between 1 and 3 years and

the remaining four studies had average follow-up of 3 or more years (Table 19).
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Table 19 - Prospective prognosis studies using restrictive filling pattern classification in HF

First Author Year Author Country Published N % EF% FU Events Echo definition
confirmed Language IHD of restrictive
data filling

Idiopathic dilated cardiomyopathy

Werner [122] 1994 yes Germany  English 57 0 33 2.5 15deaths DT <140 ms

4 Tx

Piszczek [126] 1996 Numbers in  Poland Polish 49 0 - 2 15 deaths DT <115 ms
abstract

Sun [128] 1997 Numbersin  USA English 41 0 30 1 6 deaths DT <110 ms
paper 2 Tx

Pinamonti [127] 1997 Numbers in  ltaly English 110 O 25 4 28 deaths DT <115 ms
paper 13 Tx

Fruhwald [131] 1999 Yes Austria English 32 0 <45 2 7 deaths Non-Restrictive

3 Tx Restrictive

Cabell [185] 2002 Yes USA English 100 O 22 2.5 25 deaths Non-Restrictive

Restrictive
Mixed aetiology
Shen [118] 1992 Yes France English 62 32 - 2.5 23 deaths DT <150 ms
4 Tx

Ortiz [119] 1993 Yes Brazil English 95 - - 1 13 deaths DT <140 ms

Xie [121] 1994 Numbers in ~ USA English 100 55 26 1 26 deaths DT < 140 ms
paper

Belardinelli [124] 1995 Numbers in Italy English 55 67 27 1 6 deaths Non-restrictive
paper 9 HF Restrictive

Giannuzzi [125] 1996 Yes Italy English 508 94 - 4 100 DT <125 ms

deaths

Pozzoli [78] 1997 Yes Italy English 173 - 23 1.5 41 deaths  Non-Restrictive

25 Tx Restrictive:
68 Hosp Reversible
Non-Reversible

Boni [273] 1998 Numbers in  Italy Italian 35 46 - 1.5 6 deaths High E:A, short
Abstract 1 Tx DT

Temporelli [130] 1998 Yes Italy English 144 76 22 4 37 deaths Reversible

7 Tx Non-Reversible
Yu [133] 1999 yes China English 1 33 deaths
Akioka [135] 2000 yes Japan English 33 33 <50 0.25 5 deaths DT <120 ms
0 Tx

Bettencourt [134] 2000 yes Portugal English 97 53 34 1.5 18 deaths DT <130 ms
0 Tx
30 Hosp

Dini [137,256] 2002 yes Italy English 207 68 32 2 44 deaths DT <140 ms
0 Tx
37 Hosp

Tabet [136] 2000 yes France English 85 18 <45 1.5 14 deaths DT <145 ms
12 Tx

Hansen [139] 2001 yes Germany  English 265 28 24 1.5 52 deaths DT <140 ms
37 Tx

Yong [140] 2001 yes USA English 40 100 28 1 5 deaths DT <150 ms
3 Tx

Whalley 2002 yes New English 115 54 32 1 28 deaths DT <140 ms

Zealand 76 Hosp

Rossi [260] 2002 yes Italy English 243 75 31 3.5 60 DT < 140 ms

deaths/Tx

Yamamoto [96] 2003 yes Japan English 96 - <40 25 36 deaths DT <140 ms

Zheng [147] 2004 yes China Chinese 90 47 30 1.5 21 deaths  Restrictive

12 Tx filling index > 1

Abbreviations: DT = deceleration time of passive mitral filling velocity (E), EF = ejection fraction, FU = follow up, HF = HF,
Hosp = hospital admission for heart failure, IHD = ischaemic heart disease, Tx = cardiac transplantation, Year = year of

publication.
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Restrictive filling and mortality

3020 patients are included in this analysis: 1241 (41.1 %) patients had a restrictive filling pattern
and the remaining 1779 (58.9 %) had a non-restrictive pattern. There were 684 deaths: 452 (66 %)
of the deaths of occurred in the restrictive group and 232 (34 %) of the deaths occurred in the non-
restrictive group. The overall event rate was 22.6 %; 36.4 % in the restrictive filling group and 13 %
in the non-restrictive filling group. The overall odds ratio for death associated with restrictive filling
pattern was 4.32 (95% ClI 3.57, 5.22), p < 0.00001. There was no significant heterogeneity
between the studies (p = 0.47) (Figure 25). In two studies, transplants were included as deaths
because the composite endpoint was initially reported and separation of events was not

possible.[147,260]

Non-ischaemic dilated cardiomyopathy

379 patients were included in this sub-analysis. 152 (40 %) patients had a restrictive filling pattern
and the remaining 227 (60 %) patients had a non-restrictive pattern. There were 91 deaths in total:
66 (73 %) occurred in the restrictive group and 25 (27 %) in the non-restrictive group. The overall
event rate was 24 %; 43 % in the restrictive group and 11 % in the non-restrictive group. The odds
ratio for death associated with restrictive filling pattern was 6.65 (95% CI 3.86, 11.47), p < 0.00001.

There was no significant heterogeneity within this group of studies (p = 0.46) (Figure 25A, fop).

Ischaemic/mixed aetiology

2641 patients were included in studies of mixed aetiology. 1089 (47 %) patients had a restrictive
filling pattern and the remaining 1552 (53 %) patients had a non-restrictive pattern. There were 593
deaths in total, 386 (65 %) in the restrictive group and 207 (35 %) of the deaths occurred in the
non-restrictive group. The overall event rate was 22.4 %; 35.4 % in the restrictive group and 13.3 %
in the non-restrictive group. The odds ratio for death associated with restrictive filling pattern was
4.05 (95% CI 3.30, 4.97), p < 0.00001. There was no significant heterogeneity within this group of

studies (p = 0.53) (Figure 25B, bottom).
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Figure 25 - Meta-analysis of all-cause mortality associated with restrictive filling in HF

Restrictive Filling Non-Restrictive Filling OR (fixed) Weight OR (fixed)
Study n/N n/N 95% Cl % 95% Cl Year
A — Non-ischemic Dilated Cardiomyopathy
Werner 9/25 3/29 —a— 1.74 4.88 [1.15, 20.73] 1994
Piszczek 12/21 3/28 —a 1.08 11.11 [2.54, 48.66] 1996
Pinamonti 21/53 5/57 —a 2.84 6.83 [2.34, 19.90] 1997
Sun 6/11 0/30 —sa—») 0.13 72.09 [3.53, 1471.84] 1997
Fruhwald 6/16 1/16 —e— 0.61 9.00 [0.94, 86.52] 1999
Cabell 12/26 13/67 —— 3.83 3.56 [1.34, 9.49] 2004
Events/Total (95% Cl) 66/152 25/227 <& 10.22 6.65 [3.86, 11.47]
Test for heterogeneity: Chi2 = 4.67, df = 5 (P = 0.46), 2= 0%
Test for overall effect: Z = 6.81 (P < 0.00001)
B Mixed Etiology
Shen 16/36 7/26 +=— 4.42 2.17 [0.73, 6.44] 1992
Ortiz 8/33 5/62 —a— 2.57 3.65 [1.09, 12.26] 1993
Xie 24/58 2/42 —_— 1.33 14.12 [3.11, 64.11] 1994
Belardinelli 6/25 0/30 —— 0.33 20.33 [1.08, 381.57] 1995
Giannuzzi 68/211 32/297 - 17.62 3.94 [2.47, 6.28] 1996
Pozzoli 31/98 10/75 —- 7.57 3.01 [1.36, 6.63] 1997
Boni 6/24 0/11 B B 0.49 8.08 [0.41, 157.38] 1998
Temporelli 30/80 7/64 —a— 4.75 4.89 [1.97, 12.09] 1998
Yu 25/50 8/55 —a— 3.73 5.88 [2.31, 14.92] 1999
Akioka 4/11 1/22 ——— 0.41 12.00 [1.14, 126.12] 2000
Bettencourt 12/47 6/50 T—a— 4.23 2.51 [0.86, 7.37] 2000
Dini 17/53 27/154 —-— 9.18 2.22 [1.09, 4.52] 2000
Ghio 26/69 3/28 —a 2.60 5.04 [1.38, 18.36] 2000
Tabet 9/40 5/45 -+ 3.57 2.32 [0.71, 7.63] 2000
Hansen 38/122 14/143 - 8.68 4.17 [2.13, 8.16] 2001
Yong 4/19 1/21 B R — 0.73 5.33 [0.54, 52.73] 2001
Rossi 28/60 32/183 - 8.24 4.13 [2.19, 7.79] 2002
Whalley 10/27 18/88 . 5.20 2.29 [0.90, 5.84] 2002
Yamamoto 20/28 16/68 —a— 2.61 8.13 [3.01, 21.93] 2003
Zheng 18/41 3/49 —a 1.50 12.00 [3.20, 44.96] 2004
Events/Total (95% CI) 400/1132 197/1513 ¢ 89.78 4.10 [3.34, 5.04]
Test for heterogeneity: Chiz = 17.93, df = 19 (P = 0.53), 2= 0%
Test for overall effect: Z = 13.40 (P < 0.00001)
Combined Events/Total (95% Cl) 466/1284 222/1740 ¢ 100.00 4.36 [3.60, 5.29]
Test for heterogeneity: Chi? = 24.78, df = 25 (P = 0.48), 2= 0%
Test for overall effect: Z = 14.98 (P < 0.00001)

0.001 0.01 0.1 1 10 100 1000

Fixed effects model, studies weighted according to sample size. Restrictive Filling Better
Abbreviations: Cl = confidence interval, n = number of events, N number of patients, OR = odds ratio, Year = year of publication.

Restrictive Filling Worse
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Restrictive filling and death and/or transplantation

Thirteen studies reported transplantation. There were 86 transplants in addition to 684 deaths
previously reported: 87 transplants occurred in the restrictive group, and 98 in the non-restrictive
group. The overall event rate was 26.3 %; 43.4 % in the restrictive group and 14.2 % in the non-
restrictive group. The overall odds ratio for death and/or transplantation associated with restrictive
filling pattern was 4.87 (95% Cl 4.04, 5.86), p < 0.00001. There was no significant heterogeneity
within this group of studies (p = 0.06) (Figure 26). Within the idiopathic group of studies, the odds
ratio for death and/or transplantation associated with restrictive filling pattern was 7.62 (95% CI
4.50, 12.92), p < 0.00001 (Figure 26A, top). There was no significant heterogeneity within this
group (p = 0.19). The odds ratio was 4.56 (95% CI 3.74, 5.56), p < 0.00001) in the mixed aetiology
group and no significant heterogeneity was observed within this group (p =0.10) (Figure 26B,

bottom).

117



Figure 26 - Meta-analysis of all-cause mortality and/or transplantation associated with restrictive filling in heart failure

Study Restrictive Filling Non-Restrictive Filling OR (fixed) Weight OR (fixed)

n/N n/N 95% ClI % 95% ClI Year
A Non-Ischaemic Dilated Cardiomyopathy
Werner 12/25 4/29 B — 1.88 5.77 [1.55, 21.49] 1994
Piszczek 12/21 3/28 —_— 1.07 11.11 [2.54, 48.66] 1996
Pinamonti 21/53 5/57 —_— 2.83 6.83 [2.34, 19.90] 1997
Sun 8/11 0/30 ——s—) 0.08 148.14 [6.95, 3156.82] 1997
Fruhwald 10/16 1/16 —_— 0.37 25.00 [2.60, 240.34] 1999
Cabell 12/26 13/67 — 3.81 3.56 [1.34, 9.49] 2004
Events/Total 75/152 26/227 <& 10.04 7.62 [4.50, 12.92]
Test for heterogeneity: Chi2 = 7.45, df = 5 (P = 0.19), I2= 32.9%
Test for overall effect: Z=7.54 (P < 0.00001)
B Mixed Aetiology
Shen 20/36 7/26 —a— 3.52 3.39 [1.14, 10.07] 1992
Ortiz 8/33 5/62 —— 2.56 3.65 [1.09, 12.26] 1993
Xie 24/58 2/42 — 1.32 14.12 [3.11, 64.11] 1994
Belardinelli 6/25 0/30 ——— 0.33 20.33 [1.08, 381.57] 1995
Giannuzzi 68/211 32/297 - 17.54 3.94 [2.47, 6.28] 1996
Pozzoli 49/98 17/75 —-— 9.38 3.41 [1.75, 6.67] 1997
Boni 7/24 0/11 e 0.46 9.86 [0.51, 189.81] 1998
Yu 25/50 8/55 —— 3.71 5.88 [2.31, 14.92] 1999
Akioka 4/11 1/22 — 0.41 12.00 [1.14, 126.12] 2000
Bettencourt 12/47 6/50 —a— 4.22 2.51 [0.86, 7.37] 2000
Dini 17/53 27/154 —=— 9.15 2.22 [1.09, 4.52] 2000
Tabet 18/40 8/45 —— 4.03 3.78 [1.41, 10.14] 2000
Hansen 63/122 26/143 - 11.27 4.81 [2.76, 8.36] 2001
Yong 7/19 1/21 B — 0.58 11.67 [1.27, 106.79] 2001
Rossi 28/60 32/183 —-— 8.21 4.13 [2.19, 7.79] 2002
Whalley 10/27 18/88 = 5.18 2.29 [0.90, 5.84] 2002
Yamamoto 20/28 16/68 — 2.60 8.13 [3.01, 21.93] 2003
Temporelli 36/80 8/64 — 4.76 5.73 [2.42, 13.56] 2004
Zheng 30/41 3/49 —_— 0.71 41.82 [10.77, 162.43] 2004
Events/Total 452/1063 217/1485 ¢ 89.96 4.56 [3.74, 5.56]
Test for heterogeneity: Chi2 = 25.81, df = 18 (P = 0.10), 12 = 30.3%
Test for overall effect: Z = 14.99 (P < 0.00001)
Combined Events/Total 527/1215 243/1712 ¢ 100.00 4.87 [4.04, 5.86]
Test for heterogeneity: Chi2 = 35.65, df = 24 (P = 0.06), |12 = 32.7%
Test for overall effect: Z = 16.74 (P < 0.00001)

0.001 0.01 0.1 1 10 100 1000
Favours Restrictive filling Favours Non-restrictive Filling

Fixed effects model, studies weighted according to sample size.
Abbreviations: Cl = confidence interval, n = number of events, N number of patients, OR = odds ratio, Year = year of publication.
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Criteria for detection of restrictive filling

The criteria for restrictive filling varied between studies, and usually included a shortened
deceleration time (cut-off ranged from 110 to 150 ms) Studies which used very short deceleration
time cut-offs tended to have higher odds ratio, however these studies were published earlier and
used shorter deceleration time cut-offs than are routinely applied today. Within the range of
deceleration times currently used (130-150 ms), no relationship was observed between the

observed odds ratio for the individual study and the deceleration time cut-off used (Figure 27).

Figure 27 - Odds ratio according to different deceleration time criteria
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Hospitalisation for heart failure

Five studies reported the number of patients hospitalised for worsening
HF.[78,124,134,137,Whalley chapter 3] 647 patients and 220 hospitalisations are included in this
sub-analysis. One hundred and eleven hospitalisations occurred in the 250 patients with restrictive
filling pattern (event rate 44.4 %) and 109 hospitalisations occurred in the 397 patients with non-
restrictive filling pattern (event rate 27.5 %), odds ratio 2.62 (95% CI: 1.79, 3.84 p < 0.00001). No

heterogeneity was observed within this group of studies (p=0.35) (Figure 28).
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Figure 28 Meta-analysis of hospitalisation in patients with heart failure

Study Restrictive Non-Restrictive OR (fixed) Weight OR (fixed)

n/N n/N 95% Cl % 95% ClI Year
Belardinelli 7/25 2/30 =—) 4.00 5.44 [1.02, 29.19] 1995
Pozzoli 51/98 17/75 L —— 28.24 3.70 [1.89, 7.24] 1997
Bettencourt 20/47 10/50 . — 17.02 2.96 [1.20, 7.31] 2000
Dini 14/53 23/154 —a 26.50 2.04 [0.96, 4.35] 2000
Whalley 19/27 57/88 —_— 24.24 1.29 [0.51, 3.29] 2002
Events/Total 111/250 109/397 . - 100.00 2.62 [1.79, 3.84]

Test for heterogeneity: Chi2 = 4.44, df = 4 (P = 0.35), 2= 9.8%
Test for overall effect: Z = 4.94 (P < 0.00001)

Fixed effects model, studies weighted according to sample size.

0.1 0.2 0.5
Favours Restrictive Filling

1

2 5 10

Favours non-Restrictive Filling

Abbreviations: Cl = confidence interval, n = number of events, N = number of patients, OR = odds ratio, Year = year of publication.
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Post Myocardial Infarction

Seventeen studies were eligible for this analysis.[155-174] Study data (number of patients and
events) was confirmed by 12 of the authors. Despite repeated attempts, confirmation was not
received for six studies. Of these, five studies clearly reported numbers in the publication and were
included, leaving only one study which may have been eligible but was excluded.[168] One author
provided additional data published in thesis form only,[169] which was merged with another
publication with a slight patient overlap.[169] Thus, 17 studies were included in the final
analysis.[155-167,169-174] This represents 3855 patients, in whom 580 deaths occurred (overall
event rate 15 %) (Table 20). The average follow-up time varied between two weeks and five years:
two studies were six months or less; five were one year; six were 1-3 years, and in the remaining

four studies follow-up was 4-5 years.
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Table 20 - Prognosis studies using or restrictive filling pattern classification post
myocardial infarction

First Author Year Author Country Published N FU Events Echo definition
confirmed Language years of restrictive
data filling

Garcia-Rubira 1997 Numbers in ~ Spain English 133 In 20 deaths Non-Restrictive

[159] paper hospital 30 HF Restrictive

Nijland [155] 1997 Numbersin  The English 95 3 8 deaths E:A > 2 and/or
paper Netherlands 5 HF DT <140 ms

Sakata [160] 1997 Numbers in  Japan English 206 5 33 deaths  Low mitral A
paper velocity

Poulsen [161] 1999 yes Denmark English 58 1 6 deaths DT <140 ms

4 HF
(MFP 2/3)

Tsai[162] 1999 Numbers in  Taiwan Chinese 27 2.5 6 HF DT <125 ms
abstract

Burgess [163] 2000 yes United English 102 1 9 deaths Non-Restrictive

Kingdom 14 HF Restrictive

Moller [156] 2000 yes Denmark English 125 1 33 deaths DT <140 ms

Cerisano [164] 2001 yes Italy English 104 2.7 9 deaths DT <130 ms

14 HF

Otasevic [165] 2001 yes Yugoslavia English 106 4.9 14 deaths DT <150 ms

Brzezninska 2002 Numbersin  Poland Polish 88 1 23 HF E:A>20rDT<

[166] abstract 140 ms

Moller [167] 2003 yes Denmark English 799 2.8 197 DT <140 ms

Multi-centre deaths

Moller [157] 2003 yes USA English 288 1.25 46 deaths DT <140 ms

Beinart [171] 2004 Numbers in  Israel English 395 5 63 deaths DT <140 ms
paper

Kinova 2004 yes Bulgaria English 91 0.5 12 deaths DT <140 ms

[169,173] 2003 12 HF

Karvounis [174] 2004 yes Greece English 33 1 3 deaths E:A>2

7 HF

Moller [170] 2004 yes Europe English 225 2.3 23 deaths DT <140 ms

multi-centre 25 HF

Quintana [172] 2004 yes Sweden English 520 2.6 57 deaths DT < 140 ms

Temporelli 2004 yes Italy English 571 4 47 deaths DT <130 ms

[158]

Abbreviations: DT = deceleration time of passive mitral filling velocity (E), E:A = ratio of early to late mitral filling, EF =
ejection fraction, FU = follow-up, HF = heart failure, Year = year of publication.

122



Restrictive filling versus non-restrictive filling and death

3855 patients are included in this analysis: 776 (20 %) patients had a restrictive filling pattern and
the remaining 3079 (80 %) had a non-restrictive pattern. There were 580 deaths in total: 247 (43
%) occurred in the restrictive group and 333 (57 %) occurred in the non-restrictive group. The event
rate in the whole groups was 15.1 %; 31.8 % in the restrictive filling group, and 10.8 % in the non-
restrictive group. The odds ratio for death associated with restrictive filling pattern was 4.10 (95%
Cl13.38, 4.99), p < 0.00001 (Figure 29). There was significant heterogeneity within the group (p <
0.00001) however this was driven by two studies[115,174] with unusually high odds ratio due to
lower event rates in the non-restrictive group. When these studies were excluded from the analysis

no heterogeneity was observed (p = 0.11).
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Figure 29 Metanalysis of the restrictive filling pattern post myocardial infarction

Study Restrictive Non-Restrictive OR (fixed) Weight OR (fixed)

n/N n/N 95% Cl % 95% Cl Year
Garcia-Rubira 9/26 11/107 —— 3.34 4.62 [1.66, 12.82] 1997
Nijland 7/12 1/83 —_—) 0.13 114.80 [11.72, 1124.08] 1997
Sakata 24/50 9/156 —_— 2.70 15.08 [6.30, 36.07] 1997
Poulsen 3/14 3/44 L —— 1.35 3.73 [0.66, 21.09] 1999
Burgess 2/19 7/83 —_— 2.77 1.28 [0.24, 6.70] 2000
Moller 17/26 16/99 — 2.74 9.80 [3.72, 25.83] 2000
Cerisano 7/34 2/170 —_— 1.23 8.81 [1.72, 45.15] 2001
Otasevic 8/32 6/74 — 3.23 3.78 [1.19, 12.01] 2001
Moller 16/48 30/240 —— 7.93 3.50 [1.72, 7.13] 2003
Beinart 16/70 47/301 H=— 16.27 1.60 [0.85, 3.03] 2004
Karvounis 3/6 0/27 —_—) 0.12 55.00 [2.32, 1302.98] 2004
Kinova 3/7 9/112 —_— 0.72 8.58 [1.66, 44.46] 2003
Moller 85/167 112/632 - 27.34 4.81 [3.34, 6.94] 2004
Moller 16/44 7/181 —_— 2.07 14.20 [5.36, 37.61] 2004
Quintana 14/74 43/446 —— 11.80 2.19 [1.13, 4.24] 2004
Temporelli 17/147 30/424 He— 16.25 1.72 [0.92, 3.22] 2004
Events/Total 247/7176 333/3079 0 100.00 4.10 [3.38, 4.99]
Test for heterogeneity: Chi2 = 52.42, df = 15 (P <0.00001), 12 =71.4%
Test for overall effect: Z =14.18 (P < 0.00001)

0.001 0.01 0.1 1 10 100 1000

Fixed effects model, studies weighted according to sample size.

Favours Restrictive Filling

Favours non-Restrictive Filling

Abbreviations: Cl = confidence interval, n = number of events, N = number of patients, OR = odds ratio, Year = year of publication.
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Criteria for detection of restrictive filling

The criteria for restrictive filling varied between studies, and usually included a shortened
deceleration time (cut-off ranged from 130 to 150 milliseconds). No relationship was observed
between the observed odds ratio for the individual study and the deceleration time cut-off used

although there was a wide spread of odds ratios around the most commonly used deceleration time

of 140 ms (Figure 30).

Figure 30 Odds ratio according to different deceleration time criteria
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Development of heart failure

Ten studies reported the number of patients developing HF post MI.[155, 159,161-
164,169,170,173,174] 956 patients and 140 episodes of HF are included in this sub-analysis.
Seventy-five episodes of HF occurred in the 209 patients with restrictive filling pattern (event rate
35.9 %) and 65 episodes of HF occurred in the 747 patients with non-restrictive filling pattern

(event rate 8.7 %), odds ratio 7.48 (95% Cl: 4.89, 11.43, p < 0.00001). No heterogeneity was

observed within this group of studies (p=0.41) (Figure 31).
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Figure 31 - Meta-analysis of development of HF in post Ml patients

Study Restrictive Non-Restrictive OR (fixed) Weight OR (fixed)

n/N n/N 95% ClI % 95% ClI Year
Garcia-Rubira 11/26 19/107 —-— 30.85 3.40 [1.35, 8.54] 1997
Nijland 3/12 2/83 e — 2.73 13.50 [1.98, 91.82] 1997
Poulsen 3/14 1/44 ——— 2.73 11.73 [1.11, 123.96] 1999
Tsai 5/10 1/17 — = 2.67 16.00 [1.50, 171.20] 1999
Burgess 6/19 8/83 —_— 14.68 4.33 [1.29, 14.53] 2000
Cerisano 11/34 3/70 —a 9.55 10.68 [2.74, 41.68] 2001
Brzezninska 8/9 15/79 — = 2.45 34.13 [3.96, 294.07] 2002
Kinova 9/35 3/56 —_— 12.34 6.12 [1.53, 24.51] 2004
Karvounis 5/6 2/27 0.87 62.50 [4.71, 829.26] 2004
Moller 3 14/44 11/181 —-— 21.12 7.21 [2.99, 17.39] 2004
Events/Total 75/209 65/747 <& 100.00 7.48 [4.89, 11.43]
Test for heterogeneity: Chi2=9.35, df =9 (P = 0.41), 2= 3.7%
Test for overall effect: Z = 9.30 (P < 0.00001)

Fixed effects model, studies weighted according to sample size.

0.001

Favours Restrictive Filling

0.01

0.1 1 10 100 1000

Abbreviations: Cl = confidence interval, n = number of events, N number of patients, OR = odds ratio, Year = year of publication.
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Other Filling Patterns

Reversible restrictive filling versus non-reversible restrictive filling and mortality
Three studies compared reversible (responsive to preload reduction) and non-reversible restrictive
filling pattern.[78,128,130] Data were available for 295 patients. 141 (48 %) patients had a non-
reversible restrictive filling pattern and the remaining 154 (52 %) had a reversible restrictive pattern.
82 (85 %) of the deaths of occurred in the non-reversible restrictive group and 15 (15 %) of the
deaths occurred in the reversible restrictive group. The odds ratio for death associated with non-
reversible restrictive filling pattern was 13.74 (95% CI 7.13, 26.45), p < 0.00001 (Figure 32). There
was significant heterogeneity in the group (p = 0.001), which is reflects of the small number of
studies, patients and events, and the very different event rates and odds ratios within each of these

patient populations.

Non-restrictive filling patterns

This analysis included 545 patients in five studies (one AMI and 4 HF cohorts). 187 (34 %) patients
had a restrictive filling pattern, 140 (25.7%) had a pseudonormal filling pattern and the remaining
218 (40 %) had a normal or abnormal filling pattern. There were 193 deaths in total: 88 (46 %) in
the restrictive group, 68 (35 %) and the remaining 37 (19 %) of the deaths occurred in the

normal/abnormal relaxation group.

Restrictive filling compared to pseudonormal filling
There was no difference in mortality between the groups. The odds ratio for death associated with

restrictive filling compared to pseudonormal filling pattern was 1.33 (95% CI1 0.82, 2.18), p = 0.25
(Figure 33). There was significant heterogeneity within the group (p = 0.003) reflecting markedly
different odds ratios (one negative, one positive and three neutral effects).

Pseudonormal filling versus abnormal relaxation or normal filling
The odds ratio for death associated with pseudonormal filling pattern compared to abnormal filling

or normal filling was 2.75 (95% CI 1.84, 4.13), p < 0.00001 (Figure 34). There was no
heterogeneity within the group (p = 0.05).

Restrictive filling versus abnormal relaxation or normal
The odds ratio for death associated with restrictive filling pattern compared to abnormal relaxation

or normal filling was 5.92 (95% CI 3.56, 9.85), p < 0.00001 (Figure 35). There was no significant

heterogeneity within the group (p = 0.20).
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Figure 32 - Meta-analysis of reversible restrictive filling pattern in heart failure

Study Non-reversible RFP Reversible RFP OR (fixed) Weight OR (fixed)

n/N n/N 95% Cl % 95% ClI Year
Pinamonti 21/24 1/29 —_—) 1.94 196.00 [19.02, 2020.17] 1997
Pozzoli 31/37 7/61 — 14.70 39.86 [12.29, 129.25] 1997
Temporelli 30/80 7/64 B 83.36 4.89 [1.97, 12.09] 2004
Event/Total 82/141 15/154 <& 100.00 13.74 [7.13, 26.45]
Test for heterogeneity: Chi2 = 13.14, df = 2 (P = 0.001), I2 = 84.8%
Test for overall effect: Z = 7.84 (P < 0.00001)

0.001 0.01 0.1 10 100 1000

Fixed effects model, studies weighted according to sample size.
Abbreviations: Cl = confidence interval, n = number of events, N number of patients, OR = odds ratio, Year = year of publication.

Favours Non-reversible

Restrictive Filling
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Figure 33 - Meta-analysis of pseudonormal compared to restrictive filling

Study Restrictive Filling Pseudonormal Filling OR (fixed) Weight OR (fixed)

n/N n/N 95% Cl % 95% ClI Year
Shen 20/26 3/14 _— 3.26 12.22 [2.55, 58.69] 1992
Traversi 18/68 2/6 —_— 9.79 0.72 [0.12, 4.27] 1996
Dini 23/40 42/55 —— 54.46 0.42 [0.17, 1.01] 2000
Moller 17/26 11/23 ——a— 14.64 2.06 [0.65, 6.51] 2000
Whalley 10/27 10/42 —_1 17.85 1.88 [0.66, 5.41] 2002
Events/Total 88/187 68/140 <> 100.00 1.33 [0.82, 2.18]
Test for heterogeneity: Chiz = 15.69, df = 4 (P = 0.003), I12 = 74.5%
Test for overall effect: Z =1.15 (P = 0.25)

001 0.1 1 10 100

Fixed effects model, studies weighted according to sample size.

Favours Restrictive Filling

Favours Pseudonormal Filling

Abbreviations: Cl = confidence interval, n = number of events, N number of patients, OR = odds ratio, Year = year of publication.
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Figure 34 - Meta-analysis of pseudonormal filling compared abnormal relaxation or normal filling

Study Pseudonormal Normal or Abnormal Relaxation OR (fixed) Weight OR (fixed)

n/N n/N 95% Cl % 95% Cl Year
Shen 3/14 4/22 —l-— 16.96 1.23 [0.23, 6.55] 1992
Traversi 2/6 1/24 = ' 1.85 11.50 [0.83, 158.72] 1996
Dini 42/55 13/50 —— 22.33 9.20 [3.79, 22.32] 2000
Moller 11/23 11/76 —_— 18.50 5.42 [1.92, 15.30] 2000
Whalley 10/42 8/46 —H— 40.36 1.48 [0.52, 4.21] 2002
Events/Total 68/140 37/218 <o 100.00 4.08 [2.45, 6.77]
Test for heterogeneity: Chi2 = 9.71, df = 4 (P = 0.05), I? = 58.8%
Test for overall effect: Z = 5.42 (P < 0.00001)

0.01 0.1 1 10 100

Favours Pseudonormal Fillina

Fixed effects model, studies weighted according to sample size.
Abbreviations: Cl = confidence interval, n = number of events, N number of patients, OR = odds ratio, Year = year of publication.
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Figure 35 - Meta-analysis of restrictive filling compared to abnormal relaxation or normal filling

Study Restrictive Filling Normal or Abnormal Relaxation OR (fixed) Weight OR (fixed)
n/N /N 95% Cl % 95% Cl Year
Shen 20/26 4/22 —_— 7.90 15.00 [3.64, 61.83] 1992
Traversi 18/68 1/24 —— 8.58 8.28 [1.04, 65.84] 1996
Dini 23/40 13/50 —8— 38.78 3.85 [1.58, 9.38] 2000
Moller 17/26 11/76 —_— 15.33 11.16 [3.98, 31.27] 2000
Whalley 10/27 8/46 —— 29.42 2.79 [0.94, 8.32] 2002
Events/Total 88/187 37/218 <o 100.00 5.92 [3.56, 9.85]
Test for heterogeneity: Chi2 = 5.93, df = 4 (P = 0.20), |12 =32.5%
Test for overall effect: Z =6.85 (P < 0.00001)
001 0.1 1 " 10 100
Favours Restrictive Filling Favours Normal or Abnormal Relaxation

Fixed effects model, studies weighted according to sample size.
Abbreviations: Cl = confidence interval, n = number of events, N number of patients, OR = odds ratio, Year = year of publication.
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Summary of survival according to filling pattern

There was a stepped, incremental relationship between survival and filling grade, with each grade
associated with a slight increase in mortality, with the exception of the non-reversible restrictive
filling pattern which was associated with a more than ten-fold increase in death when compared to
the reversible restrictive filling pattern and the pseudonormal filling pattern which was not different
to the restrictive group (Table 21).

Table 21 - Summary of meta-analysis odds ratios for all-cause mortality associated with
different diastolic filling patterns.

Comparison events/N Odds Ratio 95 % CI

Restrictive filling v non-Restrictive filling (HF) 659/2894 4.29 3.53,5.22

Restrictive filling v non-Restrictive filling (MI) 508/3855 410 3.38, 4.99
Restrictive v Abnormal Relaxation or Normal 125/405 5.92 3.56, 9.85
Pseudonormal v Abnormal Relaxation/Normal 105/368 4.08 2.45,6.77
Restrictive filling v Pseudonormal filling 156/327 1.33 0.82,2.18
Non-reversible Restrictive v Reversible Restrictive 97/295 13.74 7.13, 26.45

Abbreviations: Cl = confidence interval, RFP = restrictive filling pattern

Discussion

The major thrust of these analyses has been to compare the presence of a restrictive filling pattern
with all other non-restrictive filling patterns to predict prognosis in patients with HF and after AML.
Despite a difference in overall mortality rates within each group (HF: 22.8 %, AMI: 13.2 %), both HF
and AMI patients with a restrictive filling pattern experienced a four-fold difference in mortality
compared to those with non-restrictive pattern. Combined, these two analyses involved 6749
patients and 1167 deaths, representing a large number of events and thus statistically robust
results. Restrictive filling pattern, or short deceleration time, is associated with higher left atrial
pressure,[88,90-93,95,96] higher neurohormone level[99,135] and higher NYHA functional

class.[268] Thus, it is not surprising that these patients have poor prognosis. Identification of a
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restrictive filling pattern is a relatively simple examination that can be added to most clinical

echocardiographic procedures without adding significant time to the study.

Many of the patients with restrictive filling pattern, and indeed many of the patients included in this
review, will have important systolic impairment in addition to their diastolic abnormalities. It was
beyond the realm of this review to determine the individual contribution of systolic and/or diastolic
dysfunction because we did not collect individual patient data. However, in many studies and in
several multivariate analyses the presence of restrictive filling pattern, characterised by high E
velocity, low A velocity and shortened deceleration time, remains one of the strongest independent

predictors of cardiovascular outcome.[125,127,130,134,136,137,139]

Heart failure

Heart failure is the end result of common conditions such as hypertension, ischaemic heart disease
and diabetes, and patients with HF have very poor prognosis, even when optimally managed. This
meta-analysis has demonstrated that stratification of patients on the basis of diastolic filling grade
identifies several patient groups with differing survival. Echocardiography is often used in such
patients to determine LV systolic function, despite the fact that many studies have failed to
demonstrate an independent link between EF and outcome and the evidence linking diastolic filling
grade with outcome. These studies have been performed in varied clinical situations: HF outpatient
clinics, transplant assessment units and after acute admission and prior to hospital discharge.
Some have recruited only patients with idiopathic dilated cardiomyopathies, whilst others have
taken all patients with HF and consequently a mixed aetiology of HF. As a result, the patients and
their associated event rates reported in individual studies vary greatly. This heterogeneity makes
interpretation and generalisability of individual study results difficult and was the stimulus for this

meta-analysis.

Despite the recruitment strategies and different patient characteristics within these studies, this
meta-analysis has confirmed the very significant and clinically important finding that restrictive

filling pattern is associated with very poor outcome in a wide range of HF patients. Identification of
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patients with a restrictive filling is relatively easy to perform, especially given that most patients with
either a definite diagnosis or a strong suspicion of HF will have an echocardiogram performed. This
prognostic information will allow both clinicians and patients to better plan their future and may

eventually lead to more targeted treatment of HF patients.

Whilst the relationship between restrictive filling and prognosis has been studied extensively,
further classification of patients with non-restrictive filling patterns is also important. Separation of
patients with pseudonormal filling from those with an abnormal relaxation pattern reveals a group of
patients at intermediate risk of death and/or hospitalisation. Identification of this group of patients
can be achieved by preload reduction, colour M-mode propagation velocity[82] or pulmonary
venous Doppler. [137] In the current meta-analysis, pseudonormal filling was associated with

nearly three times the risk as abnormal relaxation, but similar risk as than restrictive filling.

A clinically useful finding in this analysis is that non-reversible restrictive filling is associated with
more than ten-fold worse prognosis than non-reversible restrictive filling. Several small studies
have demonstrated that it is possible to alter the diastolic filling pattern of patients.[78,130,175,264]
For example, Capomolla et al demonstrated that patients in whom diastolic filling was affected by
preload manipulation (i.e. reversible restrictive or pseudonormal) were more tolerant of beta-
blocker therapy (Carvedilol) and had better outcome.[175] Similarly, Pallazzouli et al report long-
term reversal of the restrictive filling is more common in HF patients randomised to Carvedilol
compared to placebo.[246] It might be reasonable to perform repeat echocardiography to
determine if the filling pattern has changed over time, or with treatment. However, this has only
been demonstrated in highly selected small groups of patients with impaired systolic function. And
most importantly has not been tested in a randomised fashion, so caution needs to be applied

when extrapolating to patients with HF and normal EF.

Recently, it has been demonstrated that changes in BNP during treatment of decompensated HF in
hospital predicted subsequent outcome[288] and therefore supports the concept that BNP levels

can be used to guide treatment of heart failure. Since, both neurohormonal activation (measured by
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plasma BNP) [99,135] and echo Doppler parameters[16,74-76,80,81,83-85,87-96] are related to LV
filling pressures, it is conceivable that echocardiography might be similarly useful for guiding

therapy, but this remains unproven.

Post myocardial infarction

Like the HF analysis, restrictive filling pattern predicted death in patients after AMI. Unlike the HF
analysis, there was significant heterogeneity between individual studies, which may be explained
by the different outcome observed in individual studies, which may be explained by the changing
medical management of acute AMI over the seven years that these studies were reported.
Regional and temporal differences in access to drugs and interventions will have undoubtedly
affected the outcomes in these studies individually. Despite this, the overall result provides
clinically important information and highlights yet again the importance of assessing diastolic filling

in patients after acute coronary events.

Left ventricular systolic impairment and clinical HF are common complications of AMI and
undoubtedly explain some of the risk observed in the patients with restrictive filling pattern.
Excluding the patients who are admitted with shock (the most severe form of post-infarct heart
failure), HF is either present at admission or develops during hospitalisation in 20-30% of patients
after suffering an acute infarction.[289-293] This number continues to rise after hospital
discharge,[289] with approximately 40% of patients developing HF by six years.[293] Patients who
develop HF in hospital are 3-4 times more likely to die, are older, more likely to be female, have
more frequent comorbidity, such as diabetes and hypertension, and more complicated history than

those who do not develop or have existing HF.[289-292]

LV systolic dysfunction was once considered to be one of the most important predictors of outcome
and thus the primary goal of echocardiography after an acute coronary event was to assess LV
systolic function. When EF is measured, patients with low EF experience higher mortality rates
than those with preserved EF, but the patients in whom EF is not measured (the majority of
patients in many acute coronary studies) experience similar mortality to those in whom EF is

depressed.[293,294] Whilst it is true that many of the patients who develop HF have depressed
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systolic function, the relationship between EF and outcome is biphasic, with increased risk in
patients with hyperdynamic systolic function.[291] These two interesting findings may be explained

by advanced diastolic filling abnormalities in this group of patients.

Patients with angiographically documented coronary artery disease but no detectable resting
systolic dysfunction almost always have diastolic filling abnormalities when assessed by
radionuclide techniques.[295] Often patients with advanced diastolic filling abnormalities and HF
have small LV cavities that appear to contract normally but because of the reduced volume, the
stroke volume is inadequate. In such patients, systolic function may have been assumed to be
within normal limits. This hypothesis is supported by the many individual studies, and the current
meta-analysis, that have demonstrated increased risk associated with restrictive filling pattern.
However, this needs to be considered in the context of the tens of thousands of patients who suffer
acute coronary events each year, and the minority (approximately 30%) that undergo
comprehensive echocardiography.[291] The absence of EF measurements may also reflect the
constraints of performing echocardiography in unstable patients in an acute setting, given all the
other competing urgencies. In which case, the patients without EF measurements may be the
sickest patients, however given that the majority (70%) of subjects do not have EF measurements

performed, this seems unlikely.

The lack of performance of systolic echocardiographic measurements in the acute coronary setting
probably reflects many of these factors and also the insensitivity of current systolic
echocardiographic techniques. Most certainly, there is a paucity of comprehensive
echocardiographic assessment in patients with acute coronary syndromes. Many of the studies
included in this meta-analysis were individually very small, recruiting just hundreds rather than
thousands of patients with subsequently small numbers of events. Nevertheless, several of the
larger studies demonstrated that when both diastolic and systolic measurements were available
systolic measurements offered little or no additional prognostic information over and above diastolic
filling pattern.[158,167,171] In a multi-centre study of 799 subjects, wall motion score index

(WMSI), diastolic filling pattern and the Tei index (a measure of global systolic and diastolic LV
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function) all predicted outcome, but in a multivariate model, WMSI had no prognostic value.[167] In
another study of 571 patients, pre-discharge restrictive filling pattern was a very strong predictor of
death and LV end-diastolic index a weaker, but still significant predictor of death in Cox
proportional hazards model.[158] These findings were confirmed in another smaller study (N=371)
where restrictive filling pattern predicted death alongside other clinical factors and left atrial size,
but not systolic function.[171] In marked contrast, in another multi-centre study of 520 patients,
although restrictive filling pattern predicted death, it did not reach significance in a multi-variate

model where WMSI, age, history of hypertension and diabetes did.[172]

It was not within the realm of this meta-analysis to evaluate the individual and multivariate
contribution of all echocardiographic variables to overall risk. This would require a meta-analysis
incorporating individual patient data from each study. Because of the similarity between the studies
and the total number of patients, this approach might be able to discern the relative weighting of
systolic and diastolic parameters and overall risk. An individual patient meta-analysis or large
individual study (sample size 1000-2000 patients, 300-500 events) would potentially have the
power to discriminate between the individual echo parameters. This would be an important study
that might lead to understanding of both the development of HF and the risk factors for death in
patients suffering acute coronary events. In turn, this may lead to enhanced medical management

of these patients.

The presence of restrictive filling post AMI also predicted the development of HF after the index
infarct. The importance of the assessment of diastolic filling pattern in the setting of AMI is often
underrated. In this situation, the diagnostic role of echocardiography is of paramount importance:
quantification of regional wall motion, infarct size, viable myocardium and structural trauma are all
the first goal of echocardiography in patients with an acute coronary event. However, the findings
of the many individual studies included in this meta-analysis and these results of the current meta-
analysis would suggest that it may be equally important for prognostic purposes to accurately
identify diastolic filling grades. This approach may offer a means of identifying those patients who

are at highest risk of both mortality and developing HF after their acute coronary event.
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Limitations
As with any analysis of this type, there are several limitations inherent within the process. The first

of these is publication bias. We did not restrict our searches to English language publications and
as a result have included several studies published in languages other than English and the studies
originate from a wide variety of countries. We almost certainly will have omitted some unpublished
data, which may or may not be in agreement with these results. Often unpublished studies are
negative and the omission of such studies will mean that this risk estimate is exaggerated. We did
contact all published authors to ask for any unpublished data and in some cases received
additional data. In order to minimise the risk of publication bias we identified all studies that
included prognosis and diastolic parameters, but not necessarily restrictive filing pattern and as a
result included studies where diastolic filling was not a primary study endpoint. These authors were
contacted and requested whether it was possible to breakdown their data based on restrictive
versus non-restrictive filling. This approach, we believe, will have minimised publication bias. This

is supported by the lack of heterogeneity in most analyses and the examination of funnel plots.

A further bias might be duplication of patients. Because of the nature of our search strategy
outlined above, we did identify several publications that contained duplicate patients but reported
different echocardiographic variables. In consultation with all authors, we were able to identify
several studies where patients were duplicated and thus excluded and therefore minimise this

potential bias.

Overall, we believe this rigorous methodological approach has minimised these potential sources

of bias and error.

Lastly, the criteria used by individual investigators for classification of restrictive filling varied
slightly. In many cases, this was predetermined by the investigators to be the best cut-off for
detecting at-risk subjects. This may have influenced the results but we do not think this was the

case for two reasons. Firstly, the variation was only slight and secondly the analysis of odds ratio
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as a function of deceleration time cut-off showed no relationship within the range of deceleration

time used by most studies and thus no bias.

The size of the risk estimates and confidence intervals around the risk estimates in the two main
results of this meta-analysis, in conjunction with the sample size, would suggest that these
potential sources of error although possible are likely to have minimal effect on the overall risk
estimates. Meta-analysis is commonly used to combine the results of randomised controlled trials,
but is also applicable to observational data in the way we have done. We followed published

guidelines for this.

Conclusions
The assessment of diastolic filling grade confers important prognostic information in both HF

patients and after AMI. In this study, over 40% of HF patients and 20% of AMI patients displayed a
restrictive filling pattern, which was associated with the worst outcome. This prognostically
important finding is thus not a rare phenomenon in these patient groups. In addition, incremental
prognosis is associated with each intermediate grade of diastolic filling. The findings of this study
would support comprehensive echocardiographic assessment of diastolic filling pattern in both
patient groups and this important prognostic information should be considered alongside other

important echocardiographic and clinical findings when managing such patients.

Key Findings:

e Restrictive filling pattern is associated with a four-fold increase in mortality in both HF and
MI patients

e There is a stepped relationship between the different diastolic filling patterns: patients with
normal filling or abnormal relaxation have the best survival, pseudonormal intermediate,
but closer to restrictive filling and non-reversible restrictive filling is more than ten times
worse than reversible restrictive filling

e Restrictive filling pattern also predicts development of HF post AMI and hospitalisation in

patients with HF
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Chapter 5 - Complementary role of echocardiography and brain
natriuretic peptide for diagnosis of HF and determining prognosis
in symptomatic breathless patients in the community.
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Background

Given the high events rates associated with heart failure (HF) and the widely available treatments,
early diagnosis is important. Although the diagnosis of HF is based upon clinical findings,
echocardiography is often used and indeed advocated in patients with HF to determine aetiology,
to document the degree of ventricular dysfunction and determine reversible or treatable causes of
HF.[7] Recently published guidelines for HF diagnosis from both the American College of
Cardiology/American Heart Association[8] and the European Society of Cardiology[9] include an
objective measure of ventricular dysfunction. Thus, clinicians are increasingly relying upon
echocardiography to confirm a clinical suspicion of HF and as a result, there is a call for open
access echocardiography to be available to primary care physicians to aid their diagnosis of HF
without consultation with a cardiologist.[10] Whether echocardiography is requested by a primary
care physician or a cardiologist, the goal remains similar - to establish the underlying anatomy and

pathology and to assess both systolic and diastolic function.

Neurohormones, and in particular brain natriuretic peptide (BNP), are also useful markers of heart
failure. BNP is released from the heart in response to wall stress. In healthy individuals, low levels
of BNP are detectable and higher BNP levels have been detected in patients with HF and other
cardiac disease.[297-301] BNP level increases proportionally with left ventricular (LV)
dysfunction[302,303] and is closely related to both diastolic and systolic LV function.[303-305]

BNP does however increase with increasing age[307-309] and renal impairment,[310] and is higher
in women.[307,308,309,311] As a result, BNP has poor positive predictive value, but high negative

predictive value and is most powerful as a “rule-out” test.

BNP significantly improves the diagnosis of HF in dyspnoeic patients in the emergency
room.[97,312-317] However, there are limited data regarding the role of BNP for diagnosing HF in
the community and most are only observational studies.[318-320] The Natriuretic Peptides in the
Community study (NPC) was the first prospective, randomised controlled trial to demonstrate the
improved diagnostic accuracy of NT-proBNP (NT-proBNP) measurement in elderly patients with

HF symptoms in primary care.[321]
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Prognosis of symptomatic patients in the community

Diastolic echocardiographic measurements can provide important prognostic information about
death and/or readmission in patients with established HF,[78,96,118-147] especially the
differentiation of restrictive filling patterns (E:A ratio >2, short deceleration time) from non-restrictive
patterns as shown in the previous meta-analyses. Within the non-restrictive filling group, further
differentiation of the patients with pseudonormal filling reveals a group at intermediate risk of death
and/or hospitalization.[118,137,156,246] These indices also predict development of
HF[155,159,161,162,163,164,166,169,173,174] and death[155-174] after acute myocardial

infarction.

More recently, pulsed wave tissue Doppler imaging (TDI) has been used to assess diastolic
function. In particular, the ratio of mitral E velocity to annular E velocity (E/Ea) is related to filling
pressure.[83-85,96,97] and these newer tissue Doppler measurements may also be useful for
predicting cardiac events. In HF patients with impaired systolic function, the systolic annular
velocity (Sa) predicts all cause mortality.[96] In a study of patients undergoing echocardiography,
but not specifically with HF, Ea predicted death over a mean of 23 months.[143] In another study,
E/Ea > 15 added important prognostic information to clinical data and EF, by predicting death in

patients post myocardial infarction in patients with reduced EF (<40%) and normal EF (>40%).[146]

Similarly, neurohormones have been used to predict outcome in HF patients. An elevated BNP
level is associated with mortality, hospitalisation and worsening HF.[322-328] Most of these
prognostic studies have been performed in cohorts of patients with established HF - either referred
to a transplant clinic, admitted to hospital for exacerbation of symptoms, or attending specialist HF
clinics. The current study was performed in the community and included elderly, symptomatic
patients without a previous diagnosis of HF. These are the people in whom echocardiography is

increasingly being relied upon to aid the confirmation of a clinical diagnosis of HF.
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The aim of the current study was to evaluate the role of echocardiography for diagnosis of HF in
symptomatic patients in the community and to compare this with NT-proBNP. Secondly, we wanted
to evaluate the prognostic role of both echocardiography and NT-proBNP measurements for

predicting subsequent hospitalisation in these patients.

Methods

Subjects

Three hundred and five symptomatic patients (dyspnoea and/or oedema) were recruited from 92
primary care practices and the Auckland area.[321] After providing informed consent, patients
attended Auckland Hospital for a study visit where cardiological assessment, electrocardiography,
chest X-ray, blood collection for NT-proBNP measurement and transthoracic echocardiography
were performed. The study was approved by the Auckland District Health Board Ethics Committee

and all patients provided written informed consent.

Panel standard diagnosis of heart failure

The diagnosis of HF was made by an expert panel of three cardiologists and one general physician
who were independent of all study procedures and were blinded to the NT-proBNP result. The
panel reviewed all clinical data for each patient including ECG, chest X-ray and echocardiogram in
order to determine whether the clinical syndrome of HF was present using the European Society of
Cardiology Working Group on Heart Failure diagnostic criteria.[329] To meet the case definition of
HF, patients were required to have appropriate symptoms (dyspnoea or fluid retention) with clinical
signs of pulmonary or peripheral congestion in the presence of an underlying abnormality of
cardiac structure and function. If doubt remained, a beneficial response to treatment was

considered.

BNP assay

Blood was collected using standard venepuncture technique into tubes containing EDTA. Samples
were centrifuged and frozen at —70°C. NT-proBNP was measured by radioimmunoassay at the

CardioEndocrine Research Laboratory, Christchurch, New Zealand.[302]
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Echocardiography methods

All patients were examined lying on their left side and images were digitally obtained (Philips HDI-
5000, Phillips Ultrasound, Bothell, WA). Detailed echocardiographic methods have been described
in chapter 2. Briefly, a full clinical echocardiographic examination was performed including:
parasternal M-mode recordings, biplane Simpson’s left ventricular volumes and ejection fraction
(EF); left atrial area (apical four-chamber view); mitral valve pulsed wave Doppler; pulmonary
venous Doppler and isovolumic relaxation time (IVRT). Mitral valve inflow Doppler was then
recorded during the Valsalva manoeuvre. All echocardiographic images were obtained according to
a standardised protocol by specially trained research sonographers, without knowledge of the

patients’ clinical details.

Pulsed wave tissue Doppler

In addition to the standard echocardiography techniques described, pulsed wave tissue Doppler
was also performed by placing a 5 mm sample volume on the medial and lateral aspects of the
mitral valve annulus. The signal was optimised and recorded at 100 mm/s sweep speed. The

average of both measurements was used.

Echocardiographic measurements

Triplicate measurements of all variables were made. Measurements were made according to
standard methods and included: i) 2-dimensional and m-mode measurements: left ventricular end-
diastolic dimension (LVEDD), left ventricular end-systolic dimension left ventricular end-diastolic
volume (LVEDV), left ventricular end-systolic volume (LVESV), left atrial area; ii) Doppler
measurements: mitral valve peak early filling velocity (E), peak late filling velocity (A), deceleration
time (DT) of the mitral E wave, A wave duration (A dur), IVRT; pulmonary venous peak systolic
velocity (S), peak diastolic velocity (D), atrial reversal velocity (AR), atrial reversal duration (AR
dur); iii) tissue Doppler measurements: mitral annular E velocity (Ea), mitral annular A velocity
(Aa), mitral annular S velocity (Sa). The following variables were calculated: E:A ratio = E velocity/A
velocity, AR dur — A dur, stroke volume (SV) = LVEDV — LVESV, ejection fraction (EF) =

SV/LVEDV x 100%; E:Ea ratio.

Differentiation between diastolic filling patterns

After the baseline measurements were made, each subject was classified into one of the following

categories of filling patterns:
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- Normal filling: E:A ratio 1.0-2.0 and deceleration time 0.15-0.23 s
- Abnormal relaxation: E:A ratio < 1.0 and deceleration time > 0.23 s

- Pseudonormal filling: E:A ratio 1.0-2.0 and deceleration time 0.15 — 0.23 s, but E:A ratio <
1.0 and deceleration time > 0.23 s with Valsalva and/or pulmonary atrial duration: A wave

duration ratio >1.2

- Restrictive filling: E:A ratio > 2.0 and deceleration time < 0.15 s.

Statistical analysis

Comparisons between groups for continuous normally distributed variables were made using
Student’s t-test and analysis of variance where appropriate. Non-parametric continuous data were
analysed using Wilcoxon and Kruskall Wallace tests where appropriate. Differences between
categorical variables were assessed using Chi-squared analysis. ANOVA was used to determine
between group differences when there were more than two groups and post-hoc Tukey’s test for

within group differences.

Diagnostic Accuracy
Receive operating characteristic (ROC) curves were used to determine the diagnostic capability of

each echocardiographic parameter and NT-proBNP. Echocardiographic parameters are grouped
according to whether they are principally diastolic or systolic parameters. The area under the ROC
curve (AUC) was calculated using trapezoidal method and high order functions were plotted.

Survival Analysis
Medical charts and general practice computer databases were reviewed to collect data regarding

each patient’s vital status and number of hospitalisations with diagnosis at discharge. For any
patients who had died during the follow-up period, a death certificate was obtained to verify the
cause of death. Stratified survival analysis (time to first event: death, admission or death and/or
readmission) was performed using the Kaplan-Meier method. Where more than two categorical
groups were tested (eg. NT-proBNP level or diastolic filling pattern) Chi square was used to test
overall significance. All tests were two-tailed and 5% significance level was maintained throughout.
Procedures of the statistical analysis system SAS were employed in these analyses (SAS Institute,

Cary, NC).
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Multivariate Predictors of Hospitalisation
In multivariate models, Cox proportional hazards was used to adjust for the potential confounding

effect of covariates, including age and LV ejection fraction.

Analysis by NT-proBNP Level
Both the sensitivity analysis and survival analysis were performed in different patient sub-groups

based upon the NT-proBNP level: less then 50 pmol/l (heart failure diagnosis unlikely), 50-
150pmol/I (heart failure diagnosis uncertain) and >150 pmol/l (heart failure diagnosis likely). This
was done in order to compare the role of echocardiography within these groups of patients and to
reflect the likely clinical scenarios in which physicians might use both echocardiography and NT-

proBNP.

Survival Analysis by Different Systolic and Diastolic Criteria
Survival analysis was performed according to systolic function (EF < 45%) and diastolic function:

diastolic filling pattern (restrictive filling, non-restrictive filling (pseudonormal and abnormal

filling)[121] and using established E/Ea criteria (<8, 9-14 and >15)[84] and </>11.[83]
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Results

Baseline characteristics

The mean age of the group was 72 years (range 40 to 95 years) and 65% were female. 118
patients (49%) presented with dyspnoea only, 38 (12%) with oedema only and 149 (49%) with both
symptoms. Seventy-seven patients (25%) reached the expert panel diagnostic threshold for HF.
The HF group were similar age and had similar symptoms as the non-HF group, but had more
ischaemic heart disease (IHD), diabetes and atrial fibrillation (AF) compared to the non-HF group.
In addition, they had lower blood pressure, cardiomegaly, raised jugular venous pressure and

higher NT-proBNP levels (Table 22).

Table 22 - Baseline demographics and clinical characteristics of patients

Not heart failure Heart failure

N = 228 N=77 P
Demographics
Number of patients, n (%) 228 (75 %) 77 (25 %) -
Mean age (years) 71 +11.1 74 £12.2 0.16
Female, n (%) 159 (71 %) 39 (51 %) -
Male, n (%) 69 (30 %) 38 (49 %) 0.004
Symptoms
Dyspnoea only, n (%) 90 (39 %) 28 (36 %) -
Oedema only, n (%) 34 (15 %) 4 (5 %) -
Both dyspnoea and oedema, n (%) 104 (46 %) 45 (58 %) 0.05
Previous medical history
Hypertension, n (%) 122 (53 %) 37 (48 %) 0.5
Previous myocardial infarction, n (%) 18 (8 %) 26 (34 %) < 0.0001
Type 2 diabetes, n (%) 24 (10 %) 22 (28 %) < 0.0001
Asthma/chronic airways disease, n (%) 34 (15 %) 9 (12 %) 0.57
Angina, n (%) 65 (28 %) 32 (42 %) 0.04
Atrial fibrillation, n (%) 12 (5 %) 23 (30 %) 0.0019
Admitted to hospital within previous year, n (%) 53 (23 %) 20 (26 %) 0.32
Clinical findings on examination
Heart rate (bpm) 74 £15 73+£16 0.75
Systolic BP (mmHg) 148 + 22 140 £ 24 0.007
Diastolic BP, mmHg, mean (SD) 80 14 76 £17 0.024
Third heart sound, n (%) 17 (7 %) 30 (39 %) < 0.0001
NT-proBNP (pmol/L) median (IQR) 36 (20, 61) 183 (103, 319) < 0.0001
Cardiothoracic ratio (%) 0.50 £ 0.06 0.58 £ 0.08 < 0.0001
Jugular venous pressure (cm) median (IQR) 1(0,2) 5(3,9) < 0.0001

Values are mean + standard deviation. Student’s t-test (unpaired, two-way) used to test between group differences.
Abbreviations: Aa = mitral annular late velocity, Ea = mitral annular early velocity, E:A ratio = mitral E velocity/ mitral A
velocity, E:Ea ratio = mitral E velocity/Ea, FS = fractional shortening, NT-pro-BNP = N-terminal pro-brain natriuretic peptide,
Sa = mitral annular systolic velocity.
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Echocardiographic measurements

Excluded Patients

Not all echocardiographic variables were obtained in all subjects due to both patient and imaging
constraints. Left ventricular volumes could not be measured in 27 subjects, but EF was estimated
in 16 of these subjects, leaving only 11 (3.6%) subjects in whom EF was not assessed. Seventy-
four patients did not have complete Diastolic measurements (mitral and tissue Doppler): 35 (11.4
%) due to atrial fibrillation, 13 (9.7 %) due to tachycardia and fused mitral Doppler, 6 (4.4 %) who
had a permanent pacemaker and 20 (6.6 %) who had incomplete measurements. This left 228
(74.8 %) patients in whom complete Doppler assessment was possible at baseline and 77 subjects
that were excluded from the complete diastolic analyses. Of these, 50 (22%) of the patients without

HF and 30 (39%) of the patients with HF were excluded.

Comparing the 77 excluded patients, with those in whom complete diastolic measurements were
available, there were no significant differences detected in NT-proBNP level, age, heart size or
systolic function (Table 23). In addition, the readmission rates were similar between those excluded
(21 admissions, event rate 28 %) and those included (47 admissions, event rate 20 %): hazard

ratio 0.7762 (95% Cl: 0.4363, 1.3338), p= 0.3469 (Figure 36)

Table 23 - Characteristics of patients excluded from and included in the diastolic analyses

Missing Not missing p
Number of patients 77 228 -
NT-proBNP (pmol/l) 136.3 £ 149.1 111.4 £185.8 0.11
Age (years) 69.1 £74.9 70.3 £73.1 0.34
LV end-diastolic volume (ml) 90.3 +33.8 92.8 +35.9 0.64
LV end-systolic volume (ml) 41.9+27.7 40.6 £ 27.5 0.76
FS (%) 306x+7.9 319185 0.41
Ejection fraction (%) 55.2+10.7 58.4+11.8 0.06
Stroke volume (ml) 49.4 +14.2 52.7+16 0.24

Values are mean + standard deviation. Student’s t-test (unpaired, two-way) used to test between group differences.
Abbreviations: FS = fractional shortening, NT-proBNP = N-terminal pro-brain natriuretic peptide.
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Figure 36 - Time to first hospitalisation in those patients with diastolic data and those
without

Missing Diastolic Measurements

100 = _“_H‘—_—

75 “__"\_\_

Free of hospitalisation
(%)

50-
- Mmissing
251 not missing
p = 0.3469
0 . :

I I I I
0 60 120 180 240 300 360
Days to first hospital admission (any cause)

150



Patients With and Without Heart Failure

Patients with HF had larger hearts (larger LV volumes, LA area and higher LV mass), impaired

systolic function (lower FS, EF and Sa) and advanced diastolic filling abnormalities and elevated

filling pressures (short deceleration time, higher E:A and E:Ea ratios (Table 24).

Table 24 - Echocardiographic parameters in patients with and without heart failure

No heart failure

Heart failure

N = 228 N=77 P

Heart size
LV end-diastolic volume (ml) 83.6 £254 119.4 £ 58.7 < 0.0001
LV end-systolic volume (ml) 32.7+16.3 66.7 + 46.0 < 0.0001
Left atrial area (cm?) 20.7+£5.0 26.1 £6.0 < 0.0001
LV mass (g) 177.6 +£56.7 229.7 £90.4 < 0.0001
LV systolic parameters
Fractional shortening (%) 34377 23.9+9.7 < 0.0001
LV ejection fraction (%) 61.1£10.0 472 £14.7 < 0.0001
Stroke volume (ml) 51.3+15.3 541 +£225 0.26
Systolic annular velocity (Sa) (cm/s) 58+1.9 7.7+1.7 < 0.0001
LV diastolic parameters (N=228 with complete data)
E wave velocity, msec 52.0+17.1 62.9+225 <0.0001
A wave velocity, msec 69.1 £17.2 58.3+24.7 <0.0001
Deceleration time, msec 215.0 +59.7 175.1 +74.8 0.0002
Isovolumic relaxation time, msec 83.5+18.7 80.0 £ 28.6 0.41
Annular E velocity (Ea) (cm/s) 6.7+2.3 5027 0.0006
Annular A velocity (Aa) (cm/s) 106+24 7.1+£3.6 < 0.0001
E/Ea ratio 10477 19.7 £ 24 1 0.0006
E/A ratio 0.77 £0.30 1.29+£0.84 < 0.0001
Mitral filling pattern

Normal 12 (5) 6 (8) Overall

Abnormal relaxation 169 (74) 24 (32) effect

Pseudonormal 32 (14) 4 (5) 0.004

Restrictive 0 7(9)

Values are mean + standard deviation. Student’s t-test (unpaired, two-way) used to test between group differences.
Abbreviations: Aa = mitral annular late velocity, Ea = mitral annular early velocity, E:A ratio = mitral E velocity/ mitral A
velocity, E:Ea ratio = mitral E velocity/Ea, FS = fractional shortening, NT-proBNP = N-terminal pro-brain natriuretic peptide,

Sa = mitral annular systolic velocity.
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Diagnostic Accuracy

In the whole group (n=305) NT-proBNP was the most sensitive and specific parameter for
diagnosing HF (area under the curve (AUC) = 0.82), however both FS and Sa were comparable
(AUC = 0.81 and 0.76, respectively) (Figure 37). Most diastolic variables performed poorly, with the
exception of LA area (AUC = 0.75). When the analysis was restricted to just those patients with
elevated NT-proBNP > 50 pmol/l (n=161), FS performed slightly better than NT-proBNP (AUC 0.81
and 0.79, respectively) (Figure 38). However, when the analysis was restricted to those patients in
whom NT-proBNP was inconclusive (NT-proBNP between 50 and 150 pmol/l) the diagnostic
accuracy of NT-proBNP was poor (AUC = 0.64) and FS (AUC = 0.79), Sa (AUC = 0.70) and EF
(AUC = 0.79) were superior (Figure 39). No diastolic parameters performed well within this sub-

analysis.
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Figure 37 - Receiver operating characteristic curves for NT-proBNP, systolic and diastolic
echocardiographic variables (all patients, N=305)
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Figure 38 - Receiver operating characteristic curves for NT-proBNP, systolic and diastolic
echocardiographic variables (Patients with NT-proBNP > 50 pmol/l, N=161)
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Figure 39 - Receiver operating characteristic curves for NT-proBNP, systolic and diastolic
echocardiographic variables (Patients with NT-proBNP 50 - 150 pmol/l, N=98)
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Time to first hospitalisation

Vital status was unavailable for 6 patients with HF and 16 without HF. During the twelve month
follow-up period, 68 (22.3 %) patients were admitted to hospital (total admissions = 139). Patients
with a diagnosis of HF had more hospitalisations than those in whom HF was ruled out (p=0.009).
Of the total 139 admissions, the most common reasons for admission were: cardiovascular but not
HF (33), HF (17), orthopaedic (16) and chronic respiratory illness (13). The remaining 52 were for a
variety of different reasons. Time to first event analysis is presented by NT-proBNP level, ejection

fraction, diastolic filling pattern and E/Ea ratio.

Brain Natriuretic Peptide

One hundred and forty-five patients had an NT-proBNP level < 50 pmol/l indicating HF was an
unlikely diagnosis, 63 had an NT-proBNP level >150 pmol/l indicating HF was the likely diagnosis
and the remaining 98 patients had NT-proBNP levels in the uncertain diagnostic range between 50
and 150 pmol/l. Higher NT-proBNP level was associated with older age, larger LV volumes,
reduced FS, EF and Sa (all consistent with depressed systolic function), larger LA area, higher E
velocity, lower A velocity, lower Ea and Aa velocities, shorter deceleration time, higher E/Ea and

E:A ratios (suggestive of advanced diastolic filling abnormalities and elevated filling pressure)
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Table 25 - Characteristics of patients according to NT-proBNP level

N- BNP <50 NT-proBNP 50 - NT-proBNP >  ANOVA

pmol/l 150 pmol/l 150 pmol/l
Number of patients 144 98 63 -
NT-proBNP (pmol/l) 241 £12.6 89.2+27.7 374.9 + 313.1 < 0.0001
Age (years) 66.8 £ 10.5 75.3+10.2 77.9%10.3 < 0.0001
LV end-diastolic volume (ml) 85.1 +25.9 91.9 +42.9 110.1 £53.4 0.0003
LV end-systolic volume (ml) 32.7+£17.9 40.3 £ 28.7 61.9+454 < 0.0001
LV systolic parameters
FS (%) 34.3+8.3 32.0+8.7 25.8+10.0 < 0.0001
Ejection fraction (%) 62.0 £9.9 57.7+124 47.3 13.9 < 0.0001
Stroke volume (ml) 52.7 +14.7 52.6 £19.8 49.4 19.0 0.465
Sm (cm/s) 8.04 1.7 7.09+1.4 5.16 +1.82 < 0.0001
LV diastolic parameters
E velocity (cm/s) 50.0 + 13.6 53.9 +16.1 67.5 + 26.6 < 0.0001
A velocity (cm/s) 69.7 +14.9 69.7 £ 19.6 53.0+ 255 < 0.0001
Deceleration time (s) 218.2 £ 55.6 208.7 £ 65.6 1716 £76.3 0.004
Left atrial area (sz) 19.7+4.2 23.2+5.7 26.3+5.9 < 0.0001
Ea (cm/s) 6.95+2.3 6.14+2.2 4.74+28 < 0.0001
Aa (cm/s) 11.1£21 99+28 57927 < 0.0001
E/Ea ratio 8.87+29 12.1£9.8 23.8+27.1 < 0.0001
E:A ratio 0.74 £ 0.24 0.84 £ 0.45 1.45+0.95 < 0.0001

Values are mean + standard deviation. ANOVA was used to test the relationship between the three groups.

Abbreviations: Aa = mitral annular late velocity, Ea = mitral annular early velocity, E:A ratio = mitral E velocity/ mitral A
velocity, E:Ea ratio = mitral E velocity/Ea, FS = fractional shortening, NT-proBNP = N-terminal pro-brain natriuretic peptide,
Sa = mitral annular systolic velocity.

There was a tiered relationship between hospitalisation and NT-proBNP level (p = 0.012). When
comparing patients with NT-proBNP > 150 mmol/I with all others, higher NT-proBNP was
associated with worse outcome (20 admissions, event rate 32 %) than NT-proBNP < 150 mmol/l
(48 admissions, event rate 20 %) hazard ratio 2.084 (95% Cl: 1.297, 4.815, p=0.0062). NT-
proBNP > 50 mmol/l was associated with worse outcome (41 admissions, event rate 25 %) than
NT-proBNP < 50 mmol/l (25 admissions, event rate 17 %), hazard ratio 1.825 (95% CI: 1.093,

2.937, p=0.0207) (Figure 40).
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Figure 40 - Time to first hospitalisation by NT-proBNP level
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Ejection Fraction

Forty-five subjects had an EF < 45% and this was associated higher NT-proBNP level, larger LV
volumes, smaller stroke volume, reduced FS, EF and Sa (all consistent with depressed systolic
function), larger LA area, higher E/Ea and E:A ratios (suggestive of advanced diastolic filling

abnormalities and elevated filling pressure) (Table 25).

Table 26 - Characteristics of patients with depressed systolic function (< 45 %) compared to
those with normal function (EF > 45 %)

EF <45 % EF > 45 t-test
Number of patients 45 246 -
NT-proBNP (pmol/l) 229.3 + 348.1 152.8 + 89.3 0.01
Age (years) 71.31£9.87 71.8+11.9 0.78
LV end-diastolic volume (ml) 131.2 £60.3 84.9 +28.8 < 0.0001
LV end-systolic volume (ml) 86.31+47.4 33.0+154 < 0.0001
LV systolic parameters
FS (%) 19.1 £ 6.8 33.8+£8.0 < 0.0001
Ejection fraction (%) 349+7.8 60.7+11.5 < 0.0001
Stroke volume (ml) 46.5+18.8 53.0+16.8 0.03
Sa (cm/s) 53+1.6 7.45 +1.57 < 0.0001
LV diastolic parameters
E velocity (cm/s) 545+ 17.6 54.7 £19.0 0.96
A velocity (cm/s) 62.6 + 28.3 67.8+17.2 0.11
Deceleration time (s) 186.0 £71.8 208.9 £ 63.7 0.05
Left atrial area (cm2) 24159 21.8+5.7 0.03
Ea (cm/s) 4.2 +2.02 6.70 £ 2.35 < 0.0001
Aa (cm/s) 7.6+33 10.3 £2.80 < 0.0001
E/Ea ratio 17.6 £10.7 10.8 £2.80 0.002
E:A ratio 1.2+0.92 0.83 +0.44 0.04

Values are mean + standard deviation. Student’s t-test (unpaired, two-way) used to test between group differences.
Abbreviations: Aa = mitral annular late velocity, Ea = mitral annular early velocity, E:A ratio = mitral E velocity/ mitral A
velocity, E:Ea ratio = mitral E velocity/Ea, FS = fractional shortening, NT-proBNP = N-terminal pro-brain natriuretic peptide,
Sa = mitral annular systolic velocity.
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Patients with depressed LV systolic function (< 45 %) had higher rates of hospitalisation (14
admissions, event rate 31 %) compared to patients with EF > 45% (51 admissions, event rate 21

%), hazard ratio 1.90 (95% CI: 1.146, 4.349, p=0.018) (Figure 41).

Figure 41 - Time to first hospitalisation by ejection fraction
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Restrictive Filling Pattern

Twelve subjects (5.8%) displayed RFP at baseline and this was associated higher NT-proBNP
level, larger LV volumes, reduced FS, EF and Sa (all consistent with depressed systolic function),
larger LA area, higher E velocity, lower A velocity, short deceleration time, low tissue Doppler
velocities and higher E/Ea and E:A ratios (consistent with advanced diastolic filling abnormalities

and significantly elevated filling pressure) (Table 26).

Table 27 - Characteristics of patients with restrictive mitral filling pattern compared to
patients with non-restrictive pattern

Restrictive Non-restrictive
Filling Filling t-test

Number of patients 12 216 -
NT-proBNP (pmol/l) 229.3 + 348.1 76.4+119.8 < 0.0001
Age (years) 76.4 £ 6.98 71.2+10.3 0.07
LV end-diastolic volume (ml) 117.7+41.2 89.6 + 34.5 0.007
LV end-systolic volume (ml) 69.9 £ 50.2 37.5+257 < 0.0001
LV systolic parameters
FS (%) 19.5+£8.7 33.9+8.3 < 0.0001
Ejection fraction (%) 43.2+£21.0 59.8+114 < 0.0001
Stroke volume (ml) 51.3+18.2 52.7+15.7 0.78
Sa (cm/s) 53+1.6 7.52 +1.81 < 0.0001
LV diastolic parameters
E velocity (cm/s) 77.5+19.5 50.5+13.9 < 0.0001
A velocity (cm/s) 34.7 £ 141 68.9+17.4 < 0.0001
Deceleration time (s) 127.7 £40.5 218.3£59.4 < 0.0001
Left atrial area (cm?) 26.7 +5.7 20.9+4.9 < 0.0001
Ea (cm/s) 3.28 £+ 2.52 6.45 +2.32 < 0.0001
Aa (cm/s) 3.77 +£1.20 10.3 £ 2.62 < 0.0001
E/Ea ratio 41.4 £39.6 10.8 £2.80 < 0.0001
E:A ratio 25+0.82 0.77 £ 0.31 < 0.0001

Values are mean + standard deviation. Student’s t-test (unpaired, two-way) used to test between group differences.
Abbreviations: Aa = mitral annular late velocity, Ea = mitral annular early velocity, E:A ratio = mitral E velocity/ mitral A
velocity, E:Ea ratio = mitral E velocity/Ea, FS = fractional shortening, NT-proBNP = N-terminal pro-brain natriuretic peptide,
Sa = mitral annular systolic velocity.
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Patients with RFP had higher rates of hospitalisation (5 admissions, event rate 33 %) compared to
patients with non-RFP (47 admissions, event rate 19 %), hazard ratio 2.97 (95% CI: 1.956, 25.22,

p=0.0028) (Figure 42)

Figure 42 - Time to first hospitalisation by restrictive and non-restrictive filling pattern
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Both pseudonormal filling and abnormal relaxation were different to the restrictive filling group (p =
0.0078) but no difference was seen between the pseudonormal filling and abnormal relaxation

groups (Figure 43).
Figure 43 - Time to first hospitalisation by diastolic filling pattern
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E/Ea ratio

E/Ea ratio < 8, 8-15, > 15

E/Ea ratio was < 8 in 77 (34 %) subjects, between 9 and 15 in 112 (49 %) subjects, and > 15 in 39

(17 %) subjects. Higher E:Ea ratio was associated higher NT-proBNP level, older age, larger LV

volumes, reduced FS, EF and Sa (all consistent with depressed systolic function), larger LA area,

short deceleration time, higher E:A ratio and lower tissue Doppler velocities (consistent with

advanced diastolic filling abnormalities and significantly elevated filling pressure) (Table 27).

Table 28 - Characteristics of three groups of E/Ea ratio

E/Ea<8 E/Ea8-15 E/Ea > 15 ANOVA
Number of patients 77 112 39 -
NT-proBNP (pmol/l) 52.4 + 56.8 79.5+97.7 315.4 £399.7%* < 0.0001
Age (years) 69.7+11.4 71.96 £10.9 75.1 £10.3%* 0.043
LV end-diastolic volume (ml) 86.2 + 28.3 88.9 £ 36.97 117.2 + 55.58* 0.0002
LV end-systolic volume (ml) 33.97 £16.3 36.7+27.4 65.3 + 45.25** < 0.0001
LV systolic parameters
FS (%) 33.3 £ 8.1 33.6+8.4 25.2 £ 11.25** < 0.0001
Ejection fraction (%) 61.1 £9.1 60.7 £ 11.5 46.8 + 16.8%* < 0.0001
Stroke volume (ml) 52.3+16.8 52.6 £ 15.7 53.6 £ 23.2 0.934
Sa (cm/s) 8.0511.76 7.45 £ 1.57* 5.36 £ 1.72%* < 0.0001
LV diastolic parameters
E velocity (cm/s) 45.9+11.3 54.2 +15.7 61.2 £ 18.25** < 0.0001
A velocity (cm/s) 63.6 £ 14.0 68.8 +16.3 68.7 £ 32.2 0.17
Deceleration time (s) 225.1 £59.5 203.2 £ 58.8 198.5 + 79.3** 0.037
Left atrial area (cm2) 20.6 £5.52 21.7+4.7 23.0+£6.4 0.093
Ea (cm/s) 7.76 2.0 6.29 +1.97 3.28 + 1.43% < 0.0001
Aa (cm/s) 10.8 +2.43 10.2 £ 2.56 7.14 + 3815 < 0.0001
E/Ea ratio 6.64 + 0.90 1043 £1.72* 29.9 + 26.75** < 0.0001
E:A ratio 0.75 +0.30 0.84 £0.42 120 £+0.92 % <0.0001

Values are mean + standard deviation. ANOVA was used to determine the effect between groups.
Abbreviations: Aa = mitral annular late velocity, Ea = mitral annular early velocity, E:A ratio = mitral E velocity/ mitral A
velocity, E:Ea ratio = mitral E velocity/Ea, FS = fractional shortening, NT-proBNP = N-terminal pro-brain natriuretic peptide,

Sa = mitral annular systolic velocity.
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There were 12 hospitalisations in the group with E/Ea < 8 (16 % event rate), 23 hospitalisations in
the group with E/Ea 9-15 (event rate 21 %) and 11 hospitalisations in the group with E/Ea > 15
(event rate 28 %) (Chi2 =0.028). The hazard ratio for E/Ea > 15 was 2.230 (95% Cl: 1.284, 6.507, p

= 0.0103) and for E/Ea > 8 was 1.61 (95% CI: 0.874, 2.771, p = 0.1334) (Figure 44).

Figure 44 - Time to first readmission by E/Ea ratio
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E/Ea ratio < or> 11

Seventy-five subjects had an E/Ea > 11. Higher E:Ea ratio was associated higher NT-proBNP level,
larger LV volumes, reduced FS, EF and Sa (all consistent with depressed systolic function), larger
LA area, higher E velocity, shorter deceleration time, higher E:A ratio and E/Ea ratios and lower
tissue Doppler velocities (consistent with advanced diastolic filling abnormalities and significantly

elevated filling pressure) (Table 28).

Table 29 - Characteristics of patients with E/Ea < 11 and those with E/Ea ratio > 11

E/Ea < 11 E/Ea > 11 t-test
Number of patients 153 75 -
NT-proBNP (pmol/l) 60.3 +77.8 213.4+313.6 < 0.0001
Age (years) 73.7+10.4 70.8+11.3 0.10
LV end-diastolic volume (ml) 86.4 +31.2 106.0 £ 50.6 0.0008
LV end-systolic volume (ml) 3421223 53.9+394 < 0.0001
LV systolic parameters
FS (%) 33.8+8.2 28.2+10.5 0.0002
Ejection fraction (%) 61.8+10.4 51.6 £ 149 < 0.0001
Stroke volume (ml) 522+ 154 53.6 +21.0 0.58
Sm (cm/s) 7.84 +1.69 53%1.6 < 0.0001
LV diastolic parameters
E velocity (cm/s) 48.7 £12.6 60.6 + 18.4 < 0.0001
A velocity (cm/s) 66.3 +15.2 68.5 +25.9 0.42
Deceleration time (s) 213.7 £ 58.3 201.7 2731 0.19
Left atrial area (cm?) 21.0+53 227+54 0.04
Ea (cm/s) 7.15+2.03 448 +2.17 < 0.0001
Aa (cm/s) 10.6 £ 2.39 8.27 + 3.59 < 0.0001
E/Ea ratio 8.03 +1.69 21.6+21.0 < 0.0001
E:A ratio 0.77 £0.33 1.08 £0.76 < 0.0001

Values are mean + standard deviation. Student’s t-test (unpaired, two-way) used to test between group differences.
Abbreviations: Aa = mitral annular late velocity, Ea = mitral annular early velocity, E:A ratio = mitral E velocity/ mitral A
velocity, E:Ea ratio = mitral E velocity/Ea, FS = fractional shortening, NT-proBNP = N-terminal pro-brain natriuretic peptide,
Sa = mitral annular systolic velocity.
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There were 26 hospitalisations in the group with E/Ea < 11 (17 % event rate) and 20
hospitalisations in the group with E/Ea > 11 (event rate 27 %), hazard ratio 2.011 (1.270, 3.292, p =

0.003) (Figure 45).

Figure 45 - Time to first readmission by E/Ea ratio > 11
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Multi-variate predictors of hospitalisation
Using the Cox proportional hazards model, only NT-proBNP predicted hospitalisation in the whole

group (p=0.002). If NT-proBNP was removed from the model, the only independent predictor of
hospitalisation was E/Ea (p=0.003). In the sub-group of subjects (N=98) where the NT-proBNP
level was uncertain (NT-proBNP 50 -150 pmol/l) and thus neither ruled out HF nor gave a certain
diagnosis, NT-proBNP did not predict survival in the multivariate model, but E/Ea did

(p=0.028)(Table 29).

Table 30 - Stepwise multivariate predictors of hospitalization

Patients Variable Model Chi P value
Square

Model: Hospitalisation = NT-proBNP, EF, FS, E:A, E/Ea, LA area, deceleration time, Sa, age,

All patients (n=204) NT-proBNP 8.2 0.0041
Patients with NT-proBNP < 50 (n=105) no variables in model
Patients with NT-proBNP 50- 150 (n=66) E/Ea 6.2 0.0126
Patients with NT-proBNP > 150 (n=33) no variables in model

NT-proBNP not in model: Hospitalisation = EF, FS, E:A, E/Ea, LA area, deceleration time, Sa, age
All patients (n=204) E/Ea > 11 6.2 0.0129
Simplified Model: Hospitalisation = NT-proBNP, age, EF, E/Ea

All patients (n=204) NT-proBNP 11.6 0.0007

Abbreviations: E:A = ratio of early (E) to late (A) mitral filling, E:Ea = ratio of early mitral filling (E) to early mitral annular
velocity (Ea), EF = ejection fraction, FS = fractional shortening, LA = left atrial, NT-proBNP = N-terminal pro-brain natriuretic
peptide, Sa = mitral annular systolic velocity.
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Discussion

The role of echocardiography for diagnosis of heart failure in primary care

The findings of this study support a role for both echocardiography and neurohormone assay in the
management of symptomatic patients in the community. NT-proBNP and echocardiographic
evidence of systolic dysfunction were similarly accurate when used to diagnose HF, but NT-
proBNP is more readily available and also more than one fifth the cost of a standard
echocardiogram. Of interest, however, is the finding that when NT-proBNP fell into the inconclusive
range (50-150 pmol/l) echocardiography was superior. NT-proBNP in this range is neither sensitive
nor specific. This is especially true in this group of subjects who are elderly and have frequent co-
morbidity. NT-proBNP does increase with age,[306-308] thus making it difficult to be certain of the

implications of a mildly elevated level.

None of the diastolic parameters were found to be useful for diagnosing HF. This may be explained
in part by the fact that complete diastolic measurements were not available in 25% of the subjects,
although there were no major differences between the subjects with and without data. Despite not
being diagnostically discriminative, these diastolic parameters were linked to prognosis in the
follow-up arm of the study. There was no difference in prognosis between the groups with and
without baseline diastolic data. Thus it seems unlikely that the missing data would have been solely

responsible for lack of diagnostic importance.

The failure of diastolic parameters to diagnose HF may also reflect the inherent bias of the
European Society of Cardiology diagnostic guidelines,[103,329] which require objective evidence of
cardiac dysfunction and were developed prior to the widespread introduction of tissue Doppler
echocardiography and certainly prior to the publication of its clinical relevance. At the time of this
study, tissue Doppler was only just beginning to emerge and it is likely that the expert panel did not
utilise this information in the same way that a similar panel would today. This is supported by the
fact that some diastolic parameters (left atrial size, E/Ea, Ea) were correlated with NT-proBNP at
baseline. And E/Ea predicted hospitalisations in both the patients with HF and those without.
Further, the mean E/Ea in the non-HF group was 9.6 which is higher than might be anticipated for a

healthy population and 19 patients in this group had an E/Ea ratio of > 15, indicating significant
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elevation of LV filling pressure. Of the patients with E/Ea > 15, approximately 10% had an EF >
50% which may have been regarded as normal cardiac function by the panel. It is not unusual for
patents with diastolic HF to have normal EF, but reduced stroke volume due to small cavity size of

the LV.

The non-HF group also had a higher percentage of women than the HF group and patients with
confirmed diastolic heart failure are often older and more likely to be women.[102,330] It is
relatively easy to diagnose structural abnormalities or systolic impairment, but it is more
challenging to diagnose diastolic HF if one is to use the European Society of Cardiology Working
Group guidelines.[104] Thus, rather than concluding that diastolic parameters failed to diagnose
heart failure, it might be more appropriate to say that they failed to diagnose systolic heart failure in
the current study. It is likely that a number of patients with diastolic heart failure were unrecognised
by the expert panel. This is supported by the fact that prognosis was linked to baseline E/Ea even

in those patients in whom HF was ruled out.

Predicting future hospitalisations

To our knowledge this is the first study to demonstrate the prognostic power of diastolic
echocardiography in breathless patients in the community. In this study, E/Ea, an
echocardiographic surrogate of LA pressure was closely linked to future hospitalisations. Many
other traditional echocardiographic variables, such as EF and mitral filling pattern, as well as NT-
proBNP also predicted hospitalisation, but in multivariate analysis, E/Ea was the only independent
predictor of event-free survival in those patients in whom NT-proBNP was inconclusive. Certainly
these factors are inter-related. The group of subjects with the highest E/Ea ratio had much higher
NT-proBNP levels and also more systolic dysfunction. Thus, E/Ea is not merely reflecting diastolic
filling abnormalities, but gives an overall view of LV function. E/Ea was more discriminative that
diastolic filling pattern in this study as three distinct groups were identified each with associated
and incremental event-free survival rates. In this study, we did not demonstrate separation between
the pseudonormal filling group and abnormal relaxation group as we have in our previous work.
This may be explained by the different clinical status and small number of patients with restrictive
filling pattern in the current study. Our previous study (Chapter 3) involved patients with established

HF who had all had a least one prior admission to hospital. The current study is at the other end of
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the disease spectrum and there were in fact only a few (12) patients in this category. E/Ea which is
a continuous variable may also be a better predictor than filling pattern which lacks power since it is
a categorical variable and misclassification could dilute associations (regression/dilution bias).
Lastly, E/Ea can be used in patients where conventional Doppler methods are challenging such as
AF and supraventricular tachycardia, where the relationship between E:Ea and filling pressure has

been validated.[85]

E/Ea has been correlated with filling pressures in several studies[83-85,96,97] and has been
previously linked to prognosis in patients with established cardiovascular disease[143,146].
Unlike the mitral inflow velocities, this ratio is less affected by loading conditions and does not
pseudonormalise. Of particular interest in the current study, is the fact that E/Ea even predicted
hospitalisation in those patients in whom HF was ruled out. This may be explained in two ways.
Firstly, that the expert panel diagnosis of HF was biased towards systolic impairment and thus
missed some cases of diastolic HF. This is certainly likely. The second explanation is that the
E/Ea reflects overall health status. E/Ea is related to left atrial pressure and thus some of the
non-HF patients may have had some degree of increased filling pressure. This is supported by
the fact that both E/Ea,[83-85,96,97] and deceleration time[74,88,90-93,95] are both related to
LV filling pressure, it is conceivable that the use of these parameters has identified a group of
patients with elevated filling pressures but who do not have definite HF. Deceleration time is
also associated with higher neurohormonal activity[99,135] and as such both may be

surrogates for LA pressure.

Echocardiography in general practice

Echocardiography is currently not widely available to general practitioners who are primarily
responsible for diagnosing and managing patients with HF such as those in the current study.
Whilst there has been a call to increase general practitioners’ access to echocardiography [105]
and anecdotally this appears to aid diagnosis, open access echocardiography has not been

rigorously trialled and thus the added benefits remain uncertain. In addition, there is concern about
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the general practitioners’ abilities to interpret complex echocardiography reports and

measurements into meaningful clinical information.

The choice of echocardiographic measurements is of interest. A simple measure of systolic
dysfunction such as FS appeared to perform equally well as EF. However, the advantage of EF
measurements is that they do incorporate wider areas of myocardium and are certainly more
accurate when regional wall motion abnormalities exist. Tissue systolic velocity (Sa) was also
accurate in the current study, but this is a difficult measurement because as a new measurement,
there is a paucity of data regarding normal values. In addition, not all echocardiography centres are
proficient and comfortable with performance and interpretation of TDI. In terms of diastolic
measurements are concerned, LA size and E/Ea appear to be important, but again these are not

often performed despite there being a significant amount of data supporting their use.

Limitations

The findings of this study and implementation of echocardiography for diagnosis and prognosis in
community-based patients may be subjects to some measurement bias arising from the delay
between onset of symptoms, presentation at the general practitioner and the further delay to
echocardiography. In the current study, this may have resulted in some resolution of HF symptoms
(perhaps in response to early initiation of HF therapy). Further, because a number of patients
presented in rhythms that made complete diastolic assessment difficult, a number of patients were
necessarily excluded from some analyses. However, this reflects the “real world” nature of
implementing this approach in the community in a group of patients with frequent co-morbidity and

fluctuating haemodynamic status.

Conclusions

This study has demonstrated the very Complementary roles of neurohormone assay and
echocardiography for management of symptomatic patients in the community. Whilst, both
echocardiography and NT-proBNP were equally efficacious for diagnosing HF, the latter is clearly
more easily applied and considerably cheaper for large population use. A two-tiered approach is

probably indicated: NT-proBNP assay first and echocardiography in those patients where NT-
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proBNP is clearly elevated (>150 pmol/l) and in those in whom it is only mildly elevated (50-150
pmol/l). Echocardiography will not aid diagnosis in those patients with very elevated NT-proBNP
levels, but will provide important anatomical information to aid aetiological diagnosis may identify

remedial conditions and will add significant prognostic information.

When NT-proBNP falls into the indeterminate range (50-150 pmol/l) and is thus deemed
inconclusive with regard to diagnosing HF, echocardiography is essential for achieving correct and
appropriate diagnosis of HF. Diagnosis of HF is the primary goal of echocardiography in the
community and the prognostic information obtained an added bonus, the added value of which may

only appear as treatments are further evaluated.

Key Findings:

e The diagnosis of heart failure in the community may be optimised by using NT-proBNP as
a first test to “rule-out” heart failure, and then echocardiography in patients with
intermediate NT-proBNP levels to diagnose HF and in elevated NT-proBNP to assess
aetiology and identify potentially remediable causes.

e Systolic measurements (EF, FS and Sa) are the main diagnostic variable in this cohort of
elderly symptomatic community-based patients

e Echocardiography, especially the assessment of diastolic function is useful for identifying
patients at highest risk of subsequent hospitalisation

e E/Ea appears to be one of the best discriminative variables for prognosis
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Chapter 6 — Conclusions
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Key findings from this research
Heart failure is the clinical manifestation of symptoms that arise from pathological and/or

physiological alterations in cardiac function. Principally, a reduction in the forward output of the left
ventricle (LV) and elevated ventricular filling pressure. Both of these may be estimated non-
invasively by echocardiography, which is an important tool that assists physician management of
patients with heart failure. It allows physicians to be confident in their diagnosis and also identifies
patients at highest risk of subsequent events (death and/or hospitalisation). Advances in ultrasound
imaging have led to a number of new techniques that can optimise the diagnostic and prognostic
utility of echocardiography in HF. This thesis has explored several of these contemporary methods
used to assess left ventricular function and found that these methods can enhance the
reproducibility and accuracy of echocardiography, which in turn improves diagnostic and prognostic
accuracy. The methods investigated in this thesis are not experimental techniques at the cutting-
edge of technology, but are simple, validated techniques that are available to most practitioners
and thus most patients. Many of these techniques are not currently applied routinely however.

Table 31 summarises the key findings from each chapter.
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Table 31 - Key findings from each chapter

1 - The Role of Echocardiography in the Contemporary Management of Chronic Heart
Failure

e Heart failure, which is increasing in prevalence, is associated with significant mortality
and morbidity and is a leading cause of cardiovascular morbidity, hospitalisation and
death

e Echocardiography can provide essential information for physician management of
heart failure patients by providing important aetiological and diagnostic information

e Echocardiography may also assist with prognosis in patients with heart failure

e Echocardiography in patients with HF should be comprehensive and extend beyond
the assessment of LV systolic function

e Assessment of diastolic filling should be considered in all patients with high clinical
suspicion of HF and those patients with established systolic impairment

e Current echocardiographic techniques lack the precision required for repeat
assessment of systolic function in individual patients

2 - Quantification of Left Ventricular Function in Heart Failure - Effects of Measurement
Variability

e Assessment of systolic function in patients with heart failure is optimised by the use of
harmonic imaging and not enhanced with the use of transpulmonary contrast agents

« Assessment of diastolic filling is optimised by the use of preload manipulation to
correctly identify true diastolic filling patterns

3 - Predicting Future Hospitalisations and Mortality in HF Patients After Hospital Discharge |

e Diastolic filling pattern can be used to stratify heart failure patients in terms of risk of
death and/or hospitalisation

« When preload manipulation is used, it is possible to identify patients with
pseudonormal filling, whose event rate is intermediate between the highest risk group
(restrictive filling) and lowest risk group (abnormal relaxation)

4 - The Prognostic Significance of Restrictive Diastolic Filling Associated with HF or Mi: A
Meta-Analysis.

e Restrictive filling pattern is associated with a four-fold increase in mortality in both HF
and M| patients

e There is a stepped relationship between the different diastolic filling patterns: patients
with normal filling or abnormal relaxation have the best survival, pseudonormal
intermediate, but closer to restrictive filling and non-reversible restrictive filling is more
than ten times worse than reversible restrictive filling

« Restrictive filling pattern also predicts development of HF post AMI and hospitalisation
in patients with HF

5 - Complementary Role of Echocardiography and Brain Natriuretic Peptide for Diagnosis
of HF and Determining Prognosis in Symptomatic Breathless Patients in the Community.

e The diagnosis of heart failure in the community may be optimised by using NT-proBNP
as a first test to “rule-out” heart failure, and then echocardiography in patients with
intermediate NT-proBNP levels to diagnose HF and in elevated NT-proBNP to assess
aetiology and identify potentially remediable causes

e Systolic measurements (EF, FS and Sa) are the main diagnostic variables in this
cohort of elderly symptomatic community-base patients

« Echocardiography, especially the assessment of diastolic function is useful for
identifying patients at highest risk of subsequent hospitalisation

o E/Ea appears to be one of the best discriminative variables for prognosis
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Assessment of systolic function

Cardiac output and more specifically LV output (stroke volume and ejection fraction) has become
the main goal of echocardiographic assessment in patients with HF. Reduced ejection fraction (EF)
has become synonymous with HF and thus a pre-requisite for diagnosis. However, EF is
notoriously difficult to reliably assess using echocardiography, and the findings of our research
suggest that this is especially true in patients with HF, even in the setting of optimised, modern
ultrasonic imaging. We have found that tissue harmonics imaging improves endocardial definition
and hence measurement of systolic function in HF patients, whilst other new 2D echo
methodologies (i.e. contrast opacification) may offer little improvement in terms of reproducibility of

EF measurements.

Harmonics imaging improves endocardial visualisation because it increases the quality and number
of segments visualised[28] and thus improves interpretation and measurement. Contrast
echocardiography also improves endocardial visualisation and thus the accuracy and
reproducibility of measurements in other patient groups[46,47] but not in HF patients in this
research. This is primarily because the passage of contrast through the lungs is slower in HF
patients and thus when the contrast finally arrives in the LV it is diluted in the large ventricular

blood volume. The result is inferior chamber opacification.

In this research, harmonic imaging reduced the limits of agreement for intra-observer, inter-
observer and test-retest variability to within +/- 10% but no further improvements were observed
with contrast. Importantly, the coefficient of variation for 2D EF measurements was 5% in the
control subjects, but twice that in the HF patients and reflects the variation inherent in the

population and also the potential for improvement. Contrast offered no further improvement.

This is not to say that all contrast agents may not be efficacious in HF patients. Newer contrast
agents, which have not yet been studied in HF patients, may perform better and be proven

beneficial in this area. Further, if reliable myocardial contrast echocardiography becomes widely
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available, it may be useful for identifying reversible perfusion abnormalities and thus offer both

diagnostic and prognostic advantages over 2D echocardiography.

Assessment of diastolic function

The non-invasive assessment of diastolic filling and estimation of filling pressures is now routinely
applied in clinical cardiology.[70] However, although it is easy to distinguish between the most
advanced filling pattern (restrictive filling) from the normal or mildly abnormal (abnormal relaxation)
filling patterns, the differentiation of the intermediate phases (pseudonormal and reversible
restrictive filling) is difficult. This research has evaluated a simple technique (preload reduction) and
found that it improves the detection of these intermediate filling phases. Importantly preload
reduction is easy to apply in everyday settings, does not require sophisticated echocardiographic
equipment and will be available on handheld ultrasound devices, where tissue Doppler imaging is

currently unavailable.

Echocardiography is widely used by clinicians to evaluate patients with HF or HF symptoms to
derive an objective measure of cardiac dysfunction in line with published HF diagnostic guidelines.
A contemporary echocardiographic assessment should include LV volumes, a measure of systolic
function (EF or WMSI) and a complete diastolic haemodynamic Doppler evaluation. The diastolic
assessment should include mitral valve pulsed wave Doppler at rest and during preload reduction
to assess mitral filling pattern and its reversibility and tissue Doppler imaging to assess left atrial

pressure.

Each progressive diastolic grade reflects a higher level of filling pressure elevation and in turn a
level of prognostic risk. The relationship between filling pressure and diastolic parameters has been
established in patients with very impaired systolic function[16,88,93,95] and near normal
function.[75,89,94] From this and other research, each diastolic filling grade is associated with
worse prognosis in patients with varied underlying systolic function.[78,96,118-145,155-174] The
accurate determination of diastolic filling grade should be the goal of echocardiography regardless

of the associated systolic function.
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Echocardiography predicts outcome in patients with heart failure

Patients admitted to hospital for exacerbation of symptoms have very poor long-term outlook and
echocardiography can be used to estimate prognosis in this setting. As in other similar
studies,[78,96,118-145] we have demonstrated striking differences between patients with non-
restrictive filling and restrictive filling in terms of long-term prognosis. What has not previously been
documented is the relationship between the intermediate pseudonormal filling pattern, determined

by preload reduction, and outcome.

Once admitted to hospital, these patients often have severely depressed systolic function and
because of the homogeneity associated with EF measurements in this group, EF may lose its
discriminative effect. These patients often have dilated ventricles and lower EF, which are both
associated with poor and long-term outlook, but within this group the addition of diastolic filling
pattern was able to discriminate three groups of patients on the basis of filling pattern (abnormal
relaxation, pseudonormal, restrictive filling) that experienced incrementally worse outcome (death
and all hospitalisation). The different filling patterns observed may reflect incrementally higher left
ventricular filling pressures and thus the observed differences in prognosis may be related to filling
pressure. This is supported by other invasive studies demonstrating the relationship between

diastolic echocardiographic measurements and filling pressures.[16,74-76,78,79,81,83,85,87-97]

Meta-analyses of diastolic filling and prognosis

Although many studies have shown a relationship between filling pattern and prognosis, these
studies have included patients of varied backgrounds (aetiology, age, clinical status and history),
had different follow-up times and thus found variable results. In order to further evaluate and obtain
a representative overall measure of the size of the survival deficit associated with restrictive filling,
we performed several meta-analyses. These analyses demonstrated, with remarkable consistency
across 43 studies (26 HF patients and 17 acute MI patients), that the presence of a restrictive filling
pattern was associated with an approximately four-fold risk of death. Further, within the restrictive
filling group, a more than ten-fold risk of dying was observed in patients in whom the pattern was
not reversible (not responsive to preload manipulation or pharmacotherapy). There was a stepped

prognostic response for each of the diastolic filling patterns.
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In addition to the mortality data, these analyses have also revealed a relationship between
restrictive filling and HF readmissions in those patients with HF and development of HF in those
patients post AMI. The restrictive filling was observed in over 40 % of the HF subjects included in
these analyses and 20 % of the patients in the acute AMI studies. This represents a significant
number of patients and events. Further, the event rates were moderately high in both groups of
patients: average mortality: HF 23 %, AMI 15 %; HF admission (HF patients) 28 %, new onset HF

(AMI) 15 %.

These meta-analyses are limited by the absence of data related to systolic function and other
clinical variables. Such an analysis would require obtaining individual patient data, which would
allow multivariate analysis of many risk factors not just echocardiographic variables. However,
studies included in this meta-analyses recruited patients with varied levels of systolic dysfunction:
some studies were restricted to patients with severely depressed systolic function, while others
were not. Despite this, the results were homogeneous across all of the included studies and thus
may apply in a wide variety of patients with varied degrees of systolic impairment. Importantly, only
studies that included prospective follow-up were included, most studies recruited consecutive

patients and the total number of events and patients was large.

The role of contemporary echocardiography for diagnosis of heart failure

Elderly people often present to their general practitioner with symptoms of breathlessness or
oedema and because of frequent co-morbidity the diagnosis of HF can be difficult. Community-
based physicians have limited access to echocardiography[105,108] and as a result must rely upon
clinical findings to make their diagnosis. Brian natriuretic peptide is a very specific test for HF and
in particular when negative (rules out HF) and a sensitive diagnostic test at very high levels
(confirms HF diagnosis).[321] This research has demonstrated that echocardiography may not
offer additional benefit in these two groups with regard to HF diagnosis, but is in fact superior to
BNP when BNP levels fall into a “grey zone” or intermediate level. Of course, echocardiography
may still be required in patients with very elevated BNP levels in order to determine aetiology and

identify correctable pathological causes of HF. Thus, a two-tiered approach to HF diagnosis in the
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community might involve measurement of BNP as a first step, with targeted echocardiography in
those patients with elevated BNP levels. This would be very cost-effective, given that BNP assay is
considerably less expensive that echocardiography, is more widely available and many of these

patients (approximately 75%) have other causes for their symptoms.

This community—based study also allowed us to evaluate the prognostic capability of both NT-
proBNP and echocardiography in these elderly, symptomatic patients. As in many HF studies, we
found that diastolic echocardiographic parameters predicted future hospitalisations in all patients,
even those without a final diagnosis of HF. This probably reflects elevated filling pressures in these
symptomatic patients but without definitive HF. The development of HF and elevation of filling
pressures is likely to be a continuum. Since the symptoms of HF in these elderly patients may have
multiple causes, expert physician judgement is required to determine the likelihood of the whole
clinical scenario being related to HF or not. Many of these subjects, who were determined to not
have HF on this occasion, may develop HF in the future. The advanced diastolic filling pattern may

simply reflect an individual’s position along the elevated filling pressure/HF continuum.

The role of contemporary echocardiography in heart failure management
Echocardiography is the imaging modality of choice in patients with HF because of its moderate

cost, ready availability and extraordinary diagnostic and prognostic power. Echocardiography may
allow clinicians to determine which patents will fare worst, to identify those patients who may
benefit the most from newer or more intensive treatments, or simply allow patients to better plan for
their remaining years. Many of the contemporary medical therapies have been shown to be
beneficial in clinical trials in patients with EF < 35- 40%, including ACE-inhibitors,[186-191] beta-
blockers[192] and spironolactone.[193] Because many treatments have only been extensively
proven in patients with low EF, echocardiography is often used to determine the indication for many
HF therapies. Whilst the efficacy of many treatments in patients with higher EF remains uncertain,
EF appears to have replaced HF as the treatment goal. Many clinicians have become focused on
the need to quantify EF before initiating treatment. It is nonsensical to suggest that an EF of 43%
does not warrant treatment, but a measurement of 38% does. Both indicate a significant degree of
LV dysfunction, but given the poor precision of echocardiography to measure EF in individual

patients such an approach does not recognise the limitations of these data.
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This approach arises principally from the early ACE inhibitor mortality studies, in which significant
risk reduction was demonstrated in patients with HF and LV impairment. Ten years on, the HOPE
study has shown that ACE inhibitors are effective in reducing mortality in high risk patients with
vascular disease, regardless of baseline EF[194] and also prevent the development of HF in these
patients.[195] This low EF recruitment approach has been successfully reapplied with a number of
agents, including beta-blockers[192] and spironolactone,[193] and cardiovascular
devices.[198,199] As a clinical trial recruitment strategy, selecting homogeneous groups of subjects
with the most benefit to be gained from the treatment is understandable. However this approach

results in physician uncertainty about how to treat the remainder of their patients.

In HF, a significant proportion of patients may have a normal EF but still have significant
symptomatic compromise. Since mortality is similar in HF patients with normal or depressed
EF[109] and patients with normal EF and HF have worse prognosis that non-HF subjects in the
community[196] these patients may benefit from treatment. Conversely, data for the Digitalis
Investigation Group, suggest that while decreases in EF below 45 % are associated with increased
mortality, increased EF (above 45%) is associated with similarly high mortality[115]. Further, the
CHARM-Preserved trial showed a beneficial morbidity effect of Candesartan over placebo in
patients with baseline EF > 40 %.[197] If other therapies are proven to be equally efficacious then
the use of arbitrary EF cut-off values should lose favour. Since it is LA pressure that primarily
causes symptoms, it might be reasonable to use surrogates of LV filling pressure as a goal for
therapy considering the body of prognostic evidence is accumulating for these measures. BNP has
been used successfully to guide therapy in HF[288] by using it as the target to which treatment is
titrated. A similar approach using echocardiographic surrogates of filling pressure might be similarly

useful.

Advances in imaging technology and techniques have changed the role of echocardiography from

a purely diagnostic imaging tool evaluating systolic pump function to a powerful tool that non-

invasively assesses the diastolic filling properties of the heart and evaluates left ventricular filling
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pressures. In addition to identifying pathological and physiological components of HF,

echocardiography may also help physicians to identify patients with the worst prognosis.

Future directions

Despite being a relatively old technique (50 years) echocardiography continue to evolve. Rapid
advances in technology and research will lead to a wide range of exciting new techniques being
widely available to many practitioners. The challenge will be to present the data in a meaningful
way, not an incomprehensible collection of Greek symbols and numerals. Busy clinicians require
information that is diagnostic, prognostic and easily incorporated into clinical management. All of
the echocardiography information regarding LV size, diastolic and systolic function, left atrial size
and function, valve disease, coronary artery disease and the pericardium needs to be considered in

totality alongside the patient’s clinical findings.

Echocardiography has always played a pivotal role in the medical management of patients with HF.
Given the projected increases in numbers of patients with HF, this seems unlikely to change. Other
techniques, such as magnetic resonance imaging, may assess LV volumes and EF more
accurately than echocardiography and provide other informative data but at present the costs
remain too high for widespread application and cannot be applied to patients with implantable
devices. The challenges for the future include providing adequate echocardiography services for
managing patients with HF in the community and reaching consensus on the definition on
ventricular dysfunction. Many HF patients will be managed in the community by primary care
physicians and thus as access to echocardiography increases, it is imperative that

echocardiography provides proven and understandable measures of ventricular function.

Assessment of systolic function

The American Society of Echocardiography guidelines for quantification of the LV by
echocardiography include assessment of LV volumes, EF, mass and wall motion score.[11]
Currently, there is variability regarding the degree of volume/systolic function quantification which is
reported by echo providers and the clinicians applying the results may have limited understanding

of more advanced methods. Many echocardiography reports provide detailed information about
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regional wall motion abnormalities but rarely calculate wall motion score index. Wall motion score
index is closely correlated with EF[24-26] and linked to prognosis.[24] Nearly all echo reports
provide fractional shortening measurements and a qualitative assessment of overall LV function
(mild, moderate, severe impairment) but these are hard to interpret by non-echo doctors given that

all the clinical and trial data are based upon EF.

Newer techniques such as tissue Doppler imaging and strain rate imaging will allow us to detect
changes in systolic function at an earlier stage of disease. As our understanding of LV function and
dysfunction grows, hopefully we will overcome our very natural desire to classify people as diastolic

or systolic heart failure on the basis of a single measurement.

Three-dimensional echocardiography

Three dimensional (3D) echocardiography makes fewer geometric assumptions about the LV
shape and therefore may offer significant benefits over current 2D methods. In particular, the
recent introduction of real-time 3D echo offers considerable promise as a rapid way to asses LV
volumes and EF with better accuracy and reproducibility.[331] However, 3D echocardiography is
currently only available in large tertiary hospitals and since many HF patients will be evaluated in

smaller centres, 2D echocardiography will remain the mode of assessment for some time.

Assessment of diastolic function

Many echocardiographers now routinely assess diastolic filling grade, but in a sporadic way. Many
accept the importance of filling pattern, but do not utilise preload manipulation to determine
reversibility of patterns and there remains confusion about the significance of diastolic filling
abnormalities in the setting of systolic impairment. Although tissue Doppler measurements are
important diagnostic and prognostic indicators in HF their implementation may be slow. This also
may be related to inadequate understanding of the clinical indication in various situations and the
methods and normal values used. This is likely to be hampered even further by the widespread
introduction of lower quality, cheaper echocardiography machines that do not have tissue Doppler
technology. These machines will end up being used in general practice and by people who may be

less than optimally skilled at performance and interpretation.
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Handheld Echo

Handheld or portable echocardiography will change the way HF patients are managed both in the
community and at the bedside in hospital. Handheld echocardiography is one of the most exciting
recent ultrasound developments. These machines are small and inexpensive, allowing
echocardiography to be applied in many situations and many people where it was previously not
possible. However, both the imaging technology and storage capacity available on these machines
is currently limited and as a result echocardiography examination will be abbreviated. As a result,
some meaningful information will not be collected and despite all evidence to the contrary,
physicians will assess LV function at repeated intervals for their own and their patients'
reassurance. The challenge will be to ensure that all ultrasound practitioners are suitably

experienced so that the information collected is meaningful.

Natriuretic hormones

The overlap of echocardiography and neurohormonal assessment will increase over the coming
years. It is likely a two-tiered approach to HF diagnosis will evolve, where patients have a BNP
assay performed prior to echocardiography. Those with clearly negative BNP levels will have HF
ruled out as the diagnosis, those with elevated BNP will fall into two categories, both requiring
echocardiography. Those patients with clearly elevated levels will require echocardiography to
determine aetiology, whereas those with uncertain BNP levels will require an echocardiogram to
diagnose or rule out HF. The precise role of BNP and echocardiography for prognosis and guiding
treatment is unknown. It is possible that in multivariate analysis many of the echo parameters that
predict adverse events will become less important when BNP is known. Monitoring of BNP may be
beneficial for individual optimisation of pharmacotherapy in small number of HF patients but a

similar role for echo has not clearly been established to date.

Left atrial volume

Left atrial volume is emerging as an important parameter in many different clinical situations,

including patients with HF. The most likely discriminative effects will be in diastolic HF and
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advanced systolic HF, where the range of EF is so small to be non-discriminative between

individual patients.

Repeat Echocardiography

Current guidelines do not include repeat assessment of diastolic function in response to treatment.
This reflects the limited availability of data regarding the efficacy of therapies for treatment of
patients with preserved systolic function, so the effectiveness of treatment in these patients
remains uncertain. However, any perceived or proven benefits would have to be weighed carefully

against the cost of such assessments.

Summary

Echocardiography was established many decades ago and has become one of the most important
and most commonly used diagnostic tools in cardiology. More recently, the move has been away
from the identification of anatomy, pathology and function to providing surrogates of intra-cardiac
pressure and to assess prognosis. All of which assists physician management of their patients.
This thesis has explored ways to optimise contemporary echocardiographic methods in patients
with HF and demonstrated that implementation of these methods may be beneficial for
management of such patients. In summary, systolic function is best appreciated with the use of
tissue harmonic imaging and diastolic assessment requires preload manipulation. Implementation
of these contemporary and widely available methods in patients with HF will lead to enhanced
diagnosis and prognosis. Although not conclusive, the results of these meta-analyses would
suggest that it is important to assess diastolic filling regardless of underlying systolic function.
Further, the meta-analysis in AMI patients, suggests that assessment of diastolic filling near to the
acute coronary event is also prognostically useful, not only for predicting those patients who may
not survive, but also for identifying those patients most likely to develop HF. Thus, a complete
echocardiographic assessment in patients with HF or post AMI should include a quantitative
assessment of systolic function using tissue harmonics imaging and diastolic filling assessment

with preload manipulation and pulsed wave tissue Doppler assessment.
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