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Summary

Heart failure is a common disorder, which is increasing in prevalence worldwide. It carries a
significant burden in terms of both morbidity and mortality, and in terms of both economic
and social cost. Recent advances in pharmacological and device therapy have lead to a
reduction in the morbidity and mortality associated with heart failure with reduced left
ventricular systolic function. No such therapeutic strategies have been forthcoming for
patients with heart failure and preserved left ventricular systolic function (HF-PSF), resulting

in static mortality rates, and, in the context of our ageing population, an escalating problem.

At the time of starting this work, the syndrome of heart failure with preserved systolic
function was a neglected area in clinical cardiovascular research. The aim of this study was to
improve our understanding of this condition by investigating the prevalence of HF-PSF in a
cohort of patients admitted to hospital with heart failure, examining their clinical

characteristics and determining their prognosis.

Until recently, there have been relatively few data concerning the prevalence of HF-PSF.
However, the indications are that it is a common condition and this is corroborated by my
findings, that around half of all patients admitted with heart failure have preserved left

ventricular systolic function.

By comparing the detailed clinical characteristics of patients with HF-PSF to those of patients
with reduced systolic function, this study has provided a number of important insights into
this common syndrome. Patients with preserved systolic function heart failure tend to be
older, and are more likely to have a history of hypertension. These are findings have now

become well established in the HF-PSF literature.
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In relation to comorbidity, I specifically examined the prevalence of chronic obstructive
pulmonary disease (COPD) in the subset of my study patients with HF-PSF, with a view to
determining if they may have been misdiagnosed. On the contrary, while few patients had
both a normal BNP and abnormal PFTs, a significant number of those patients with HF-PSF
who had previously received a clinical diagnosis of COPD, actually had normal spirometry
but an elevated BNP. This rather suggests that they may have been misdiagnosed with COPD,
when in fact, they were suffering from HF-PSF. The importance of the interplay between
COPD and HF is increasingly recognised, and these results serve to underline the need for

further study in this area.

In addition to the idea that HF-PSF was merely misdiagnosis, until recently conventional
expectations were that HF-PSF would produce a mild version of the clinical syndrome.
However, in this study I found that patients with HF-PSF did indeed display markers of
severe and complicated heart failure. The majority were classified as Killip IIA or greater on

admission to hospital, and the majority had moderate renal dysfunction.

This suggestion that HF-PSF is not a benign condition is borne out by the mortality data from
this study. All-cause mortality in the HF-PSF group, although lower than that for heart failure
with reduced systolic function, was significant, with a case fatality rate of 37% after three
years. This high mortality rate underscores the need for effective treatments for patients with

HF-PSF.

Before we can develop such treatments, we need to understand the aetiology of the condition.

Comparatively little is known about the aetiology of heart failure in the context of preserved,

as opposed to reduced systolic function. Left ventricular diastolic dysfunction has received
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much attention as a potential mechanism, whereby reduced LV compliance impairs left
ventricular filling and therefore reduces stroke volume. However, in a practical clinical
context, there has been much debate regarding the assessment of diastolic function, for which
there is no concensus method. In this study, I compared a number of different
echocardiographic criteria and found a wide variation in the estimated prevalence of diastolic

dysfunction.

Natriuretic peptides have recently revolutionised the diagnosis and risk stratification of
patients with heart failure and reduced systolic function. BNP and its precursor, NT pro BNP
have also been found to have prognostic significance in patients with HF-PSF. In this study I
determined normal ranges of natriuretic peptides from an age-matched local population and
applied these to my cohort. BNP and NT-pro BNP were elevated in both types of heart
failure, and although absolute levels were higher in patients with reduced systolic function, a
significant majority of the HF-PSF group had elevated natriuretic peptide levels. This
constitutes biochemical evidence of left ventricular compromise in these patients, despite the

fact that systolic function is preserved.

Aminoterminal propeptide of type III procollagen (PIIINP) is a novel marker of myocardial
fibrosis, a process which has been implicated in left ventricular remodelling, and may
therefore be important in the aetiology of heart failure with either reduced or preserved
systolic function. In my examination of PIIINP levels in this cohort of patients, the majority
of patients with HF-PSF also had an elevated PIIINP, supporting a possible causative role for

myocardial fibrosis in the development of HF-PSF.
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In summary, this thesis describes the detailed characterisation of the syndrome of heart failure
with preserved left ventricular systolic function, through the examination of the clinical,
biochemical and echocardiographic indices and long term follow-up of a cohort of patients
hospitalised for heart failure. I have shown that this is a common condition which results in
significant mortality. The findings of this work are consistent not only with the hypothesis
that heart failure with preserved systolic function is a well-defined clinical entity in its own

right, but also that it is a major public health issue both now and for years to come.
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CHAPTER ONE

[NTRODUCTION
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1.01 The burden of heart failure

Heart failure (HF) is now fully recognised as a major public health problem'?.

It has been
estimated that there are nearly 23 million people with HF worldwide'. HF is an escalating
public health problem, particularly in industrialised countries, due to the ageing population.
In the UK, the overall incidence of HF has been estimated to be 3-20 cases per 1,000
population, rising to more than 100 cases per 1,000 in those aged 65 years and older’. HF
produces significant mortality and morbidity, in the recent Sudden Cardiac Death in Heart
Failure Trial (SCD HeFT), patients in the placebo arm were on best medical therapy, and the
mortality was 36.1% at 5 years or 7.2% per year’. These combined mean that management
of heart failure is a considerable financial burden to the National Health Service (NHS). This
cost is relatively easy to assess in terms of the number of hospital admissions, which are
increasing, with 20-30% of HF patients being hospitalised®. In the UK, almost 2% of the
entire NHS budget is spent on caring for patients with HF?. Estimates of HF spending from
the US are of the order of 15-40 billion dollars per annum®. Significant healthcare spending
is only a part of the problem posed by the high prevalence of HF. Much of the long-term care
afforded to patients disabled by HF is provided by family and extended family members. It is

clear that the burden of HF borne by society as a whole is extensive, and has far reaching

consequences.

1.02 Heart Failure with preserved left ventricular systolic function

Until recently the medical profession have focused on diagnosis and treatment of HF caused
by reduced left ventricular systolic function (HF-RSF). The concept of HF with preserved left
ventricular systolic function (HF-PSF) was initially developed in the 1970°s’, following the

clinical observation that a number of patients had a heart failure syndrome but without
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depressed left ventricular (LV) function. Over the past decade there has been a growing

interest in HF-PSF*'2,

1.02.1 Prevalence of heart failure with preserved systolic function

Epidemiological studies estimate the proportion of patients with clinical HF who have
preserved LV systolic function to be 40%-71% (with a mean of 56%). However, there was
wide variation with respect to sample size, and the age range of individuals studied'®. This
may go some way to explaining the wide variation in recorded prevalence. These studies also
used different criteria to define HF in general and HF-PSF in particular. The definitions of
HF in these studies varied from utilising the diagnosis of a single physician, to using
epidemiological questionnaires (e.g. Framingham score). The echocardiographic tools
employed to assess LV function varied from qualitative assessment of left ventricular ejection
fraction (LVEF), to quantitative measurements such as fractional shortening (FS), wall motion
score or LVEF (ie. by Simpson’s rule). There were also differences in the thresholds used for
dividing “reduced” from “preserved” systolic function. For example, the most commonly
used method was FS. This method measures systolic function at the base of the heart and can
be normal in patients with apical hypokinesis, in whom the LVEF would be expected to be
reduced. The Copenhagen'® and Vasteras'® studies highlight how very different proportions
of patients with HF-PSF may be calculated depending on whether a left ventricular wall
motion index (LVWMI) of >1.5 or >1.7 is used as a cut-point. To further illustrate this point,
in the Cardiovascular Health Study (CHS), 80% of patients had an LVEF >0.45, but only 55%
had an LVEF >0.55'®. What these studies highlight is that there is currently no accepted
binary division between preserved and reduced systolic function. What this leaves us with is
an uncertain “grey area” where, depending on the investigator these patients could be

classified as having either reduced or preserved systolic function'.
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The above findings are supported by observations from large-scale studies such as the
Improvement Programme in Evaluation and Management of Heart failure IMPROVEMENT-
HF) study'’, which was undertaken in primary care in 15 member countries of the European
Society of Cardiology, and also the Italian Network on Congestive Heart Failure (IN-CHF)

study, conducted in out-patients in 133 out of 192 Halian cardiology centres'®.

1.02.2 Incidence of heart failure with preserved systolic function

There are two prospective studies which aim to identify the relative incidence of reduced and
preserved systolic function within the HF populationw;zo. In the Olmsted study, 216 patients
with new HF were identified over a 12 month period. Of these, 137 (63%) had had a recent
echocardiographic assessment of LV function recorded as LVEF. HF-PSF was defined as
LVEF > 50%, and a further subdivision was made according to the presence or absence of
valvular heart disease (isolated PSF). Fifty-nine (43%) had HF-PSF, and five of these had
significant valve disease, leaving fifty-four (39%) with a diagnosis of HF with isolated PSF.
In the Bromley Heart Failure study, all local primary care physicians were asked to refer new
cases of HF to a specialised clinic and all patients who had a hospital admission for HF were
also included. Over a 14 month period, 332 new cases of HF were identified, and 310 (93%)
had an echocardiogram. By echocardiographic criteria, 16% had HF-PSF, and 84% had HF-

RSF. Again, we see a wide variation in estimated incidence of HF-PSF.

1.02.3 Preserved systolic function in patients hospitalised for heart failure

Since 2000 there have been a limited number of studies published on hospitalised cohorts of
patients with HF-PSF (Table 1.1). These heterogeneous studies range from a small single-
centre study with a majority of African-American patients, to a large sample of Medicare

beneficiaries in the USA, to a countrywide epidemiological survey from France. Full
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information on the assessment of LV function is lacking in many of these studies. However,
the proportion of patients with PSF was lower than in the population studies, ranging from
24%-55% (mean 41%). This is consistent with evidence, which will be discussed later in this
Chapter, that patients with HF-PSF have less severe symptoms and are therefore less likely to
require in-patient treatment. The patients in these studies were less likely to have a prior
history of hospitalisation for HF. As seen in the population studies, a greater proportion of
patients with HF-PSF were female. Masoudi ef a/ confirmed that female gender was an
independent predictor of PSF in patients with HF?*'. The recent Euro Heart Failure survey of
over 11,000 hospital discharges from 115 hospitals in 24 European countries supports these
findings®. Only 28% of women with HF had an LVEF of <0.40, compared to 51% of men.
Patients with HF-PSF were also older, though the relationship between age and PSF appears
to be less strong than that between PSF and female gender?’. Berry ef al recently published
results from over 500 emergency admissions with heart failure based on the discharge letter
and prescription. Of these, 29% had HF-PSF (LVEF >0.40) and 62% of these were female

compared to 45% of the HF-RSF group®.
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Table 1.1  Prevalence of heart failure with preserved left ventricular systolic function: hospitalisation cohort studies>.
first author/ Year of n=* design criteria for preserved LV preserved/ female | mean AA %
country publication systolic function total (%) % (PIR) | age*™ (PIR)
(P/R)
Philbin (USA- 2000 1291 MISCHF registry, DRG 127, echo/RNVG/other 312/1291(24) 70/50 7574 4/3%
MISCHF (2906) LV function assessment within 6 months of LVEF >50%
Registry)*® discharge, numeric LVEF available
Malki (USA- 2002 187 prospective, clinical & radiologic pulmonary echo LVEF > 50% 57/187(30) 63/46 69/65 60/79
Detroit)*’ 2 congestion, echo. within 6 months
Dauterman 2002 782 retrospective chart review, Medicare > 65 yrs, echo/RNVG/other 238/438(54) 69/49 - 15/14**
(USA- (1720) CXR cardiomegaly/pulmonary oedema, LVEF > 40%
California)® LV function measurement, No C/l to ACE-| or qualitative LV assessment
Ahmed (USA- 2002 438 Medicare > 65 years, clinical score, LVEF >40% or qualitative LV 430/782(55) 69/49 - 14/19
Alabama)29 (1091) LV function measurement assessment
Cohen-Solal 2000 739 prospective, national epidemiological survey, echocardiographic/RNVG/ 200/438(46) 51/29 76/71 -
(France)® (1058) Framingham criteria clinical diagnosis other LVEF, echo LVEF > 40%
Varela-Roman 2002 229 prospective, Framingham criteria, echo LVEF > 50% 66/229(29) 64/33 67/66 -
(Spain)31 (301) LV function assessment within 2 weeks
Tsutsui 2001 172 retrospective chart review, Framingham criteria, | echo LVEF >50% 61/172(35) 51/33 69/68 -
(Japan)® (236) | deaths excluded, Echo LVEF
Thomas (USA- 2002 225 prospective, consecutive admissions over 4 qualitative echo LVEF > 45% 104/225(46) 56/35 59/54 +
Chicago)33 (282) months, Framingham criteria
Masoudi (USA- 2003 19,710 | Medicare (=65 years) sample April 1998-March | LVEF 250% or qualitatively 6,700/19,710 79/49 80/78 9/10
Medicare)™ (33,814) | 1999 normal LV systolic function, (35)
past history of CHF or
radiographic evidence
Smith (USA- 2003 413 prospective, consecutive admissions, 1996- echo/RNVG/other 200/413 (48) 63/35 73/70 21/25%
Connecticut) 1998, NHANES criteria LVEF = 40%
Gustafsson 2003 5491 randomised controlled trial, admissions with echo WMI > 1.6 (approximates 2218/5240 49/33 7371 -
(Denmark) CHF 1993-1996 to LVEF > 48%) (42)
Varadarajan 2003 2,258 retrospective chart review, 1990-1999, echo LVEF > 55% 963/2258 (43) 3/97 70/71 11/10
(USA- echocardiogram
California)®’
* number with LVEF measurement (total number in cohort); ? it is unclear whether whole cohort had a LVEF measurement
** years bl non-white USA United States of America
1 non-caucasian + 75% overall ESC European Society of Cardiology
PR Preserved/reduced LV systolic function AA African/American DRG diagnosis related group
MISCHF Management to Improve Survival in Congestive Heart Failure LVEF left ventricular ejection fraction LV left ventricular
RNVG radionuclide ventriculogram CXR chest X-ray
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1.02.4 Clinical characteristics of patients with HF-PSF
A comparison of the demographic characteristics of HF patients with reduced and preserved
systolic function will provide important insights into HF-PSF. Only three of the prevalence
studies discussed earlier, specifically cite the separate figures for men and women.
Consistently across these studies the proportion of women with HF-PSF exceeds that of men.
Consistent with this, in a case control study from Framingham 73% of the 33 women and 33%

of the 40 men had HF-PSF?,

Few studies have consistently reported the frequency of characteristic symptoms of HF such
as dyspnoea at rest or on exertion, orthopnoea or paroxysmal nocturnal dyspnoea (PND), or
signs such as an elevated jugular venous pressure (JVP), pedal oedema and pulmonary
crepitations on auscultation. The two studies which have done this, have shown that signs and
symptoms were similar in patients with HF-PSF compared to those with HF-RSF. The
exception to this was the presence of a 3" heart sound which was more common in HF-
RSF**%_ Philbin ef al’’ and Varela-Roman et al’’ found that patients with HF-PSF were less
likely to be in a high New York Heart Association (NYHA) class. This finding was
confirmed in the IN-CHF study'®. Smith et al”® recently reported that severe dyspnoea was
less common in patients with HF-PSF. Philbin et al’® measured quality of life (QoL), using
the Ladder of Life scoring system. The mean score was 6.5 for HF-RSF and 6.4 for HF-PSF

I’ who used the same QoL

and these results were almost identical to those from Jaarsma ef a
questionnaire. Other studies, using both a general QoL questionnaire and a disease-specific
questionnaire such as the Minnesota Living with Heart Failure Questionnaire, have shown

that QoL is lowest in those with HF-RSF but that QoL is lower with either types of HF than

that which would be expected in the general population®®.
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In four studies reporting length of hospital stay in the two types of HF, there was little
difference. In one study, the duration of stay was 11 days in both groups”. Other studies
have reported, for HF-PSF and HF-RSF, in-patient stays of 7.5 versus 7.9 days®™, 6.1 versus
7.0 days32, and 5.2 versus 5.9 days**. In more detailed analyses, however, both Philbin et al
and Malki et al found that length of stay did increase with worsening LV systolic

function?%%,

1.02.5 Concomitant medical pathology in HF-PSF

Much of the information regarding concomitant cardiac problems comes from hospitalisation
cohort studies. Myocardial infarction (MI) or any evidence of previous coronary heart disease
(CHD) is less commonly found in those with HF-PSF. However, evidence of CHD in HF-
PSF is more common than in age and gender-matched controls®. Other evidence of
atherosclerotic disease, such as peripheral arterial disease or cerebrovascular disease (CVD)
was also less common in HF-PSF, compared with HF-RSF. These findings were
corroborated by the IN-CHF study'’. Masoudi e al demonstrated that CHD independently
predicted patients less likely to have PSF in patients hospitalised with HF?'.
Conversely, a history of hypertension was more common in patients with HF-PSF***, a
finding again supported by the IN-CHF study'®. Masoudi et al also found that a history of
hypertension was an independent predictor of PSF in patients hospitalised with HF*'. In

association with this finding, left ventricular hypertrophy (LVH) was more commonly found

in HF-PSF?® with the exception of the study by Thomas ef al”.

The incidence of atrial fibrillation (AF), was more common in HF-PSF, occurring in one-

quarter to one-third of patients. In the IN-CHF study, 16% of the HF-RSF patients had AF
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compared with 25% of the HF-PSF patients (defined as LVEF >45%)"8.  Masoudi et al
demonstrated that AF was an independent predictor of PSF in patients hospitalised with HF?.
The question of whether AF is a primary cause or secondary problem in HF-PSF remains

unanswered .

It has been previously speculated that diabetes mellitus (DM) is more common in HF-PSF.
DM has been found to be more common in both types of HF compared with the general
population. However, this co-morbidity has not been found to be more frequent in patients
with PSF, with the exception of the Strong Heart Study®. It should be noted however, that
Redfield et al found that DM was a risk factor for the presence of diastolic dysfunction®.
Chronic pulmonary disease was more common in patients with PSF, raising a concern of

misdiagnosis®’.

To date, there has been no clear evidence that there is a significant difference in renal
function, as measured by serum creatinine or by creatinine clearance, between the two types
of heart failure. In a recent study, Berry et al confirmed that the renal function was impaired
but comparable between the two types of HF. As serum creatinine concentration can be an
inaccurate measure of renal function, especially in the elderly this study confirmed the

comparable renal function using estimated glomerular filtration (eGFR)ZS.

1.02.6 Medical Treatment

Studies to date have documented a wide variation in the medications taken by HF patients
with RSF and PSF. Angiotensin converting enzyme inhibitors (ACE-I) and digoxin were
used less frequently in patients with PSF®®. Beta-blocker (BB) use was higher in the PSF

group, although these studies were generally before the benefits of PB in HF-RSF were

35



accepted. Findings from the IMPROVEMENT-HF 17 and IN-CHF'® registries were consistent
with the above. Calcium channel blocker (CCB) use was also higher in the PSF group,
perhaps reflecting the view that these agents may be useful in this subset of patients and
harmful in those with HF-RSF*. In the IN-CHF registry, 23% of patients with an LVEF

>45% were taking a CCB compared to 8% of those with HF-RSF'®,

1.02.7 Economic considerations

There are few formal cost studies dealing with the specific problem of HF-PSF. However,
some crude estimates of cost can be inferred from the rate of hospitalisation, which accounts
for most of the overall cost of HF to health care systems. This is cost is primarily driven by
the length of stay. As discussed above, approximately 40% of patients hospitalised with HF
have PSF and the length of stay in hospital is very similar to those with HF-RSF. Therefore,
approximately 40% of the overall cost of HF is probably accounted for by patients with HF-
PSF. Some support for this conclusion comes from Philbin et al, who calculated the mean

hospital charge for both types of HF to be approximately $8,600%.

1.02.8 Morbidity and mortality

If we use figures for mortality and repeat hospital admissions to estimate prognosis, then
studies indicate that the prognosis for patients with HF-PSF is poor. In the Helsinki Ageing
Study, four-year mortality in individuals free of HF was 30%. In those with HF of any type
the mortality rate was 46%, in those with HF-PSF the mortality rate was 43% and in those
with HF-RSF the mortality rate was 54%"*. In the Cardiovascular Health Study (CHS), the
6.4-year mortality rate in subjects without HF was 16% compared to 45% in those with HF.
Mortality rate was 87 per 1000 patient years in subjects with HF-PSF, 115 in those with HF

and borderline systolic function, and 154 in subjects with HF and reduced systolic function®!,
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These figures are similar to the overall five-year mortality rate of 65% in the Olmsted County
incidence study'®. In this study, the age and gender-adjusted mortality rates in those with HF
were higher than those without HF, but there was no significant difference between patients
with PSF and those with RSF. Patients with HF-RSF in the Framingham study with had an
annual mortality rate of 18.9% compared with 4.1% in age and gender-matched controls (over
6.2yrs). In patients with HF-PSF the annual mortality was 8.7% compared to 3% in matched
controls. In an adjusted analysis, patients with both types of HF had four times the risk of
death compared with age and gender-matched controls. The median survival in patients with
reduced systolic function was 4.3 years, and in those with HF-PSF it was 7.1 years®. Redfield
et al recently demonstrated the importance of diastolic dysfunction with regard to prognosis
within this population and the authors concluded that mortality increases with increasing
diastolic dysfunction®®. Hospital cohort studies show that patients with HF-PSF have a better
survival at all time points from admission. However, patients with HF-PSF still have a high
mortality following admission to hospital, with rates of 40-50% after four to five years of
follow-up, and the annual death rate is similar to that in the Framingham study®. Gustafsson
et al also demonstrated that survival decreases with worsening systolic function in a graded
way42 . The IN-CHF registry has reported 1-year mortality data for out-patients with HF. For
those with LVEF <35% the 1-year mortality was 18.9%, where LVEF was greater than 45%
1-year mortality was 8.9% and for those with an LVEF between 35% and 45% 1-year

mortality was 11.5 %'®.

In terms of hospital readmissions, the Olmsted County incidence study showed that for those
with HF-RSF, over a five year period 10% were never hospitalised, 41% were hospitalised
once, and 49% were hospitalised twice or more. These proportions for patients with PSF

were 24%, 51%, and 25% respectively. Thus patients with RSF had more hospital

37



admissions'®. The CHS also reported the risk of non-fatal MI and stroke*'. In subjects
without HF these were 10.9 and 12.5 per 1,000 patient-years at risk respectively. These rates
increased to 23.3 and 27.5 in patients with HF-PSF, 37.7 and 50.7 in those with HF and
borderline systolic function but dropped to 19.4 and 45.2 in subjects with HF-RSF. There is
no obvious explanation for the latter finding. In hospital cohort studies, overall the rates of
readmission for HF-PSF are very high, 15 — 25% of patients are readmitted with an
exacerbation of HF within six months and one-third within a year. Approximately 45-60%

3, It is clear that with both types of heart failure

are readmitted within one year for any cause'
there is a poor prognosis. This is highlighted in the findings of Philbin et a/?’, who showed
that the six-month rate of death or readmission was 50% in patients with HF-PSF and 52% in

patients with HF-RSF.

1.03 Pathophysiology of heart failure with preserved systolic function

It is now accepted that HF with preserved, as opposed to reduced systolic function is a
separate clinical entity. What is more controversial is the nature of the underlying
pathological change. For the majority of patients, this is presumed to be diastolic

dysfunction™*,

1.03.1 Left ventricular diastolic function

Normal LV diastolic function may be clinically defined as the capacity of the left ventricle to

receive a filling volume which will result in an adequate stroke volume at low pressures®.

There are two main pathophysiological processes which produce diastolic dysfunction. These

46

are impaired LV relaxation and increased LV stiffness™. Zile ef al assessed the diastolic

propetties of the LV in 47 patients who had HF-PSF. All had impaired relaxation and
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increased left ventricular chamber stiffness when compared to a control group. The authors
concluded that the signs and symptoms of HF in patients with preserved systolic function are
caused by abnormalities in diastolic function. It is thought that these abnormalities in
diastolic function make patients susceptible to sodium retention, neurohormonal activation,
increased venous tone or increased arterial stiffness, all of which can result in pulmonary
oedema. Also, increased LV stiffness means that the ventricle is unable to accept venous
return adequately, without high diastolic filling pressures. High filling pressures result in
decreased lung compliance, which increases the work of breathing and contributes to

breathlessness™.

Patients with HF-PSF are often found to have impaired exercise tolerance. This is also
thought to be due to increased LV stiffness. In addition to the effect on filling pressures
described above, the stiff ventricle operates on a flat portion of the Frank-Starling curve.
Consequently, these patients have little or no increase in stroke volume on exercise. Overall,
during exercise, the stiff ventricle is unable to fill properly or to increase its stroke volume
and therefore the cardiac output does not increase, producing symptoms on exercise™. There
are limitations to the non-invasive assessment of the pathophysiology of HF-PSF, however,
the work done to date suggests that impaired diastolic function causes the signs and symptoms
of HF. This is an area where more work is required, and tools such as cardiac MRI may

provide more specific information in the future.

1.03.2 Echocardiography and diastolic dysfunction
Spectral Doppler echocardiography, particularly of the mitral inflow, is widely used for the
non-invasive assessment of diastolic filling of the left ventricle’. The normal mitral inflow is

biphasic (Figure 1.1).
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Figure 1.1  Mitral inflow pattern
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The mitral inflow velocity trace reflects the relative driving force across the mitral valve.
When pulsed wave Doppler is sampled from the level of the tips of the mitral valve leaflets,
the measured peak velocity is indicative of the relative instantaneous change in pressure

between the left atrium (LA) and the LV after the opening of the mitral valve.

The E velocity is the peak early filling velocity, and is influenced by the LA pressure at mitral
valve opening, LA compliance, the pressure gradient between the LA and LV, and the rate of
ventricular relaxation®’. The rate of decrease of velocity following the E peak is measured as
the deceleration time (DT). The initial slope is extrapolated to baseline, and the DT is the
interval between the peak E velocity and the intersection of the slope with the baseline. The
DT depends on the rate of increase in LV pressure in early diastole, after it has reached its
nadir, and is a measure of the effective chamber compliance of the LVY. The A velocity
measures mitral inflow during atrial contraction. As LA contraction usually occurs after
relaxation is completed, the peak velocity depends on LV chamber compliance as well as the
volume and contractility of the LA. Normal mitral inflow velocities vary with loading
conditions, age and heart rate. In a normal middle-aged subject the E velocity is larger than

the A velocity, and the DT is approximately 200 +/- 40ms.

Diastolic function has been categorised into:

1 Normal

2) Mild dysfunction — Impaired relaxation without evidence of increased filling
pressures

3) Moderate dysfunction — Impaired relaxation associated with elevated filling

pressures or pseudonormal filling

4) Severe dysfunction — Reduction in compliance or restriction of the LV
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Pseudonormal filling is as a normal resting mitral inflow pattern, but E/A ratio reversal on

Valsalva manoeuvre.

Impaired LV relaxation produces specific changes in the mitral inflow Doppler trace. As
there is slower reduction in the rate of decrease of the LV pressure, and the duration of
relaxation is prolonged into mid or late diastole. This results in a lower initial driving force
across the mitral valve producing a low peak E velocity. The prolonged duration of
ventricular relaxation results in prolongation of the DT. There is a subsequent increase in
mitral inflow during atrial contraction, because of higher atrial preload, resulting in a higher
peak A velocity. To summarise impaired LV relaxation is indicated by a low peak E velocity,

a high peak A velocity and a prolonged DT on spectral Doppler of mitral inflow*’.
As the diastolic dysfunction progresses, the peak A velocity increases and becomes greater

than the peak E velocity, termed E/A reversal. When LV restriction is also present there is

E/A reversal and a shortened deceleration time (Figure 1.2).
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1.03.3 Natriuretic Peptides

In the early 1980s de Bold ef al observed that extracts of atrial tissue infused into rats caused
a massive diuresis. From this work came the isolation of atrial natriuretic peptide (ANP), the
first in the family of natriuretic peptides®®. A decade later the second member of the family
was described, B-type natriuretic peptide (BNP). Since the 1980°s four different natriuretic
peptides have been described: ANP, BNP, C-type natriuretic peptide (CNP) and D-type
natriuretic peptide (DNP). They all contain a characteristic 17 amino-acid ring structure,
formed by an disulfide bridge between two cysteine residues®. The amino- and carboxy-
terminal tail varies between the different peptides: ANP has a 28 amino acid polypeptide,
BNP a 32 amino acid polypeptide, CNP a 53 amino acid polypeptide and DNP a 38 amino
acid polypeptide®®. They all exist as pro-hormones with relatively high molecular weight,

which are cleaved to active moieties before release into the circulation®'.

The ANP and BNP precursor peptide genes are located in tandem on the distal short arm of
chromosome 1°%. The CNP precursor peptide gene is localized on chromosome 2°2. The gene

encoding the DNP precursor peptide has not as yet been cloned™.

The precursor protein of ANP (pro-ANP) is a 126 amino-acid molecule. It is proteolytically
cleaved to a 98 amino acid fragment and a 28-carboxy-terminal fragment, which constitutes
biologically active ANP>*. In the normal human adult heart, the atria are the main source of

ANP,

BNP will be discussed in detail later in this chapter.
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CNP is expressed primarily in the central nervous system and in vascular tissues, but unlike
ANP and BNP is nearly non-existent in cardiac tissue®. Despite this, CNP does play an
important role in cardiovascular physiology, as it is a potent vasodilator, as well as being an

inhibitor of smooth muscle proliferation and endothelial migration™.

DNP is a 38 amino acid peptide and is the most recently discovered of the natriuretic peptides.
Originally isolated from the venom of the green mamba snake (Dendroaspis Angusticeps)’.
Currently there are little data regarding DNP in humans. Some authors suggest that DNP is a

primitive cardiac natriuretic peptide and is an evolutionary precursor of ANP and BNP**%%,

There are three known natriuretic peptide receptors (NPR): NPR-A, NPR-B and NPR-C.
These mediate the physiological effects of the natriuretic peptides. Each receptor contains a
single transmembrane domain and an extracellular binding domain®®. NPR-A and NPR-B are
structurally similar with 44% homology in the ligand-binding extracellular domain®. ANP
and BNP bind preferentially to NPR-A which then dimerizes and uses the chloride ion to hold
itself in the “open” position. The receptor is linked to a guanosine 3',5'-(cyclic)phosphate (c-
GMP)-dependent intracellular signalling cascade, which mediates most of its biological
activities®'. Mice lacking functional NPR-A exhibit hypertension, cardiac hypertrophy and
dilatation and premature sudden death®. It has been demonstrated that BNP has a ten-fold
lower affinity for NPR-A compared with ANP®.  This has led to speculation that an
additional BNP-specific cGMP coupled receptor may play a role in its functioning®. Both
NPR-A and NPR-B are found in adrenal glands and kidney but NPR-A is most abundant in

large blood vessels, whereas NPR-B is most abundant in the pituitary gland®’. NPR-B has a

low affinity for ANP and BNP but is activated by CNPS%*.
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In contrast to NPR-A and B, NPR-C uses a G-protein coupling system for intracellular
signalling to mediate its physiological effects®’. NPR-C is found in vascular endothelium,
smooth muscle, cardiac muscle, adrenal and kidney65 . As demonstrated in NPR-C knockout
mice, its function is to clear ANP, BNP and CNP%. These molecules are internalised in a
receptor vesicle and enzymatically degraded, following which the receptor returns to the cell
surface®®. This receptor binds all three natriuretic peptides, having the highest affinity for
ANP, followed by CNP then BNP®’. This accounts for the longer half-life of BNP compared

with ANP in humans®".

There are two mechanisms of clearance of natriuretic peptides. As described above, NPR-C -
mediated endocytosis followed by lysososomal degradation. Natriuretic peptides are also
degraded by neutral enodpeptidase®. The relative importance of each mechanism is not yet
clear. Renal pathways play a lesser part in clearance of CNP*. Some investigators believe
that lysosomal degradation is the main process, while others believe that the increase in
natriuretic peptides in heart failure saturates receptors, and the enzymatic degradation process

takes over®.

Regulation of natriuretic peptide release at a cellular level is controlled predominantly by the
degree of stretch of the atria and ventricles. Increased wall stretch can act directly or via local
paracrine factors such as endothelin-1%, nitric oxide®®, and angiotensin 1I"° to increase
natriuretic peptide levels. Other stimuli include tachycardia’ and glucocorticoids’?, both of
which contribute to induction of cardiac BNP mRNA in overt heart failure®®. The trigger for
ANP release is primarily raised atrial transmural pressure. It has been demonstrated that ANP
gene induction occurs days after the increase in atrial pressure’”. This relatively slow

induction of ANP allows for its storage in granules and periodic release’™.
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Experimental data suggests that ANP is released in heart failure regardless of severity and
occurs even in compensated heart failure when hypertrophy is present but LV end diastolic

1”. The trigger for BNP release is a combination of pressure and

pressure (LVEDP) is norma
volume overload. This is illustrated by the correlation seen between LV chamber size’,
LVEDP”’, and plasma BNP concentration. BNP gene activation is seen within hours of

increased chamber pressure, BNP is not stored in granules, but instead released in bursts’®. In

contrast with ANP, BNP is only induced in heart failure when the LVEDP is elevated”".

Natriuretic peptides act on the kidney at the level of the glomerulus and collecting ducts to
stimulate natriuresis and diuresis. At the glomerulus they cause afferent arteriolar dilation
with efferent arteriolar vasoconstriction which consequently increases the glomerular
filtration rate (GFR)". In the collecting duct, their effect is to decrease sodium reabsorbtion,
thereby increasing sodium excretion®’. Both ANP and BNP inhibit the secretion of renin,
angiotensin II and aldosterone®’. Experimental studies have shown that BNP acts a
cardiomyocyte-derived anti-fibrotic factor, and therefore may be a local regulator of
ventricular remodelling®’. Both ANP and BNP have inhibitory effects on the sympathetic

nervous system>’.

Table 1.2 summarises the main characteristics of the natriuretic peptides discussed above.
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Table 1.2 Characteristics of the natriuretic peptides (Adapted from Vanderheyden ef al*®)
ANP BNP CNP DNP
BNP NT-proBNP
Components | Ct-ANP(28 AA) BNP(32 AA) Nt fragment (1-76) CNP-22
NT-proBNP (1-108) CNP-53

Hormonally | Nt-ANPt (98 AA) Endocrine / NT-proBNP (1-108) CNP-53 paracrine
active Endocrine / paracrine

paracrine
Genesis Cleavage from Cleavage form | Release from ventricular myocytes | Cleavage from pro-CNP

pro-ANP pro-BNP
Half-life 20 min 120 min
Clearance Neutral Neutral Renal clearance Neutral endopeptidase unk
mechanism endopeptidase endopeptidase

Clearance receptor NPR-C
Clearance Clearance
receptor NPR-C | receptor NPR-C
Approved unk 100 pg/ml Age <75 years: 125 pg/ml - -
cutoff for
CHF
diagnosis
Tissue Cardiac atria and Brain Brain Brain, ovary, uterus Testis Snake venom
distribution ventricles Cardiac Cardiac ventricles epidydimis
ventricles Myocardial fibrosis
Myocardial
fibrosis

Ct = carboxy-terminal Nt = amino-terminal AA = aminoacid Unk = unknown
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BNP, and more recently NT-proBNP have been recognised to be of particular importance in
heart failure. As described above, the predominant source of BNP in humans is the ventricular

7882 BNP is released in bursts as a 108 amino acid prohormone which is then

myocardium
cleaved to form biologically active BNP, a 32 amino acid molecule and the 76 amino acid

molecule, NT-proBNP. Figure 1.3 summaries this process.
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Figure 1.3 Structure and formation of BNP and NT-proBNP (adapted from Hall et al*’)
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Circulating BNP has the characteristic natriuretic peptide ring structure with an amino-

terminal tail of nine amino acids, and a carboxy- tail of six amino acids’’.

In normal subjects, the plasma concentrations of BNP and NT-BNP are similar. The half-life
of BNP and NT-proBNP in blood are approximately 22 minutes and 120 minutes
respectively. This suggests that they could be used to reflect pulmonary capillary wedge
pressure changes every two and 12 hours respectively®®. In patients with LV systolic
dysfunction both BNP and NT-proBNP are elevated, however, increases in NT-proBNP are
two-to ten-fold greater than increases in BNP. The explanation for this is unknown. Both
BNP and NT-proBNP can be measured by radioimmunoassay (RI). The combination of its
longer half-life and greater increases in heart failure, may make NT-proBNP a better marker

of heart failure®.

The accuracy of the natriuretic peptides as markers of cardiac function, is influenced by renal
function, gender and age. There is a correlation between BNP and estimated GFR, such that
BNP rises as GFR falls (r = -0.20). This implies that a higher value for the upper limit of
normal is required when using BNP in the diagnosis of HF if GFR is reduced. However, BNP
does maintain a high level of diagnostic utility despite this®®. NT-proBNP has a stronger
correlation with with GFR than BNP (r = -0.60) and is influenced by the normal age-related
decline in renal function. For example, an eGFR less than 60ml/min/ 1.73m?, which is
common in elderly patients, may make the detection of HF using NT-proBNP less accurate®’.
In this context, some authors have suggested that NT-proBNP specifically reflects cardio-

renal rather than cardiac function®.
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Redfield et al demonstrated than in normal subjects with no known cardiovascular disease or
detectable structural heart disease, plasma BNP concentrations were higher in females and
correlated positively with increasing age. The authors suggest that the increased BNP found
in females may be due to oestrogen status, as BNP levels were higher in women on hormone
replacement therapy preparations. Interestingly, it has also been speculated that diastolic

dysfunction and ventricular stiffening is more common in women®*®°,

The mechanism of the increase in BNP with age is not known, however, the LV does stiffen
with age, which would be expected to stimulate BNP production®. Regardless of mechanism,
Redfield et al demonstrated than the effect of age and gender on BNP was independent of
atrial volume, LV dimension and LV mass. They concluded that both gender and age should

be taken into account when interpreting BNP concentrations on a diagnostic basis®.

The New York Heart Association (NYHA) functional classification system for heart failure
correlates well with symptoms and mortality. BNP levels also correlate with NYHA class.

For some time it has been accepted that BNP levels are elevated in patients with heart failure
due to impaired LV systolic function’*. BNP is also raised in those with asymptomatic LV

92-94

systolic dysfunction More recently NT-proBNP has been shown to be elevated in

patients with heart failure, post-MI LV systolic dysfunction and asymptomatic LV

dysfunction®’.

Breathlessness is a common problem in patients presenting to casualty. Differentiating
between respiratory and cardiovascular causes of breathlessness is often problematic. Davis
et al reported the usefulness of BNP in distinguishing between HF and chronic obstructive

pulmonary disease in this setting. BNP concentrations of greater than 22pg/ml predicted the
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presence of HF with a sensitivity of 93% and a specificity of 90%°. Subsequent studies have
confirmed the ability of BNP to accurately predict the presence of HF in a breathless patient
(area under the ROC being 0.97)”. The role of BNP in identifying dyspnoea due to HF was
specifically addressed in the Breathing Not Properly Multinational Study. This was a
multicentre prospective study of 1586 patients presenting with acute dyspnoea. BNP was
measured in the Accident and Emergency Department. BNP levels were significantly higher

in those with HF (either HF-RSF or HF-PSF)'®.

The most important feature of BNP as a diagnostic tool in HF, is its high negative predictive
value (NPV). Cowie ef al demonstrated a negative predictive value of 97%, indicating a role

for BNP as a “rule out” test'”,

It has also been suggested that BNP could be used to guide treatment in HF. Patients who are
admitted with fluid overload, are found to have a high BNP (a so-called “wet BNP”), and this
level falls as they are rendered euvolaemic (or “dry BNP”). This could be used as a guide for
timing discharge from hospital. Patients in whom the BNP remains high despite euvolaemia
often have a poor prognosis®®. Both BNP and NT-proBNP concentrations have been
positively correlated with worse prognosis. Omland er al were the first to report that an
elevated plasma BNP concentration taken on day three post-MI, was an independent predictor

of cardiovascular death!®.

Subsequent studies have corroborated this finding. Richards et al demonstrated that BNP and
NT-proBNP are the most sensitive predictors of poor outcome and have the highest NPV for
mortality post MI when compared with other natriuretic peptides®™. Others have confirmed

the association of elevated NT-proBNP and a poor outcome post-MI, both in terms of death
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and subsequent LV systolic dysfunction®®. Tsutamoto ef al have shown that BNP is superior
to ANP in determining prognosis and that BNP is an independent predictor of mortality'®,
Richards et al showed that NT-proBNP is similarly effective at predicting adverse outcome in

' Even in unselected

patients with ischaemic LV systolic dysfunction, without prior M
population studies, it has been shown that an elevated BNP concentration is an independent
predictor of four year all-cause mortality. It has also been shown to be a useful prognostic
marker in the elderlylos. Recently, Gardner et al demonstrated that NT-proBNP concentration
is an independent predictor of both mortality alone or a combined endpoint of death or urgent
transplantation in patients with advanced heart failure referred for consideration of cardiac

transplantation'*®. Berger ef al have also demonstrated that elevated BNP concentrations are

a predictor of sudden cardiac death in heart faiture'”’.

Most of the work on natriuretic peptides has been done in patients with heart failure and
reduced LV systolic function. Less is known about natriuretic peptide levels in patients with
heart failure and preserved systolic function. The introduction to Chapter five outlines the

evidence to date.

1.03.4 Aminoterminal propeptide of type III procollagen (PIIINP) as a marker of

myocardial collagen turnover in heart failure

The myocardial extracellular matix (ECM) is the connective tissue skeleton of the heart and
plays a key role in cardiac function. It is a fibrillar network which determines the structure,
tensile strength and stiffness of the tissue. It is therefore a major determinant of diastolic
function. In myocardium, the main types of collagen are I and IIl. The extracellular matrix is
known to be dynamic. The controlling mechanisms are complex, but are principally mediated

by matrix metalloproteinaeses (MMPs), which are involved in the degradation of the ECM
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and are thought to be a key component of myocardial matrix remodelling'®®. The MMPs are a
family of functionally related zinc-containing endoproteinases. Myocardial MMPs are
produced by fibroblast-like cells and cardiomyocytes'®. There are four main groups:
collagenases, gelatinases, stromelysins, and membrane-type. The first group includes MMP-1
(interstitial collagenase), MMP-8 (neutrophil collagenase) and MMP-13 (collagenase-3), all
of which cleave fibrillar collagens (type I, II and III). These collagen form fibrils which are
tightly opposed and highly cross-linked, and are thus extremely resistant to cleavage by most
proteinases. Recent evidence has suggested that the substrate-based classification of MMPs is
not useful, as there is cross-linkage in action between the four groups. For example,
gelantinases are thought to play an important role in cleavage of interstitial collagens as well
as gelatins, and therefore play a more important role in ECM remodelling than was first
appreciated''®!'2,  The regulation of ECM degradation by MMPs is achieved through
regulation of MMP expression, and by specific endogenous MMP inhibitors called tissue
inhibitors of metalloproteinases (TIMPs). MMP inhibition by TIMPs occurs following
binding at the zinc binding site of the active MMP. There are other naturally occurring

inhibitors of MMPs such as alpha-macroglobulin which is a large (750kDa) protein produced

by the liver'®.

Individual myocyte function is preserved during the ageing process, however, myocytes are

replaced by ECM, in particular by collagen deposition, and this contributes to the ventricular

dilatation and reduction in LV function seen with ageing’ > 1%,

Cardiac fibrosis is defined as an increase in the concentration of matrix collagens in the

interstitium, but also involves a change in the type of collagen found"'> !¢, its

117;118 119;120

organisation , cross-linkage , and denaturation'"!18,

Cardiac fibrosis in
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2t Firstly, there is a reactive

hypertrophied hearts develops in two distinct phases'
accumulation of connective tissue in the interstial space due to de novo synthesis of collagen.
This fibrogenesis occurs without loss of parenchyma. Secondly, there is a adaptive process
where parenchymal cells are lost and replaced by fibrotic tissue. The accumulation of
collagen fibrils in the interstitial space has been attributed, at least in part, to growth factors
produced in response to mechanical load. Stimulators of local collagen biosynthesis include
agents such as platelet-derived growth factor (PDGF), transforming growth factor-B (TGF-B),

angiotensin 11, aldosterone and endothelin'?*'%,

Type III collagen is a major constituent of developing granulation tissue**'?®.  The
aminoterminal propeptide of type III procollagen (PIIINP) is an extension peptide of the type
III procollagen, which is cleaved off during the conversion from type Il procollagen to type
11T collagen'?”. As a consequence, PIJINP reflects enhanced collagen turnover and therefore,

128129 There is accumulating evidence that serum PIIINP and MMP

myocardial fibrosis
concentrations can be used as markers of myocardial remodelling. This comes mainly from
studies on patients following MI or with dilated cardiomyopathy (DCM). Elevated serum
PHINP is associated with LV dilatation and depressed ejection fraction, as well as with a
restrictive LV filling pattern. Elevated PIIINP concentrations in these clinical settings are

also associated with a worse prognosis' 21,

Only a few studies have examined the relationship of PIIINP to diastolic function using
echocardiography. Poulsen ef al studied the relationship between PIIINP and LV function in
patients presenting with a first acute MI. The authors concluded that the PIIINP
concentrations measured in the sub-acute phase of MI related, in the long-term, to detrimental

changes in LV systolic function. Those with higher PIIINP concentrations were more likely
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to have a restrictive LV filling pattern, which is associated with increased LVEDP. This
could either be due to increased myocardial stiffness or increased LV volume. In this
particular group, the restrictive LV filling pattern is more likely to be due to increased LV

29

volumes'?. 713!

This relationship was also observed recently by Rossi ef al””", who examined
out-patients with dilated cardiomyopathy. To date, serum PIIINP concentrations have not

been described in patients with HF-PSF.

1.03.5 Renin and aldosterone

The renin-angiotensin-aldosterone system (RAAS) is one of the main physiological systems
involved in mediating the pathology of heart failure. HF causes over-activation of the RAAS
and aldosterone excess. Aldosterone increases renal reabsorption of sodium ions in exchange
for potassium and hydrogen ions. This in turn leads to sodium retention and expansion of the
extracellular volume, with eventual impairment of haemodynamic responses and a fall in
cardiac output. A cycle is then established, whereby the resultant reduction in renal perfusion
causes further activation of the RAAS, leading to further compromise of cardiac function,

along with secondary hyperaldosteronism and hypokalaemia.
The first work to explore the role of aldosterone as a cause of cardiac fibrosis was by Karl
Weber in 1988. This has lead to the key concept, that aldosterone can cause cardiac fibrosis,

independent of its effect on blood pressure or on the development of ventricular hypertrophy.

Plasma aldosterone and renin concentrations have not been described in patients with HF-

PSF.
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1.04 Aims of study

It is clear from the above discussion that HF-PSF is an important cause of morbidity and
mortality, but that this complex clinical entity is, as yet, poorly understood. Establishing
exactly what constitutes HF-PSF requires comprehensive study of such patients and their
outcomes. At the time of starting this study, the majority of data regarding clinical
characteristics and long- term adjusted mortality rates were derived from out-patient
populations, and there was limited prospective data from hospitalised cohorts. Another major
limitation of the published work at that time, was that there was little focus on elucidating the
relevant pathophysiological processes in HF-PSF. No study had prospectively investigated
both indices of diastolic function and natriuretic peptides in the same cohort of patients with

HF-PSF. No studies had documented PIIINP or renin and aldosterone levels in such patients.

This study aims to define a cohort of patients hospitalised for heart failure, to characterise
them using clinical, echocardiographic and biochemical variables and to compare the
characteristics of patients with reduced and preserved systolic function. This study also aims
to determine mortality rates and independent predictors of mortality in both groups of heart

failure patients.
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CHAPTER TWO

METHODS
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2.01 Patient population

All patients were recruited from the Western Infirmary which is a community hospital for
north-west Glasgow, with a catchment area of approximately 250,000. Patients are admitted
to the hospital either by self referral to the Accident and Emergency Department or directly
from their General Practitioner for review by the medical receiving team. All patients
admitted to the Medical Admissions Unit are assessed by a senior member of the medical
receiving team. A provisional diagnosis and treatment plan is initiated by the senior medical
physician, and then reviewed by the medical consultant at 12 hourly intervals. The working

diagnosis and continuing management plan are implemented following this review.

All patients admitted to the Medical Admissions Unit were screened for clinical evidence of
heart failure such as shortness of breath, basal lung crepitations, peripheral oedema or
treatment with intravenous diuretics on admission. Patients fulfilling any of these clinical
features were approached to enter the study. Patients who agreed to enter the study signed a
written consent form and were given written confirmation pertaining to the study as agreed
with the North Glasgow Ethics Committee (see appendix 1). Patients who were clinically too
ill to formally consent or those with documented dementia were not approached to enter the
study. If, at this initial meeting, it was felt that the patient had an element of cognitive

impairment then the patient was not asked to enter the study.

Patients who met the inclusion criteria and who consented to enter the study were then
assessed for clinical evidence of heart failure using the three heart failure scoring systems: the
Boston score'>*, the NHANES score'®® and the Framingham score'*® (see appendix 2). For
the purposes of this study a patient was deemed to have heart failure if they scored positively

in any one of these scoring systems.

60



All three of the heart failure scoring systems use a combination of physical and radiographic
assessment, along with objective measures of ventricular performance and an estimate of
exercise capacity. FEach of these variables has limitations when used independently'?’.
Consequently, combinations of these have been developed as scoring systems and have been
used in epidemiological studies and clinical trials. Both the Framingham and NHANES

scores were developed for use in large epidemiological studies and the Boston score was

validated to assess the degree of HF in cardiovascular medication trials.

It has previously been established that the Boston heart failure score has a sensitivity of
0.50' and a specificity of 0.78 to detect a left ventricular ejection fraction < 40% and a
sensitivity of 0.90 for identifying a pulmonary wedge pressure of 12ZmmHg or more in
patients undergoing non-emergency right heart catheterisation'”. The Boston score
comprises three sections: clinical symptoms, clinical signs and chest radiograph (CXR)
appearances. A maximum score of 4 can be obtained from each section to give a total score

out of 12. Scores of less than 5 suggest that HF is not present, a score of between 5 and 8

indicate possible HF and a score of 8 or more suggests definite heart failure.

The Framingham HF score has both a sensitivity and specificity of 0.63 for the detection of a
left ventricular ejection fraction < 40%'®. This score is divided into major and minor criteria.
HF is defined as present when either two major criteria or one major and two minor criteria

are met.
The NHANES score is based on the same principles as the other two scores and includes

clinical, symptomatic and CXR criteria. A score of greater than 3 is suggestive of heart

failure. In a study comparing six heart failure scores including NHANES the authors found
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that all the scores were similar in terms of their capability to detect HF. All the scores had a
high sensitivity for the detection of definite heart failure and a lower sensitivity for detection

of possible heart failure'*.

It is important to note that these HF scoring systems have all been validated in assessing HF
with reduced ejection fraction. Their sensitivity and specificity to detect HF with preserved

EF is unknown.

For this study, the clinical assessment comprised: a detailed cardiovascular and medical
history with systematic documentation of the presence or absence of symptoms of HF, a
clinical examination for signs of HF, a record of the patients cardiorespiratory parameters as

well as electrocardiogram (ECG) and CXR findings from admission (see Appendix 3).

Specific information was recorded from the ECG of each patient including heart rate and
rhythm, and the presence or absence of: atrioventricular block; bundle branch block; mean
QRS axis deviation; ventricular hypertrophy; ST segment deviation; T-wave inversion;
pathological Q-waves and QT interval prolongation (see Appendix 4). All patients had a

CXR on admission.

It is well established that both ECG and CXR play an important role in the diagnosis of heart

failure. This is outlined in the European Society of Cardiology Task Force for the diagnosis

and treatment of chronic heart failure diagnostic algorithm (Figure 2.1)'*'. These HF

guidelines were the most up to date at the time of starting the study in 2002. Since then they

have been updated'**.
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ECG abnormalities are common in patients with heart failure. The negative predictive value
of a normal ECG to exclude left ventricular systolic dysfunction (LVSD) is greater than
90%!**1%6. Likewise, the presence of either anterior Q-waves or left bundle branch block
(LBBB) in patients with ischaemic heart disease are good predictors of decreased LV ejection
fraction'”’. The presence of ECG signs of atrial stretch or left ventricular hypertrophy can be
associated with both systolic and diastolic dysfunction but have a relatively low predictive
value. For the purposes of this study, left ventricular hypertrophy by ECG was based on
either the Sokolow and Lyon criteria (S V; + R Vs or V¢ > 35 mm) or the Cornell criteria (S
V3 + R avL > 28mm [men] and S V3 + R avL > 20 mm [females]). The ECG is also
particularly important for the detection of arrhythmias which may contribute to or exacerbate
heart failure. The diagnostic power of ECG abnormalities is markedly increased when used in

combination with clinical signs and symptoms of heart failure'*.
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Figure 2.1  Algorithm for the diagnosis of heart failure'™
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Those patients in whom the initial clinical assessment revealed evidence of heart failure then
underwent objective assessment of heart failure severity. This was achieved using the New
York Heart Association (NYHA) and Killip classification system for HF. Patients were asked
at the time of admission about their symptoms in the weeks prior to admission. These
symptoms were given an NYHA class (Table 2.1). The severity of heart failure at

presentation based on clinical examination findings was given a Killip score (Table 2.2)'*.

Table 2.1 NYHA classification of heart failure

NYHA Class Definition

1 No limitation. Ordinary physical activity does not cause undue

fatigue, dyspnoea or palpitations

I Slight limitation of physical activity. Comfortable at rest but ordinary

activity results in fatigue, dyspnoea or palpitations

111 Marked limitation of physical activity. Comfortable at rest but less

than ordinary activity results in symptoms

v Unable to carry out any physical activity without discomfort.
Symptoms of heart failure are present at rest and made worse by any

type of activity

Table 2.2 Killip classification of heart failure

Killip classification Description

I No heart failure

ITa Heart failure. Basal lung crepitations

IIb Heart failure. Basal to mid zone lung crepitatons

m Frank Heart failure. Lung crepitations throughout lung fields
v Cardiogenic shock
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2.02 Blood sampling and biochemical analyses

The European Society of Cardiology Task Force also recommends various laboratory
investigations as part of the evaluation of heart failure: serum haemoglobin (Hb), white cell
count (WCC), platelets, electrolytes, creatinine, glucose, hepatic enzymes and urinalysis
should be carried out. They also recommend that additional tests are considered, including C-
reactive protein (CRP), thyroid function (TFT), serum uric acid, and cardiac enzymes or

troponin to exclude myocardial infarction'*'.

Anaemia may exacerbate existing heart failure or may develop as a result of heart failure.
Regardless of aetiology the presence of anaemia in heart failure is associated with a worse
prognosis”s'lso. For the purposes of this study the World Health organisation (WHO) criteria
for anaemia were used. These define anaemia as Hb < 12g/dL in both males and females'".
A raised haematocrit suggests the possibility of other pathologies for breathlessness such as

respiratory disease.

In the context of heart failure, an elevated serum creatinine is usually caused by either
primary renal disease, as a result of reduced cardiac output or by drug treatment. The
relationship between heart failure and renal dysfunction is complex, primary renal failure
often results in fluid overload, producing clinical signs very similar to those found in heart
failure. Also, heart failure and renal dysfunction often coincide because of common
underlying diseases such as diabetes and hypertension, or because increasing age is associated
with both heart failure and a reduction in GFR. Heart failure associated with a low cardiac
output can cause renal dysfunction by producing chronic renal hypoperfusion. In addition,
many of the agents available for the treatment of heart failure can have deleterious effects on

renal function. ACE-inhibitors, angiotensin receptor blockers, aldosterone antagonists and
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diuretics all have the potential to impair renal function, particularly when used in
combination, as is often necessary for optimal heart failure treatment. As an absolute serum
creatinine is not a comparative marker of renal function between individuals, in this study
renal function was assessed using estimated glomerular filtration rate (eGFR). This was
calculated using the Modified Diet in Renal Disease (MDRD) formula'**!*3, a validated

measure of renal function. The value for eGFR is calculated as follows:
eGFR (mL/min/1.73m?) = 186 x (plasma creatinine) ™'** x (age) **® x 0.742 if female.

Renal function as measured by eGFR was then categorised using the National Kidney
Foundation classification'”. Renal function was classed as normal if the eGFR was > 90
mL/min/1.73m”  Impairment of renal function was defined as mild (eGFR 60 - < 90
mL/min/1.73m?), moderate (eGFR > 30 < 60 mL/min/1.73m? or severe (eGFR <

30mL/min/1.73m%"*,

Liver function may become deranged in HF as a consequence of hypoperfusion. Urine
analysis can be useful to detect proteinuria and glycosuria indicating the possibility of
underlying renal dysfunction or diabetes which may complicate heart failure. Thyrotoxicosis
causing rapid atrial fibrillation can present as heart failure, especially in the elderly.
Hypothyroidism can also present as heart failure. Hyponatraemia and renal dysfunction in the

context of heart failure indicate a poor prognosis'*'.

In this study all patients had blood samples taken at the time of admission for routine
haematological and biochemical analyses including full blood count (FBC), coagulation
screen (COAGQG), urea and electrolytes (U&E), glucose, thyroid function (TFT), liver function
(LFT) and Troponin I. The routine blood samples were taken and analysed in the hospital

biochemistry and haematology laboratories on the day of venesection. Troponin I was
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measured using an ADVIA Centaur analyser (Bayer Diagnostics), which employs a
chemiluminescent assay. A positive troponin was taken to be one greater than or equal to

0.2pg/L.

In addition, four further study-specific blood samples were taken within 24 hours of
admission. These were taken to provide serum to measure BNP, NT-proBNP, PIIINP,
aldosterone and renin. All serum samples were taken from the anticubital fossa with the
patient in the supine position for a minimum of 10 minutes prior to venesection. While each
patient was being entered into the study the blood samples were stored in the ward fridge.
All study-specific blood samples were then taken directly to the research laboratory in the
Western Infirmary and spun directly at 4°C in a centrifuge for 15 minutes at 3000 rpm. The
supernatant was removed and put into separate freezer containers labelled with the patient
subject number and stored in the freezer at -20°C until the assays were analyzed in batches of

approximately 100 samples.

Plasma BNP was measured using the Shionoria immunoradiometric kit (Schering CIS, West
Sussex, England). It has a within-assay and between-assay confidence variable (CV) of 3.7%
and 7.5% respectively. The normal range for BNP quoted from the radioimmunoassay kit in
subjects aged 55-74 years is 3.2 — 91pg/ml. Work carried out on a local healthy population
identified the 95™ percentile at 61.3pg/ml for those aged 55-69 years and 67.6pg/ml for those
aged 70 years and over. For the purposes of this study, an elevated BNP value was taken to

be one greater than the 95" percentile for the relevant age group'>.

The Roche Elecsys proBNP (Roche Diagnositics, East Sussex, England) Immunoassay was

used to analyse NT-BNP (proBNP). Roche claim equivalence with the Biosite Triage BNP

68



test. The Elecsys method used was an electrochemiluminescent immunoassay on an Elecsys
2010 autoanalyser. This has a within-assay and between-assay CV of 2.7 and 3.2%
respectively. The measuring range of the assay is 5 — 35,000 pg/ml. The analytical sensitivity
of the assay is 5pg/ml. The diagnostic information quotes the cut-off for patients younger
than 75 years to be 125 pg/ml and 450pg/ml for those 75 years and older. From work
conducted on a healthy population, the following 95™ percentile figures were established as
normal ranges dichotomised for age and sex (Table 2.3)'. An elevated NT-proBNP was

taken to be a value greater than the 95™ percentile for each age and sex category.

Table 2.3 95™ percentile according to age and sex of NT-proBNP for a healthy

population
NT-proBNP concentration pg/ml
Age (years) <64 65-69 70-74 >75
Female 2134 314.2 338.5 3553
Male 122.6 112.6 236 295.7

A commercially available kit, UniQ PIIINP radioimmunoassay (Quidel (UK) Ltd, licensed
from Orion Diagnostic) was used for PIIINP analysis. This has a within- and between-assay
precision of 7% and 6.5% respectively. Table 2.4 details the reference intervals supplied by

the manufacturer.
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Table 2.4 Serum PIIINP reference intervals

Adults
Number of subjects 232
Mean 3.7 ug/LL
Reference Interval 23-64ug/L
0.90 Confidence interval for lower reference limit 1.9-2.6 ug/L
0.90 Confidence interval for upper reference limit 55-6.7ug/L

Normal ranges from the literature using the same immunoradiometric assay at the time of
setting up the study, estimate the upper limit of normal to be 4.5ug/L. For the purposes of this

study an elevated PIIINP was taken to be a value greater than 4.5ug/L'2 131135157,

Aldosterone was measured using a commercially available Coat-A-Count assay (Euro/DPC,
Ltd, Gwynedd, Wales)'*®. This is a solid-phase radioimmunoassay designed for the
quantitative measurement of aldosterone levels in unextracted serum. A minimum of 200ul
of sample is required. The assay is based upon aldosterone-specific antibody immobilised to
the wall of a polypropylene tube. *’I-labelled aldosterone competes for antibody sites with
aldosterone in the patients sample for a fixed time. The tube is decanted to separate bound
from free aldosterone, and the radiolabelled aldosterone is then counted in a gamma counter.
The amount of aldosterone present is then determined from a calibration curve. The within-
assay and between-assay CV are up to 5.4 and 15.7% respectively. An elevated aldosterone
concentration was again defined as greater than the 95™ percentile of a local healthy
population. Consequently, for purposes of this study an elevated aldosterone concentration

was taken to be one greater than 20ng/dL.
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Plasma renin concentrations were measured using an in-house assay with a CV of < 3.5%.

1159.

The expected normal range is 5-50uU/m For the purposes of this study an elevated

plasma renin concentration was taken to be a value greater than 50uU/ml.

The radioimmunoassays above were completed by Dr Ian Morton who was blinded to clinical
details, including LV systolic function. The results were recorded on a Microsoft Excel

spreadsheet separate from any other clinical details or patient identifiers.

2.03 Echocardiography
The use of echocardiography as an objective measure of cardiac dysfunction is necessary for

the diagnosis of heart failure!*!.

All patients had a departmental echocardiogram usually
within 48 hours of admission. Often this was an investigation which was clinically indicated
as part of their admission to hospital and was therefore outwith the study protocol. In these
instances a copy of the echocardiogram report was obtained. Otherwise an echocardiogram
was requested as part of the study protocol.  These echocardiograms were conducted by a
single operator, who is a British Society of Echocardiography trained senior cardiac
technician within the cardiology department. The echo machine used was an Acuson Sequoia

C256, which is the machine used for all such studies within the Western Infirmary. For the

examination patients were positioned in the left lateral decubitus position.

The primary function of this echo was to make an assessment of left ventricular systolic
function (LVSF) and to establish any structural abnormalities such as valvular heart disease
(VHD) or wall motion abnormalities. A qualititative assessment of overall LVSF (preserved
or reduced function) was made. Such qualitative assessment has previously been shown to

correlate closely with formal echocardiographic and radionuclide measurement of left
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160-162 It is however, known that using this method

ventricular ejection fraction
standardisation among different observers is difficult to obtain'®, Therefore, in this study, a
single experienced operator and a single reporter conducted all echocardiographic
examinations. Those with reduced LVSF were further classified into borderline, mild, mild-
moderate, moderate, moderate-severe and severe left ventricular dysfunction. Only patients

with normal left ventricular systolic function were classed as having preserved LVSF. Figure

2.2 is an illustration of the echocardiographic appearances of the two types of HF.
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Figure 2.2  Diagramatic echo image of:

A) LV systolic dysfunction

Dilated thin walled
Left ventricle

B) Preserved systolic function with left ventricular hypertrophy

Thickened restrictive
left ventricle
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In addition to assessment of LVSF further recordings were taken where images allowed. In
the parasternal long axis view (in cm): left atrial diameter, right ventricular diameter, LV
internal diameter in systole (LVIDS) and diastole (LVIDD), inter-ventricular septum diameter
in systole (IVSDS) and diastole (IVSDD), LV posterior wall in systole (LVPWS) and diastole
(LVPWD). In the apical four-chamber view: mitral inflow maximum velocity (m/s), mitral
valve pressure-half time (m/s), aortic valve outflow maximum velocity (m/s), aortic valve

gradient (mmHg), and estimated peak pulmonary artery pressure (mmHg).

For this study, significant valvular incompetence was defined as mitral or aortic regurgitation
classified as more than mild. Aortic stenosis was defined as significant when the aortic
gradient was greater than 50mmHg. Significant mitral stenosis was defined as a mitral valve

pressure-half time greater than 100m/s.

Using the heart failure classification scores the patients were divided into two groups: those in
whom heart failure was present (HF-positive) and those in whom heart failure was not present
(HF-negative). The HF-positive group were further subdivided using a combination of ECG

and echocardiography:

1. Reduced systolic function (+/- significant valve disease) — HF-RSF
2 Preserved systolic function (HF-PSF)
e HF-PSF + significant valvular heart disease (VHD) + atrial fibrillation
(AF)
e HF-PSF + significant valve disease (no AF)
e HF-PSF + AF (no valve disease)

e ‘Isolated” HF-PSF (no valve disease / no AF)
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Patients in the HF-RSF and HF-PSF group with significant valve disease or AF had no further
investigations requested as part of the study unless they were clinically indicated. All of those
patients were given cardiology clinic appointments if clinically indicated and not already been

arranged as part of their discharge plan.

2.04 Echocardiography and Doppler indices of diastolic dsysfunction

Patients with isolated HF-PSF (HF-IPSF) returned for follow-up and Doppler
echocardiography within 1 month of discharge. This echocardiogram was performed again by
a single operator, who is a British Society of Echocardiography trained senior cardiac
technician. These examinations were carried out on an Accuson 128XP machine normally

used for out-patient echocardiography.

During this echocardiogram the same standard measurements described above were repeated.
In addition, pulsed wave Doppler was performed across the mitral valve in the apical four-
chamber view, to measure the mitral E-wave, mitral A-wave, mitral E/A ratio, isovolumetric

relaxation time (IVRT) and deceleration time (DT) [Figure 2.3].
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Figure 2.3  Biphasic mitral inflow pattern and indices of diastolic function

MITRAL INFLOW (Biphasic pattern)

Early Diastolic Filling

VEL
M/S

/ Atrial Systole

A
. DT
0 IVRT TIME — .
Vel = Velocity
IVRT = Interventricular relaxation time
DT = Deceleration time

Where possible, on completion of the echocardiogram patients were asked to perform a
Valsalva manoeuvre by blowing against a fixed syringe. Measurements of the E-wave, A-
wave and E/A ratios were repeated during the Valsalva. It has been demonstrated that
measurements taken during Valsalva can be used to differentiate pseudonormal diastolic
function from normal. Patients with pseudonormal diastolic function will show reversal of a

normal resting mitral valve inflow pattern during Valsalva'®*.
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Seven criteria for diastolic dysfunction were identified using a Medline search. Doppler data
from patients in this study with HF-IPSF were used and compared against all 7 criteria.

Details of each criteria are described below.

1) Krishnaswamy criteria'®: Diastolic dysfunction was grouped by three categories

i) pseudonormal pattern, ii) impaired relaxation and iii) restrictive pattern.

Impaired relaxation E/A <1+ DT > 240msec in patients < 55yrs

E/A < 0.8 + DT > 240msec in patients > 55yrs

Restrictive pattern ~ E/A > 1.5 + DT < 150msec

Pseudonormal E/A > 1+ DT > 240msec with confirming evidence of either:
Pulmonary vein diastolic flow
Abnormal IVRT
Left atrial enlargement

Left ventricular hypertrophy
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2) Lubien criteria’®: Diastolic dysfunction was classified into 3 criteria

Impaired Relaxation E/A ratio <1 or DT > 240ms in patients < 55yrs

E/A ratio < 0.8 + DT > 240ms in patients > 55yrs

Pseudonormal E/A ratioof 1 — 1.5+ DT > 240ms
Confirmation included: PVd/PVs> 1.5 or IVRT < 90msec
or

Reversal of E/A ratio (to < 1.0) by Valsalva

Restrictive pattern DT < 160ms + > 1 or the following:
Left atrial size > Scm
E/A>1.5
IVRT <70ms
PVd/PVs>1.5
Pulmonary A-wave reversal duration exceeding forward

mitral A-wave duration

3) Redfield criteria®®: Diastolic function was categorised according to the progression of
diastolic dysfunction

i) Normal

ii) Mild (impaired relaxation) E/A <0.75

iii) Moderate (pseudonormal) 0.75 <E/A <1.5+ DT > 140ms

iv) Severe (restrictive filling) E/A > 1.5 + DT < 140ms
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4) Cohen criteria'®’:

i) Impaired relaxation E/A ratio <1, DT > 220ms, IVRT > 100ms
it) Pseudonormalisation E/A ratio>1<2,

DT > 150 <220ms,

IVRT > 60 < 100ms

ili)  Restrictive filling:  E/A ratio > 2, DT < 150ms, IVRT < 60ms

5) European Working Group criteria’®®:
1) Signs and symptoms of congestive heart failure
and
if) Normal or mildly reduced left ventricular systolic function
and
iit) Evidence of abnormal left ventricular relaxation
IVRT (<30yr) > 92ms, IVRT (30-50yr) >100ms, IVRT (> 50yr) > 105ms
and / or
iv) Slow early left ventricular filling
E/A (< 50yr) < 1.0 and DT (< 50yr) > 220ms
or

E/A (> 50yr) < 0.5 and DT (> 50yr) > 280ms

6) Chen criteria'®: i) Abnormal relaxation E/A <0.75

it) Restrictive pattern E/A > 1.5 and /or DT <160 ms
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7) Zile criteria'”®:
i) Abnormal diastolic function E/A ratio<1.0 or> 1.5
DT < 160 or > 280ms

IVRT <60 or > 105 ms

LV mass was estimated from the M-mode measurements of the LV in diastole. The
American Society of Echocardiography recommends that a correction factor was used when
calculating LV mass from diastolic measurements therefore the following formula for LV
a'e%:

mass use

LV mass (g) = 0.8 x (1.04 x (LVIDD + IVSDD + LVPWD)’ - LVIDD") + 0.6g

Where possible, all patients with HF-PSF underwent pulmonary function testing (PFT). The
primary aim was to identify patients with significant pulmonary disease which may account
for their symptoms. Pulmonary disease is a frequent cause of admission to hospital and often
the symptoms and signs can mimic those of heart failure. Likewise, patients with pulmonary
disease often have co-morbidity, including heart failure and this must not be overlooked'”".
The measurements taken included: forced expiratory volume in one second (FEV),), forced
vital capacity (FVC), FEV/FVC ratio, and vital capacity (VC). The PFTs were reported by a
respiratory physician blinded to clinical details. For the study, PFTs were recorded as being

normal or abnormal.
For the purposes of the study the patients with HF-PSF were reviewed on one occasion

following discharge and further follow-up or investigations were arranged as was clinically

indicated.
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2.05 Quality of Life

Quality of Life (QoL) was measured in all patients using the Cantril Ladder of Life scoring
system. This instrument has been used in various cardiovascular studies and is considered to
be a valid measure of “global well-being” ’*'", Figure 2.4 illustrates the Ladder of Life
scoring system. Patients were given envelopes containing the scoring system and asked to
score how they had been feeling in the weeks prior to admission. The envelopes were then

sealed and returned.

Figure 2.4  Cantrils Ladder of Life

10 10 = Best possible life for you

9

0 0 = worst possible life for you
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2.06 Follow-up

Once recruitment was complete the patient identifiers were sent to the Information and
Statistics Division (ISD) in Edinburgh for flagging in order to obtain mortality follow up data.
ISD linked my database by probability matching, to information held by the General

Registrar’s Office for Scotland on in-hospital and out-of hospital deaths.

2.07 Statistical analyses
All study data were entered into an Access database (2000) created specifically for the study.
Minitab (version 13) statistical package was used for all basic statistical analyses and SPSS

(version 12) was used for mortality analyses.

Survival time was calculated from date of screening (earliest date 1** November 2002) until
death or censoring at 1% March 2006. Crude case fatality was calculated for follow-up using
the actuarial life table method. Fatality was calculated separately for heart failure groups. This

method accounts for the date of death and the different follow-up periods for each individual.

Kaplan-Meier survival curves were constructed to illustrate the survival experience of the
individuals according to heart failure group. Curves were compared using the log rank test.
This involves calculating the observed and expected number of deaths in both groups at
separate time intervals and summing these. The Kaplan-Meier survival method was used to
determine median survival. This could only be calculated in the groups in which 50% of the

individuals had suffered the event of interest i.e. all-cause death.

Cox regression analysis was used to determine factors associated with all-cause mortality.

The model adjusted for the following variables: smoking, age, eGFR, Hb, HR, AF, DM,
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hypercholesterolemia, PAD, COPD, IHD, CVD, HF group (PSF vs. RSF), NYHA class III,

NYHA class IV, bundle branch block, SBP, DBP, BNP and sex (male vs. female).

The model was built by entering the variables that were available from this study that had
previously been shown to predict all cause mortality in the CHARM cohort'™.  As no
significant departure from linear trend was found, age, eGFR, Hb, HR, SBP, DBP and BNP
were modelled as continuous variables. For each variable entered into a model, the lowest
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