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Summary

Up to 50% of patients with the clinical syndrome of heart failure have preserved
left ventricular systolic function (HF-PSF). Invasive studies utilising cardiac
catheterisation have demonstrated that patients with HF-PSF have abnormalities of left
ventricular (LV) relaxation and filling, or LV diastolic dysfunction. As a result, it has
been proposed that LV diastolic dysfunction is the primary pathophysiological process
in HF-PSF. However, population-based studies have shown that there is poor
correlation between the presence of LV diastolic dysfunction and the presence of heart
failure. This controversy has led to a search for alternative pathophysiological processes
which could potentially cause HF-PSF. There are some data to suggest that patients
with HF-PSF have a combination of LV diastolic dysfunction, or ‘LV stiffness’, and
large artery stiffness, when compared with normal subjects and patients with systemic
hypertension. This implies that the interaction between the left ventricle and the
vasculature is dysfunctional and a potential cause of HF-PSF. Although there are
limited data on arterial stiffness in HF-PSF, there have been no studies examining other
parameters of vascular function in HF-PSF and vascular function has never been
formally compared in cohorts of patients with HF-PSF and heart failure due to reduced

LV systolic function (HF-RSF).
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The studies presented in this thesis were designed to further characterise vascular
function in HF-PSF and to compare vascular function between patients with HF-PSF,
patients with HF-RSF and control subjects. I used non-invasive techniques to assess
parameters of arterial function, such as arterial stiffness and arterial endothelial function.
I also evaluated parameters of venous function, namely venous capacitance and venous
endothelial function.

Arterial stiffness, measured by aortic pulse wave velocity (PWV), was
significantly elevated in HF-PSF compared to both HF-RSF and control groups,
implying that HF-PSF is indeed associated with greater arterial stiffness. In contrast,
arterial diastolic waveform analysis failed to show any significant differences in derived
parameters of arterial compliance between the three study groups, which may be due to
the fact that all three groups were matched for underlying coronary heart disease,
reducing the ability of the technique to differentiate between groups.

Using Laser Doppler iontophoresis, I demonstrated that HF-PSF and HF-RSF
subjects have impaired microvascular responses to both acetylcholine and sodium
nitroprusside. This suggests that, rather than being solely a primary disorder of
endothelial function, impaired control of vascular tone in HF-PSF reflects significant
vascular smooth muscle dysfunction. It is not certain if arterial smooth muscle and/or
endothelial dysfunction is secondary to the inflammatory and neurohumoral activation
associated with the heart failure syndrome, or a primary pathophysiological factor in the

development of either form of heart failure.
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As regards venous function, patients with HF-PSF had a lower venous
capacitance than patients with HF-RSF (but similar venous capacitance to the controls).
Increased venous capacitance may represent a compensatory response in heart failure
that is less marked or absent in HF-PSF, compared to HF-RSF. Venous endothelial
function was measured with the Aellig dorsal hand vein technique. It was not
technically possible to complete an Aellig study in the whole patient cohort, resulting in
fewer data being available for analysis. Despite this, both heart failure groups appeared
to have impaired venodilatation in response to acetylcholine, compared to controls,
although this apparent difference was not statistically significant.

While the studies of venous capacitance and endothelial function were not
conclusive, they suggest that venous function may be abnormal in HF-PSF. The finding
that endothelial and smooth muscle control of arterial tone was impaired in both HF-PSF
and HF-RSF may indicate a similar primary pathophysiological process, or indeed a
similar response to inflammatory and neurohumoral activation in heart failure. I
conclude that the data presented in this thesis supports the hypothesis that HF-PSF is
associated with increased arterial stiffness, which in combination with increased LV
stiffness is likely to result in impaired ventriculo-vascular coupling. This process is

likely to be an important pathophysiological factor in the development of HF-PSF.
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Chapter 1

Introduction and Literature Review
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1.1  The Heart Failure Syndrome

1.1.1 A definition of heart failure

There are several contemporary definitions of heart failure, most of which are
unsatisfactory, as they do not encompass all aspects of the condition.

One of the most widely quoted definitions of heart failure was first proposed by Paul
Wood in 1950, and adapted slightly by Braunwald et al in 1982. In Braunwald’s
definition, heart failure is described as “...a pathophysiological state in which the heart
is unable to pump blood at a rate commensurate with the requirements of the
metabolising tissues or can do so only from an elevated filling pressure.”[1]

Many modern texts define heart failure as a clinical syndrome characterised by typical
symptoms, clinical signs and chest radiograph appearance, which may result from a
number of different disease processes, rather than being a disease in its own right. Both
European and American guidelines on the diagnosis and management of chronic heart
failure advise evaluation of patient symptoms and clinical signs in conjunction with
investigation results to make a diagnosis of heart failure.[2, 3] This is highlighted by the
frequent use of clinical scoring systems, such as the Boston criteria,[4] to determine the

likelihood of the presence of heart failure.
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1.1.2 Epidemiology of heart failure

The importance of heart failure as a major public health problem has been described in
multiple review articles, such as those written by McMurray et al [5] and Mehta et al.[6]
The following section provides a summary of the most important published data on the

epidemiology of heart failure.

1.1.3 Prevalence of heart failure

Heart failure is common, particularly in older individuals. The largest body of evidence
available on the prevalence of heart failure is from large cohort studies carried out in the
United States. In the Framingham heart study, prevalence of heart failure in 50-59 year-
olds was 0.8% rising to 9.1% in those above 80 years of age.[7] Another extremely large
cohort study, The United States National Health And Nutrition Examination Survey
(NHANES), reported the prevalence of heart failure to be 8% in subjects over 65 years

of age.[8§]

1.1.4 Incidence of heart failure

Less information is available regarding the incidence of heart failure, with most data
once again resulting from large population-based studies in the United States. In the
Framingham heart study, the annual incidence of heart failure was 0.3% in men and
0.2% in women aged 50-59 years, rising to 2.7% in men and 2.2% in women aged 80-89

years.[7] Another population-based study conducted in the United States was the
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Rochester epidemiology project.[9] In this study, investigators examined the incidence
of heart failure during 1981 in Olmsted County, Minnesota. During the study period, 46
new diagnoses of heart failure were made in patients aged 0-74 years. Overall, this
equates to an annual heart failure incidence of 110 cases per 100,000 population. As
noted in the Framingham study, the incidence of heart failure in the Olmsted study was

higher in males than in females (157 versus 71 per 100,000 population).

1.1.5 Prognosis of heart failure

Heart failure is lethal, with a particularly high early mortality, and carries a prognosis
similar to many common forms of cancer.

The Framingham study showed that men with a diagnosis of heart failure have one-year,
five-year and ten-year mortality rates of 43%, 75% and 89%, respectively. The
corresponding mortality rates in women at one, five and ten years were slightly better at
46%, 62% and 79%, respectively.[10] The NHANES study also provided long-term
follow-up mortality data in patients with heart failure. In this study population, ten-year
mortality rate in those aged 25-74 years was 49.8% in men and 36% in women.[8] These
mortality rates compare favourably with those reported from the Framingham study.
This discrepancy has been attributed to the fact that symptoms of heart failure in this
study were self-reported, rather than based purely on a score derived from clinical
criteria, such as was employed in the Framingham study.[10] In addition, the patients

were not hospitalised, implying that their symptoms were less severe.[5, 6]
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The Rochester epidemiology project also found the survival after a diagnosis of heart
failure to be poor. In the cohort presenting in 1981 mortality was 20% at six months and
34% at one year.[9] The same group has reported longer-term survival data on another
cohort of patients who presented with heart failure ten years later, in 1991. The overall
mortality in the 1991 cohort was 24% at one year and 65% at five years. [11]

In summary, several large epidemiological studies have repeatedly shown that heart
failure is common and carries a poor prognosis, underlining the importance of the

condition as an area where further research and development of new therapies are vital.

1.2 Pathophysiology of Heart Failure

1.2.1 Elevated intra-cardiac pressure

Central to the pathophysiology of heart failure is the development of elevated intra-
cardiac pressure. The commonest precipitant is myocardial damage and the development
of impaired LV systolic contraction following myocardial infarction or ischaemia.
Impaired LV systolic contraction leads to a chain of compensatory mechanisms in order
to maintain stroke volume and cardiac output. The most important compensatory
mechanism is dilation of the left ventricle, increasing left ventricular end-diastolic
pressure (LVEDP), or pre-load. According to Frank-Starling’s law, increasing LV pre-
load stretches myocardial fibres (increasing sarcomere length) and will increase force of

contraction, stroke volume and cardiac output.[12]
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However, with progressive deterioration of LV systolic contraction, the left ventricle
will continue to dilate and the LVEDP and subsequent myocardial stretch ultimately
exceed the level that will result in improved stroke volume (figure 1.1). During the
diastolic phase of the cardiac cycle, high LV pressure results in elevation of the left
atrial pressure. As left atrial pressure rises, pulmonary capillary hypertension develops,
resulting in transudation of fluid from intra-vascular to extra-vascular compartments,
causing pulmonary oedema. Over time, pulmonary vascular remodelling occurs and
pulmonary vascular resistance rises. This increases right ventricular afterload and end-
diastolic pressure, starting a cascade of compensatory mechanisms on the right side of
the heart. When the right ventricle decompensates, the right atrial and systemic venous
pressure rise and the characteristic features of peripheral oedema, hepatic congestion and

ascites develop.
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Figure 1.1:

Frank-Starling curve demonstrating that increased left ventricular end-diastolic pressure results in
increased stroke volume up to a point when the curve plateaus and beyond which the left ventricle will
decompensate and stroke volume may fall. The curve representing the normal resting heart is represented
by the solid, black line. With increased venous return (preload) or increased left ventricular inotropy, the
curve moves up and to the left (dashed red line). With increased left ventricular afterload, or decreased
inotropy, the curve moves down and to the right (dashed blue line).
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1.2.2 Neurohumoral activation

Heart failure is associated with marked vasoconstriction and retention of salt and water.
Initially an adaptive response in an effort to improve arterial pressure and tissue
perfusion, ultimately these processes become maladaptive. Vasoconstriction and volume
overload in heart failure are secondary to neurohumoral activity. Specifically, increased
plasma concentrations of angiotensin II, norepinephrine and endothelins all contribute to
the increased vascular tone observed in heart failure. The resulting vasoconstriction
exacerbates poor tissue perfusion and stimulates further neurohumoral activity. Volume
overload results from the actions of aldosterone. Reduced cardiac output results in renal
arterial under-filling. This stimulates the renin-angiotensin-aldosterone system (RAAS)
to constrict peripheral vessels via action of angiotensin II to improve central arterial
perfusion pressure, and to retain sodium and water via action of aldosterone. Arterial
under-filling also stimulates baroreceptors, leading to activation of the sympathetic
nervous system, increased norepinephrine activity and further activation of the RAAS.
This over-activation of the RAAS ultimately becomes maladaptive, and fluid overload
results.[13] In addition to angiotensin II and norepinephrine, endothelins circulate in
high concentrations and exacerbate vasoconstriction in heart failure.[14]

As a compensatory mechanism, endogenous vasodilators are released from cardiac
tissue, predominantly in response to circulating volume overload and myocardial stretch.
These endogenous vasodilators are known as the natriuretic peptides and in addition to

vasodilatation, stimulate salt and water excretion from the kidney.[15] One of the
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natriuretic peptides, brain-type natriuretic peptide (BNP), is predictably found in higher
plasma concentrations in patients with the clinical syndrome of heart failure. More
recently, evidence has shown BNP concentration to be associated with disease severity
and a powerful predictor of clinical outcome in both HF-RSF [16] and HF-PSF.[17]
Heart failure is also an inflammatory process, associated with profound activation of
cytokine pathways leading to production of reactive oxygen species. This inflammatory
over-activity and free radical production has been implicated in the pathophysiology of
vascular dysfunction in HF-RSF.[18]

There is profound neurohumoral activity in heart failure involving several different
pathways. Excess neurohumoral activity in heart failure has been implicated as a
potential cause or exacerbating factor in the peripheral vasoconstriction and vascular

dysfunction seen in the heart failure syndrome.

1.3  Heart Failure with Preserved Left Ventricular Systolic Function

1.3.1 Definition of HF-PSF

Heart failure with preserved systolic function can be defined as: the syndrome of heart
failure in the presence of normal LV systolic function and the absence of significant
valvular heart disease, cardiac dysrhythmia, right ventricular dysfunction or high output
states such as anaemia. This definition is straightforward but relies heavily on the

statement that LV systolic function is ‘normal’. The definition of normal LV systolic
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function is not straightforward and has been the subject of debate. Most centres use LV
ejection fraction (LVEF) to quantify LV systolic function. Due to the widespread
availability of non-invasive imaging techniques, such as echocardiography and
radionuclide imaging, LVEF can be obtained easily. As LVEF is expressed as a
percentage of LV diastolic volume, it gives one a figure that is easy to understand and
lends itself to comparison between groups with statistical analysis. These factors have
greatly contributed to the widespread use of LVEF as a means of describing LV systolic
performance. In the literature, the LVEF considered to represent ‘normal’ LV systolic
function varies widely between 40 and 70%,[19-21] but most groups define preserved
LV systolic function as a LVEF >50%. The LVEF value deemed to represent ‘normal’
LV systolic function obviously impacts on incidence and prevalence figures as detailed

below in sections 1.3.3 and 1.3.4.

1.3.2 Epidemiology of HF-PSF

Much has been learned about the epidemiology of HF-PSF in the last ten years. It is now
apparent from multiple epidemiological studies that patients with HF-PSF constitute a
significant proportion of the total burden of heart failure. Comprehensive review articles
on the epidemiology of HF-PSF have been published by Vasan et al [22] and more
recently by Hogg et al.[23] The following section comprises an overview of the

epidemiology of HF-PSF.
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1.3.3 Prevalence of HF-PSF

Although the populations studied are heterogeneous, with variable definitions of
preserved systolic function, the evidence from multiple cross-sectional, population-
based studies tends to agree with incidence studies, and suggests that HF-PSF makes up
a significant proportion of the overall burden of heart failure worldwide. Prevalence of
HF-PSF (LVEF >50%) in the Framingham study was 51%.[24] These results are
mirrored in the Cardiovascular Health Study, in which the prevalence of PSF (LVEF
>50%) among patients with heart failure was 55%.[20] Another population-based study,
looking at registry data of heart failure admissions to ten hospitals, was the Management
to Improve Survival in Congestive Heart Failure (MISCHF) Study. In the MISCHF
study, 42% of patients had a LVEF > 40% and 24% of patients had a LVEF > 50%.[25]
The Helsinki Aging Study looked at older subjects (75-86 years) with heart failure. The
threshold LVEF for ‘preserved’ systolic function was high at >70%. In spite of this
stringent definition of preserved LV systolic function, a significant proportion of this
cohort of patients (51%) had HF-PSF.[21] Follow-up data from the Rochester
Epidemiology Project heart failure population indicate that the prevalence of HF-PSF is
high, and has risen in the last 15 years. The prevalence of preserved systolic function
(LVEF >50%) among patients with heart failure increased from 38% to 54% between
1987 and 2001,[26] although the authors note that this phenomenon is probably partly
due to increased clinician awareness of HF-PSF in recent years, leading to more frequent

recognition and diagnosis of HF-PSF.
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1.3.4 Incidence of HF-PSF

As with epidemiological data on HF-RSF, there is less published information available
about the incidence of HF-PSF than prevalence. The Rochester group found that of all
patients admitted with a new diagnosis of heart failure over a one-year period (1991),
43% had preserved LV systolic function, defined as an ejection fraction of >50%.[11]
Similarly, the Cardiovascular Health Study population had a high incidence of HF-PSF.
Over the study period there were 597 incident cases of heart failure, diagnosed in the
community, rather than in hospital, of which 60% had a LVEF of >55% at time of
diagnosis.[20, 27] More recently, Bhatia et al have reported a study of 2802 patients
admitted to 103 Canadian hospitals with a new diagnosis of heart failure. In this study

population, the incidence of HF-PSF (LVEF >50%) was 31%.[28]

1.3.5 Prognosis of HF-PSF

Previously reported morbidity and mortality data from the Cardiovascular Health Study
[29] and the CHARM study [19] suggest that HF-PSF is a more benign condition that
HF-RSF. However, recently published data from Canada would indicate that outcome is
similar in both HF-PSF (LVEF >50%) and HF-RSF (LVEF <40%) with one year

mortality rates of 22% and 26%, respectively (p=0.08).[28]
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1.4  Pathophysiology of HF-PSF

The pathophysiology of HF-PSF has not yet been fully established. A commonly held
view is that HF-PSF is due to diastolic dysfunction of the left ventricle. More recently,
it has been proposed that abnormalities of interaction between the left ventricle and the
vasculature may lead to HF-PSF. In this section I will provide an overview of what is
currently known about LV diastolic dysfunction and ventriculo-vascular interaction, and

the relevance of both in the context of HF-PSF pathophysiology.

1.4.1 Diastolic dysfunction of the left ventricle

The term ‘diastolic dysfunction’ refers to abnormalities of relaxation and filling of the
left ventricle, rather than contraction and emptying. It is a commonly held view that
diastolic dysfunction of the left ventricle is the primary pathophysiological process in
HF-PSF.[30, 31] Left ventricular diastolic function is a complex process that has been
extensively studied. A comprehensive account of current information regarding the
physiology of normal LV diastolic function and the pathophysiology of LV diastolic
dysfunction is beyond the scope of this introduction. Kass et al have recently reviewed
this subject.[32]

For the purposes of this introduction I will focus on a summarised description of LV
diastolic function and dysfunction, and how LV diastolic dysfunction may be implicated

in the pathophysiology of HF-PSF.
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1.4.2 Active relaxation of the left ventricle

Left ventricular diastole consists of two phases: active relaxation and passive filling.
Relaxation of the left ventricle is an active process, beginning at the end of ventricular
systolic contraction. LV relaxation is a complex process, which relies on multiple
events at molecular level, including myocyte calcium handling, active phosphorylation
and actin-myosin cross-bridge detachment to name but a few. All of these events
consume energy, and can therefore be attenuated during myocardial ischaemia, resulting
in abnormal LV relaxation. This ischaemic failure of relaxation can be due to coronary
heart disease, where normal myocardial oxygen requirements are not adequately met due
to poor arterial supply. Left ventricular hypertrophy (LVH) also causes ischaemic
failure of LV relaxation. The increased myocardial mass in LVH has abnormally high
oxygen requirements and demand can outstrip supply even in the absence of coronary
heart disease. Co-existing LVH and coronary heart disease can result in a powerful
substrate for impaired LV relaxation.[33, 34] Left ventricular relaxation is also
dependent on venous return and LV pre-load, which I discuss in section 1.5.7, and
duration of systole and LV afterload, which I discuss in section 1.4.5.

Delayed onset or slow active relaxation results in attenuation of the normal fall in LV

pressure during diastole, and a net rise in LV diastolic pressure.
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1.4.3 Passive filling of the left ventricle

Passive filling of the left ventricle is the other important phase of effective diastolic
function. It is dependent on the intrinsic characteristics of the LV wall, usually termed
‘LV diastolic stiffness’.[32]

The diastolic stiffness of the left ventricle is determined by the pressure-volume
relationship during diastole. Increased LV stiffness results in resistance to changes in
volume in response to rising filling pressure.

The most common cause of increased LV diastolic stiffness is thought to be LVH
secondary to essential hypertension. Left ventricular hypertrophy is particularly
common in patients with HF-PSF, strengthening the argument that LV diastolic stiffness
is an important factor in the development of HF-PSF.[35] The development of LVH is
complex, being influenced by various mechanical and, in particular, neurohumoral
factors.[36, 37] Left ventricular remodelling and hypertrophy occur in response to
sustained elevation of pre-load or afterload in an attempt to maintain cardiac output.
Ultimately these changes become maladaptive and deleterious to cardiac performance.
There are two main pathophysiological processes in the development of LVH: myocyte
hypertrophy and interstitial fibrosis. Both of these phenomena can result in LV diastolic
dysfunction. Myocyte hypertrophy results in impaired active LV relaxation as described
above. Interstitial fibrosis is the increased deposition of myocardial extracellular matrix,
in the form of collagen, through the proliferation and action of fibroblasts. Interstitial
fibrosis results in a poorly compliant LV chamber i.e., increased LV stiffness and

abnormal passive filling of the left ventricle during diastole.[38]
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1.4.4 Combined effects of abnormal relaxation and filling of the left ventricle
The mechanisms by which impaired LV relaxation and increased LV stiffness result in

diastolic dysfunction are illustrated in figure 1.2.

Figure 1.2:

Mechanism by which increased passive stiffness of the left ventricle and impaired active relaxation of the
left ventricle combine to result in elevation of the left ventricular (LV) end-diastolic pressure. Adapted
from Gaasch WH, in Braunwald’s Heart Disease: a textbook of cardiovascular medicine.[1]
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The end result of diastolic dysfunction is elevated LV diastolic pressure despite normal
filling volume. Zile et al employed cardiac catheterisation to obtain invasive LV
pressure-volume loops from patients with HF-PSF, demonstrating that the diastolic
pressure rise is steeper per unit rise in volume that in subjects without HF-PSF (figure
1.3).[39, 40]

It is via this mechanism that diastolic dysfunction of the LV can lead to elevation of the
LVEDP, left atrial hypertension, neurohumoral activation and the clinical features of
heart failure. Therefore, LV diastolic dysfunction is implicated in the pathophysiology

of HF-PSF.
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Figure 1.3:

Left ventricular pressure - volume relationship in patients with HF-PSF (diastolic heart failure) and normal
subjects (controls) demonstrating the steep rise in intra-ventricular pressure with rising diastolic volume.
Figure adapted from Zile et al 2002 and 2004.[39, 40]
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1.4.5 Is HF-PSF purely due to LV diastolic dysfunction?

The invasive cardiac catheter studies conducted by Zile et al [31] demonstrated that
patients with HF-PSF have LV diastolic dysfunction, prompting the authors to suggest
that formal assessment of diastolic dysfunction was unnecessary to make a diagnosis of
‘diastolic heart failure’. Although HF-PSF patients, when assessed with invasive
studies, have LV diastolic dysfunction, it does not necessarily follow that diastolic
dysfunction will lead to the development of HF-PSF. Other groups have examined
diastolic dysfunction in larger populations of patients, both with and without heart
failure. Chen et al examined patients presenting with a first diagnosis of heart failure and
found that only half of patients with HF-PSF had echocardiographic evidence of
diastolic dysfunction. [41]

Petrie et al analysed echocardiograms of patients with a presumptive diagnosis of heart
failure and found that there was poor correlation between echocardiographic markers of
diastolic dysfunction and either the presence of heart failure or accepted risk factors for
diastolic dysfunction, such as hypertension, LVH and myocardial ischaemia.[42] Large
cross-sectional population echocardiographic studies [43, 44] have shown that diastolic
dysfunction is at least as common in men as in women but, as discussed in section 1.3,
HF-PSF is much more common in elderly females.

There are fundamental problems when comparing studies of LV diastolic dysfunction.
Invasive assessment of LV function in all patients with suspected heart failure is not
practical and echocardiographic measures of diastolic function can be unreliable.

Diastolic properties of the left ventricle are load-dependent and therefore prone to
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variation even within the individual.[45] It is therefore difficult to be certain how much
‘diastolic dysfunction’ is truly due to impaired active relaxation and/or increased passive
stiffness of the left ventricle, and how much is influenced by pre-load conditions of the
left ventricle.

Although LV diastolic dysfunction certainly plays a role in the pathophysiology of HF-
PSF, the poor correlation between diastolic dysfunction and HF-PSF seen in population-
based studies has prompted consideration of other factors which may be implicated in

the development of heart failure in this patient group.

1.4.6 Ventriculo-vascular interaction

Abnormal vascular function, and in particular the interaction between the systemic
vasculature and the left ventricle, is a potential pathophysiological process in HF-PSF.
Reduced aortic distensibility, or increased aortic impedance, has been known to increase
LV afterload and adversely influence LV performance for more than 40 years.[46, 47]
Since then, detailed studies of ventriculo-vascular interaction have been performed in
both animal models and humans. Twenty years ago, Hori et al used a canine model to
demonstrate that elevation of LV afterload during late systole directly impairs active LV
relaxation during diastole.[48] These findings have been confirmed by more recent
animal studies.[49] The possibility that late-systolic ventriculo-arterial interaction can
adversely affect cardiac performance has been explored by other groups using human

subjects.
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Ventriculo-vascular interaction and, in particular, ventricular and vascular stiffness are
commonly described in terms of LV end-systolic elastance (Ees) and effective arterial
elastance (Ea), as discussed by David Kass in his 2005 review paper.[50] Ea is a
measure of arterial load derived from the ratio of LV end-systolic pressure to stroke
volume.[51] Ees represents the LV end-systolic pressure-volume relationship. The
Ea/Ees ratio is representative of end-systolic ventriculo-arterial interaction. Ea and Ees
are determined by invasively or non-invasively measuring the LV pressure-volume
relationship throughout the cardiac cycle. An example of LV pressure-volume loops in

young and elderly subjects, demonstrating Ea and Ees, is shown in figure 1.4.[52]
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Figure 1.4:

Pressure volume loops and relations derived by preload reduction maneuver in a young and in an elderly
patient. End systolic elastance (Ees) measures chamber systolic stiffness and is the slope of a line
connecting the upper left-hand corners (end systole) from each pressure volume loop (dotted line).
Effective arterial elastance (Ea) measures arterial load and stiffness and is depicted by the negative slope
of the diagonal solid line shown. Figure adapted from Chen et al 1998.[52]
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Kass, Redfield and colleagues have conducted several studies investigating ventriculo-
vascular coupling in various patient groups, as detailed below.

Redfield et al used non-invasive techniques to show that the combination of ventricular
and arterial stiffening is more common in elderly females,[53] the section of the
population most likely to develop HF-PSF according to population-based studies.[22,
35, 41, 43] Although subjects with diabetes or manifest cardiovascular disease were
excluded from analysis, almost 40% of the subjects were taking cardio-active
medications, which could have influenced the results. Chen et al used cardiac
catheterisation to demonstrate that elderly subjects without heart failure have increased
end-systolic LV and arterial stiffening.[52] Once again, some aspects of the study group
baseline characteristics are likely to have influenced the results. The groups studied
were heterogeneous, with some patients having severe coronary heart disease or
significant hypertension, and a similar proportion having normal coronary arteries.

These investigators have also conducted studies of ventriculo-vascular interaction in
patients with HF-PSF. Kawaguchi et al,[54] used a combination of invasive and non-
invasive methods to assess ventriculo-arterial interaction in HF-PSF. Both ventricular
and arterial stiffening were markedly elevated in subjects with HF-PSF, compared with
both young and age-matched controls without cardiovascular disease, and with age-
matched subjects with hypertension. Unfortunately the most interesting comparison,
between HF-PSF and hypertensive subjects, was made using different methodologies.

Subjects with HF-PSF underwent cardiac catheterisation and subjects with hypertension

40



were assessed non-invasively with echocardiography. Again, patients with coronary
heart disease were excluded making the results less applicable to all patients with HF-
PSF. Melenovsky et al recruited subjects with HF-PSF, subjects with hypertensive LVH,
and normal controls into their study.[55] They examined multiple parameters of cardiac
and vascular function using non-invasive techniques. The study population was
predominantly African-American females and there was a higher prevalence of coronary
heart disease, renal dysfunction and diabetes mellitus in the HF-PSF group. They found
that HF-PSF and hypertension/LVH groups had similar abnormalities of ventriculo-
arterial stiffening and LV diastolic dysfunction but that LVH and left atrial dilatation
were more marked in HF-PSF. They speculate that left atrial dysfunction may be
involved in that pathophysiology of HF-PSF. Another important study from this group
of investigators was reported by Lam et al.[56] A large cohort of patients with HF-PSF
was recruited. Once again parameters of cardiac and vascular function were measured
non-invasively in patients with HF-PSF and compared to hypertensives and normal
controls. As in other studies, heterogeneity was present between groups: the HF-PSF
patients had a higher prevalence of coronary heart disease and renal dysfunction
compared to both other groups and had significantly lower blood pressures than the
hypertensive group. Despite this, Ea and Ees were similarly increased in HF-PSF and
hypertensive patients, compared to controls. In contrast with the findings of Melenovsky
et al, diastolic dysfunction was more severe in HF-PSF subjects.

Another group who have investigated cardiac and vascular function in HF-PSF used

cardiovascular magnetic resonance imaging to determine aortic stiffness and examined
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the correlation between aortic stiffness and exercise tolerance in HF-PSF. Hundley et al
[57] investigated patients with HF-PSF and found that reduced aortic distensibility
correlated with exercise intolerance in their cohort, suggesting that reduced arterial
compliance, and therefore elevated LV afterload, is implicated in the development of
symptoms in HF-PSF. The patient selection process was robust, with clearly defined
criteria to diagnose HF-PSF. However, subjects in the control group were normotensive
and free of cardiovascular disease, which undoubtedly enhanced the differences in
vascular and ventricular abnormalities observed between HF-PSF and control groups. In
addition, patients with coronary heart disease were excluded and this may have led to an
atypical cohort of patients with HF-PSF being studied. The same investigators have
since published a similar study conducted in patients with HF-RSF.[58] They found that
HF-RSF is also associated with reduced aortic distensibility and exercise intolerance.
One could conclude from these two studies that reduced large artery compliance
adversely influences LV performance and therefore symptoms, regardless of LV systolic
function. Whether or not reduced arterial compliance causes HF-PSF is as yet unproven.
The role of abnormal ventricular-arterial interaction in the pathophysiology of HF-PSF
has yet to be fully established. Even so, the evidence presented by the above studies has
cast doubt on the theory that HF-PSF is purely a disorder of LV diastolic function, with
more than one group suggesting that the pathophysiology is in fact far more
complex.[59, 60] The combination of ventricular stiffening and increased LV afterload
has many implications when considering the pathophysiology of HF-PSF. Increased

afterload increases cardiac work and oxygen requirements. Combined ventricular and
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arterial stiffening results in labile haemodynamic responses to both exercise and changes
in circulating volume. Elevation of LV afterload is a powerful stimulus for the
development of LVH, which, as described in section 1.4.3, causes increased passive
stiffness of the left ventricle during diastole.

Left ventricular chamber stiffness, diastolic dysfunction and afterload are closely linked

via dynamic interaction and may all be implicated in the pathophysiology of HF-PSF.

1.5 Vascular Function

There are reasons to believe that vascular dysfunction is implicated in the
pathophysiology of HF-PSF. Arterial stiffness is the main determinant of LV afterload
and influences ventriculo-vascular coupling. Some groups have investigated arterial
compliance in HF-PSF but overall very little is known about vascular function in HF-
PSF. Control of arterial tone via arterial endothelial and smooth muscle function is
likely to influence arterial stiffness and compliance, but has never been investigated in
HF-PSF. Venous capacitance and control of venous tone are important determinants of
LV preloading conditions that, if abnormal, could theoretically contribute to increased
LVEDP and the clinical syndrome of heart failure. As with arterial endothelial and
smooth muscle function, venous function has never been studied in HF-PSF.

Vascular function (and dysfunction) is dynamic and complex. There are multiple

methods available to assess vascular function. In the following section, I will provide an
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overview of the aspects of vascular dysfunction that I feel are most relevant to the
pathophysiology of HF-PSF. 1 will discuss the concept, clinical relevance and
assessment methods of: arterial stiffness and compliance; arterial endothelial and smooth

muscle function; venous capacitance; and venous endothelial function.

1.5.1 Arterial stiffness and arterial compliance

The terms arterial stiffness and arterial compliance are often used to describe the
properties of the arterial tree. It is a common belief that these terms are interchangeable,
but they are actually slightly different. As outlined in the preceding section, arterial
stiffening may have an important role to play in the pathophysiology of HF-PSF.
Arterial stiffening is an all-encompassing term used to describe rigidity of the arterial
tree. To understand pathological arterial stiffening, one must first appreciate the main
mechanisms affecting blood flow through the arterial tree, one of which is arterial
compliance.

The term ‘arterial compliance’ refers to the ability of large arteries, namely the aorta and
its major branches, to distend in response to a given pressure. The aorta and major
branches act as an elastic reservoir, buffering pulsatile flow from LV ejection, and
transmitting less-pulsatile flow to the peripheral vasculature. This is known as
windkessel theory.

The windkessel model of the circulation was originally proposed by Hales in 1733 [61]
and further developed by Frank in 1899.[62] An analogy was made between the hand-

operated fire-fighter water pump (windkessel in German) and the relationship between

44



the left ventricle, aorta and conduit vessels. The pump was primed with intermittent air
injections. When the air pressure within the pump reached a certain level, a steady
stream of water was forced out. Windkessel theory compares this sequence of events
with the buffering action of the aorta, receiving pulsatile flow from the left ventricle and
delivering relatively steady flow to the conduit vessels. This analogy enhanced early
understanding of blood flow through the arterial tree.[63] Although windkessel theory
helps to understand the importance of elastic and conduit characteristics of arteries, this
model of the circulation assumes that the arterial tree has separate elastic and conduit
compartments. In fact most of the arterial tree has both elastic and conduit properties,
although one or other tends to predominate in any given arterial segment. For example,
the ascending aorta is predominantly elastic and the peripheral, more muscular, arteries

are predominantly conduit vessels.

1.5.2 Propagation of the arterial pressure wave

The second mechanism is propagation of the arterial pressure wave through the arterial
tree. The speed at which the arterial pressure wave is transmitted is termed the pulse
wave velocity. Young originally described the relationship between PWV and stiffness
of the vessel wall in 1804. The concept was developed in the first half of the 20™
Century when work by Frank in 1920 [64] and then Bramwell and Hill in 1922 [65] led

to development of the Moens-Korteweg equation:

PWV:‘\/ Einc ® h/sz
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(Where Ein. is Young’s Modulus of the arterial wall, h is wall thickness, R is end-
diastolic radius and p is blood density).

The velocity of the pulse wave is inversely proportional to the elasticity of the vessel
wall. Pulse wave velocity may be measured by recording the pulse wave at a proximal
and distal artery (e.g. carotid and femoral), either simultaneously or gated to the
electrocardiogram (ECG), using pressure transducers, Doppler ultrasound probes or
applanantion tonometry.[66] The distance travelled is determined by measuring the body
surface distance between the proximal and distal arterial points. The resulting

calculation gives a direct measure of arterial stiffness that is easily reproducible.[67, 68]

1.5.3 Arterial pressure wave reflection and diastolic waveform analysis

The arterial pressure waveform is a composite of incident and reflected waves. Wave
reflection occurs at points of impedance mismatch, such as vessel bifurcation and is also
influenced by the diameter and contractile properties of the resistance arterial bed.[69]
The point at which the reflected wave returns to the proximal aorta is dependent upon
the speed with which the incident wave travels along the aorta, i.e. the PWV. In health
the reflected wave arrives in the proximal aorta in diastole, augmenting diastolic
pressure and facilitating coronary artery flow. When, as a result of arterial stiffening,
PWYV increases, the reflected wave may arrive earlier, in systole. The reflected wave
superimposes on the incident systolic wave, augmenting systolic blood pressure. This

early return of the reflected wave during systole results in a steepening of the diastolic
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decay contour of the pressure waveform, reduced diastolic blood pressure and widening
of the pulse pressure.[70] The proportion of this augmented pulse pressure that results
from wave reflection is termed the augmentation index (Alx). Therefore, aortic PWV,
peripheral wave reflection from resistance arteries and pulse pressure are directly

related. An example of the central aortic waveform is shown in figure 1.5.

Figure 1.5:

The central (aortic) pressure waveform consists of an incident wave, generated by systolic left ventricular
ejection, and a reflected wave, from impedance points of the peripheral arterial tree. Haemodynamic
parameters are derived by analysis of the central aortic pressure wave. TO indicates the time at the start of
the waveform; T1, duration from start of waveform to the first peak/shoulder (incident pressure wave); T2,
duration from start of waveform to the second peak/shoulder (reflected pressure wave); ED, ejection
duration, or duration from start of waveform to closure of the aortic valve (incisura); SP, central aortic
systolic pressure; DP, central aortic diastolic pressure; P1, P1 height difference between the minimum
pressure and the pressure at the first peak/shoulder (T1); augmentation (P), difference between maximal
pressure (central aortic systolic pressure) and pressure at the fist peak/shoulder (P1 height); PP, pulse
pressure; and Alx, augmentation index. Figure from Williams et al, 2006.[71]
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In an attempt to characterise the properties of resistance vessels, i.e. points of impedance
mismatch and wave reflection, more advanced models of the circulation have been
developed. Initial work by Hales and Frank [61, 62] on windkessel models of the
circulation provided the building blocks for development of these more advanced
models.

Flow within a blood vessel is determined by two factors: 1) the difference in pressure
between both ends of the vessel, i.e. the pressure gradient forcing blood through the
vessel; and 2) the resistance of the vessel to flow. In a two-element windkessel model,
these two factors are described in terms of an electrical circuit, as a resistor and an
inductor. The human circulatory system is clearly far more complex than a simple two-
element model, and the concept was developed accordingly. A third-order windkessel
model was proposed by Watt et al in 1976 [72] and includes two capacitors in the
circuit, representing the total compliance of proximal large arteries, and distal small
arteries, termed C1 and C2, respectively.

Cohn and colleagues combined this electrical analogy of the circulation with analysis of
the arterial pressure waveform, in particular the diastolic portion of the waveform. They
analysed the diastolic waveform in terms of two components. 1) Diastolic decay of the
incident wave representing elastic recoil of the proximal, large arteries. This is termed
capacitive compliance, or C1. 2) Fluctuations of the diastolic waveform due to reflected
waves from small, peripheral resistance vessels. This is termed oscillatory compliance,

or C2 (figure 1.6).[73]
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Figure 1.6:

Modified windkessel model used for analysis of vascular properties. C1 indicates capacitive compliance;
C2, oscillatory compliance; R, systemic vascular resistance; L, inertia of the blood; P1, proximal pressure;
and P2, distal pressure. Figure adapted from Cohn J et al, 1995.[73]
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1.5.4 Clinical significance of arterial stiffness

There are many factors that affect arterial stiffness in vivo. The proportion of elastin to
collagen fibres in the vessel wall is extremely important, with the number and integrity
of elastin fibres being closely related to the elastic properties of the aorta and major
branches.[74] Another factor which must be considered when evaluating arterial
stiffness is the distending pressure of blood within the vessel lumen. With increasing
pressure, there is increased recruitment of less elastic collagen fibres in the vessel
wall.[75] Therefore, increased distending pressure, for example in systolic hypertension,
results in increased arterial stiffness through two mechanisms: 1) increased distending
intra-luminal pressure; and 2) arterial remodelling, with thinning and fragmentation of
elastin fibres, which are eventually replaced by collagen, fibrosis and in advanced
stages, calcification.[76, 77] This process results in a positive feedback loop of
increased pressure resulting in increased stiffness from vessel distension and arterial
remodeling, elevation of PWV, early return of reflected pressure waves, further
augmentation of systolic pressure and vascular damage (figure 1.7).[70]

Other important influences on arterial stiffness include the bulk and tone of smooth
muscle in the vessel wall, the latter being partly controlled by endothelium [78] and
neurohumoral factors.[79] As the body ages, the aorta undergoes significant structural
change. With increasing age, there is a linear relationship with elevation of the systolic
blood pressure in association with reduction of the diastolic blood pressure and widening
of the pulse pressure.[80] Pulse pressure is related to the development of surrogate

markers of cardiovascular risk, such as LVH.[81] Pulse pressure itself is an independent
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predictor of cardiac events, as evidenced by data from the Framingham study [82, 83]
and from large longitudinal studies in France [84] and Germany.[85] As with PWV,
pulse pressure rises with age [80] and is an important factor in the development and
clinical course of cardiovascular diseases, including heart failure.[86-88] A landmark
study comparing pulsatile haemodynamics non-invasively between patients with HF-
RSF and controls without heart failure, was performed by Mitchell et al.[89] This study
demonstrated that patients with HF-RSF have both wider pulse pressure and increased
characteristic aortic impedance (termed Zc — a measure of proximal aortic stiffness)
compared to controls, indicating that properties of the arterial tree are likely to be
implicated in the pathophysiology of heart failure.

Perhaps unsurprisingly, PWV has also been shown to be an independent predictor of
cardiovascular risk. = Blacher et al demonstrated that elevated PWV predicts
cardiovascular mortality in patients with end-stage renal disease.[90] Pulse wave
velocity also predicts cardiovascular events in those with traditional cardiovascular risk
factors, such as patients with hypertension,[91] diabetes,[92] and in subjects over 70
years of age.[93]

Analysis of diastolic pressure waveforms has shown that diabetes is associated with
abnormal peripheral arterial function,[94] and that elderly subjects display abnormalities
of both central and peripheral arterial function.[95] There are, as yet, no data on the

ability of diastolic pressure waveform analysis to predict cardiovascular outcomes.
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Figure 1.7:
Positive feedback loop indicating the pathogenesis of arterial stiffness. Figure adapted from Dart AM,
Kingwell BA, 2001.[70]
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1.5.5 Assessment of arterial stiffness

There are many ways of assessing arterial stiffness in vivo, both invasively and non-
invasively. In recent years there has been much interest in the non-invasive assessment
of arterial function, particularly in view of the risks to patients associated with invasive
instrumentation. Non-invasive assessment of arterial stiffness lends itself to a wide
range of uses in the research arena, and there has been a large amount of literature
published in this area, as reviewed by Oliver and Webb.[96] In a joint venture of the
European Society of Cardiology and the European Society of Hypertension, the
European Network for Non-invasive Assessment of Large Arteries was formed and has
reviewed methods currently used to assess arterial stiffness non-invasively, deeming
carotid-femoral PWV to be the ‘gold standard’ method.[67] In view of the correlation
between increased arterial stiffness and increased risk of cardiovascular events, non-
invasive assessment of arterial stiffness is gathering momentum as a means of estimating

cardiovascular risk in the clinical setting.

1.5.6 Arterial endothelial function — relevance to heart failure

As demonstrated nearly 40 years ago by Zelis et al [97] patients with heart failure have
impaired peripheral vasodilatation in response to various stimuli. Over the years, it has
become apparent that arterial endothelial dysfunction plays an important role in the
attenuation of peripheral vasodilatation observed in heart failure patients.[78] Arterial
endothelial dysfunction has been well documented in HF-RSF [98-102] and is due to

multiple factors, including maladaptive overactivity of the RAAS system,[79]
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circulating endothelin [103] and oxidant stress.[18, 104, 105] The vascular endothelium
is integral to maintaining normal vessel tone and function and, therefore, influences
arterial stiffness.[76] It could be argued that abnormal arterial endothelial function
increases arterial stiffness and may adversely affect ventriculo-vascular interaction: a
probable key factor in the pathophysiology of HF-PSF. Impaired arterial endothelial
function is associated with reduced arterial compliance in older individuals,[106] which
may be relevant in patients with HF-PSF who tend to be elderly. However, no such
studies have been performed in subjects with HF-PSF and whether or not HF-PSF is

associated with arterial endothelial dysfunction is not known.

1.5.7 Methods of assessing arterial endothelial function

There are several methods available for the assessment of arterial endothelial function.
Much of our original information about vascular function, including the role of arterial
endothelial function, was obtained with in vitro (or ex vivo) studies of blood vessels
mounted on strain gauges and exposed to vasoactive agents. This method was used to
demonstrate that vascular endothelium plays a role in vasodilatation [107] and that
endothelium-derived relaxing factor, later proven to be nitric oxide, is the key
endogenous vasodilating agent released by vascular endothelium.[108] A related
method, termed wire myography, has been used more recently using human vessels
taken from patients with cardiovascular diseases, such as heart failure and coronary

artery disease.[109]
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In vivo studies of vascular function obviously have the advantage of providing
information on °‘real life’ arterial endothelial function in the context of the disease
process under investigation.

The most widely used technique involves cannulation of the brachial artery and intra-
arterial infusion of vasoactive agents, most commonly the endothelial-dependent
vasodilator acetylcholine and the endothelial-independent vasodilator sodium
nitroprusside, combined with forearm venous occlusion plethysmography to assess
changes in forearm blood flow.[100-102, 110]

An alternative method of measuring changes in forearm blood flow is referred to as
flow-mediated dilatation. Flow-mediated dilatation can be measured with a variety of
techniques, one of the commonest being high fidelity ultrasound of the brachial or radial
artery. Changes in diameter of the forearm resistance arteries correspond closely to
forearm blood flow. This technique can be used with post-ischaemic reactive
hyperaemia, which is predominantly influenced by arterial endothelial function,[99] or
with  intra-brachial infusions of endothelium-dependent and —independent
vasodilators.[111]

Another non-invasive method of assessing endothelial function involves administering
vasoactive agents, typically acetylcholine and sodium nitroprusside, to the
microvasculature of the skin using low voltage electrical current. This method of drug
delivery is known as iontophoresis. The corresponding vasodilatory effect is then
measured with Laser Doppler imaging, with increased flow of red blood cells during

vasodilation giving higher intensity Laser Doppler readings, or ‘flux’.[112] In the
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literature this technique of measuring microvascular responses to vasoactive agents is
termed ‘Laser Doppler iontophoresis’, ‘Laser Doppler fluximetry’ or ‘Laser Doppler
flowmetry’ and has been used to assess microvascular endothelial function in patients
with HF-RSF [113] and in patients with various cardiovascular risk factors.[114-116]
Laser Doppler iontophoresis has been shown to be reproducible [117] and results
correlate well with those obtained by alternative methods of measuring arterial
endothelial function, such as wire myography [118] and flow-mediated dilatation.[116,

119]

1.5.8 Venous capacitance

The venous system has been studied far less than the arterial system in cardiovascular
research. As a result, there is limited information on the role of the venous system in
cardiovascular disease. The venous system is best described in terms of pressure-
volume relationships.

Venous capacitance refers to the ability of the venous bed to increase in volume in
response to pressure. Venous capacitance is predominantly influenced by two factors:

1) Intra-luminal venous pressure and the corresponding effect on vessel wall tension.
Veins are thin-walled and extremely distensible at low pressures. However, at the peak
of the pressure-volume curve veins become less compliant and the curve plateaus out

(figure 1.8).[120]
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2) Changes in venous tone. Venous tone is actively controlled by mural smooth muscle,
which in turn is influenced by venous endothelium. These mechanisms are discussed in
more detail in section 1.5.10.

Most of the circulating volume lies in the venous bed, which acts as a capacitance
reservoir. Changes in venous capacitance can have dramatic effects on LV filling
pressure, or pre-load, and stroke volume.[121]

Assessment of venous capacitance has predominantly been performed by measuring
changes in either upper or lower limb volume in response to occluding venous return
from the limb. The assumption being that changes in volume will be attributable to
venous distension and pooling, as bone and muscle have a relatively constant volume at
rest.

This investigative technique is termed venous occlusion plethysmography. Essentially,
circumferential changes in limb circumference during venous congestion are measured
and pressure/volume data is extrapolated to give a measurement of venous capacitance.
The basic principles of performing venous occlusion plethysmography in the limbs were
first described by Hewlett and van Zwaluwenburg in 1909 [122] and have become more
sophisticated over time. Changes in limb circumference were originally recorded using
a fluid-filled cuff to enclose the whole forearm. The rise in forearm volume caused
deflection of a column of water that was then measured. In the late 1940’s, a mercury-
filled rubber gauge was developed to measure changes in limb circumference. The

gauge forms part of a constant current electrical circuit and will provide a recordable
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linear output that responds to tension on the gauge. This technique was introduced by
Whitney [123] and further developed by Hokanson and colleagues.[124]

More recently, radionuclide plethysmography has been developed. Although technically
more challenging, radionuclide plethysmography facilitates the assessment of multiple
vascular beds, such as pulmonary and splanchnic, in addition to the vasculature of the

upper and lower limbs.[120]
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Figure 1.8:
Relationship between trans-mural pressure and volume in veins, demonstrating marked compliance at low
pressure but relatively low compliance at higher pressures. Figure adapted from Schmitt M et al,

2002.[120]
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1.5.9 Venous capacitance — relevance to heart failure

Venous capacitance has been studied in the context of HF-RSF. Reduced venous
capacitance is associated with reduced exercise capacity in patients with HF-RSF.[125]
Reduced venous capacitance has also been demonstrated to correlate with more severe
symptoms of heart failure and elevated pulmonary artery pressure in patients with HF-
RSF.[126] There are also data, from canine models of heart failure, to suggest that
reduced LVEF can induce marked baroceptor-mediated venoconstriction resulting in a
dramatic increase in LVEDP.[127] Frenneaux’s group have completed multiple studies
using radionuclide plethysmography to assess venous function in patients with HF-RSF
and in normal subjects. They have demonstrated that venous capacitance responds
appropriately to endothelial-dependent vasodilatation, despite evidence of impaired
arterial endothelial function.[98] Their data also show that venous capacitance is under
the control of natriuretic peptides both in patients with HF-RSF [128] and in healthy
subjects,[129] but that exogenous aldosterone has little effect on venous capacitance in
HF-RSF.[130]

Reduced venous capacitance may also play an important role in the pathophysiology of
HF-PSF. Patients with HF-PSF are more sensitive to the effects of vasodilators and
diuretics on LV filling pressure, suggesting that venous capacitance is reduced.[131,
132] Although there is evidence to support the theory that changes in venous
capacitance can influence both symptoms and LVEDP in HF-RSF, there have been no

studies of venous capacitance in patients with HF-PSF.
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1.5.10 Venous endothelial function

The most accurate method of assessing venous endothelial function is with the dorsal
hand vein technique, introduced by Nachev, Collier and Robinson in 1971 [133] and
modified by Aellig ten years later.[134]

This technique involves placing a sensor, attached to a linear variable transformer,
directly over a dorsal hand vein. The vein is then cannulated to allow vasoactive
substances to be administered locally. The venous return from the limb is occluded
intermittently and compliance of the vein during venous congestion is measured. In this
manner, the effects of vasoactive drugs on venous compliance can be assessed in real
time.[135, 136] By using endothelium-dependent and —independent vasodilators, a
measure of venous endothelial and vascular smooth muscle function can be
derived.[137] Most studies using the dorsal hand vein technique have been carried out
in healthy adults. Some of these studies have focused on the effects of vasoactive agents
which are potentially important in the pathophysiology of HF-RSF, such as angiotensin I
and IL,[138] endothelin,[ 139] atrial natriuretic peptide [140] and norepinephrine.[141]

A few groups have performed dorsal hand vein studies in patients with HF-RSF. Love
et al characterised the venoconstrictive effects of endothelin receptor agonists in patients
with HF-RSF.[142] Dzeka et al demonstrated that patients with HF-RSF have venous
endothelial dysfunction and an exaggerated venoconstriction response to prostaglandin
inhibition.[143] It has also been shown that HF-RSF patients display marked
venoconstriction in response to neuropeptide Y, a sympathetic neurotransmitter, in

comparison with healthy controls.[144]
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The venous endothelium plays an important role in maintaining venous tone and,
therefore, modulates venous capacitance. Previous studies suggest that HF-RSF is
associated with venous endothelial dysfunction. The venous endothelium has never
been studied in patients HF-PSF and therefore it is not known whether or not venous
endothelial dysfunction plays a role in the pathophysiology of HF-PSF.

The interaction of the vascular system with the heart is dynamic and complex.
Abnormal vascular function, and increased arterial stiffness in particular, has been
shown to adversely affect left ventricular morphology and function, for example the
development of LVH in systolic hypertension. As LVH and LV diastolic dysfunction
have been associated with HF-PSF, it is possible that abnormal vascular function leads
to the development of HF-PSF. However, the role of vascular dysfunction in the

pathophysiology of HF-PSF has not yet been established.

1.6 Summary

Heart failure is a clinical syndrome that can occur in the presence of reduced or
preserved LV systolic function. The investigation of the pathophysiology of HF-PSF to
date has answered some questions about potential mechanisms involved but the subject
remains an area of controversy and debate. From reviewing the evidence available,
diastolic dysfunction of the left ventricle appears to play a key role in the development

of heart failure in these patients, as HF-PSF subjects usually have abnormalities of LV
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relaxation and filling on invasive assessment.[39] However, the idea that HF-PSF is
purely due to diastolic dysfunction has been challenged. The main basis for questioning
the ‘diastolic heart failure’ theory is that parameters of diastolic function vary widely
depending on loading circumstances of the left ventricle and do not always correlate
with presence of heart failure in population-based studies.[42]

An alternative theory is that impaired vascular function adversely affects LV
performance and ultimately leads to development of the heart failure syndrome.

There are some data to support the hypothesis that HF-PSF is causally associated with
impaired ventriculo-arterial interaction: both increased stiffness of the left ventricle
during systole and reduced arterial compliance have been demonstrated in previous
studies.[54, 57] These results are perhaps not surprising, given that LV afterload, i.e.
large artery compliance, has long been accepted as a determinant of LV mass and
systolic and diastolic performance (section 1.4).

I propose that the role of vascular function in the pathophysiology of HF-PSF has not yet
been fully established. Previous studies have suggested that reduced arterial compliance
is frequently present in patients with HF-PSF, but the groups included for study have
been heterogeneous, with a high percentage of patients having significant co-
morbidities. Co-morbidities varied between groups compared and conditions which are
known to be associated with reduced arterial compliance, such as diabetes mellitus and
coronary heart disease, were not matched for during patient selection. Concomitant
medications were also extremely variable between groups, which may have confounded

results from previous studies. Furthermore, vascular function in HF-PSF and HF-RSF
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has not been directly compared. It is therefore uncertain whether or not vascular
dysfunction is secondary to the ‘heart failure syndrome’, with compensatory activation
of neurohumoral and inflammatory systems resulting in abnormalities of vascular
function and tone, or if vascular dysfunction is a primary pathophysiological mechanism
in the development of HF-PSF. There are other unanswered questions regarding the role
of the vasculature in the pathophysiology of HF-PSF. Mechanisms controlling arterial
tone and function, such as endothelium and smooth muscle, have been extensively
investigated in HF-RSF, but have never been evaluated in HF-PSF. Most investigators
of heart failure pathophysiology have neglected to study the venous bed. Although there
are some data on venous function in HF-RSF, venous capacitance has not been
examined in HF-PSF and may be important in determining LV preload conditions. To
date, nothing is known about endothelial control of venous tone in HF-PSF.

My hypothesis is that abnormalities of vascular function are more extensive and severe
in HF-PSF than in HF-RSF, supporting the theory that vascular dysfunction plays a key
role in the complex pathophysiology of HF-PSF. The studies described in this thesis

were designed to test this hypothesis.

64



Chapter 2

Materials and Methods
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2.1 Patient Selection

This project conforms to the principles outlined in the Declaration of Helsinki and was
approved by the West Medical Ethics Committee, Western Infirmary, Glasgow, UK.

All patients gave written, informed consent.

2.1.1 Study groups

Three groups of patients were recruited:

HF-PSF group

Patients with coronary heart disease and HF-PSF.

HF-RSF group

Patients with coronary heart disease and HF-RSF.

Control group

Patients with coronary heart disease, preserved LV systolic function, and no evidence of

heart failure.

2.1.2 Definitions and inclusion criteria

Heart failure was defined as:

a) Relevant symptoms/ signs/ radiographic findings as indicated by Boston criteria (table
2.1).[4]

b) Clinical requirement for diuretic therapy
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c) Increased plasma N-terminal pro b-type natriuretic peptide (NT-proBNP)
concentration (section 2.2.8).

Subjects had to fulfill all three criteria to be included in either heart failure group.
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Table 2.1:

Boston criteria for diagnosis of heart failure. Each parameter has a corresponding score.
Scores are added to give a total. If the total Boston score > 8, the diagnosis of heart
failure is deemed probable. JVP: jugular venous pressure; PA: postero-anterior.

CRITERION SCORE (if present)
History

Rest dyspnoea
Orthopnoea
Paroxysmal nocturnal dyspnoea
Dyspnoea walking on flat
Dyspnoea walking on incline

N WA A

Examination

Pulse 91-110bpm
Pulse > 110bpm
JVP > 6cm
JVP > 6cm + hepatomegaly or peripheral edema
Rales — basilar
Rales — basilar and elsewhere
Wheeze
Third heart sound

W W N = WNN -

Chest Radiograph

Alveolar oedema
Interstitial oedema
Bilateral effusions
Cardiothoracic ratio > 50% (PA film)
Upper lobe venous diversion

N W W WA
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Echocardiographic parameters:

a) Preserved LV systolic function was defined as:

LVEF of >0.50, measured by echocardiography.

b) Reduced LV systolic function was defined as:

LVEF of <0.40, measured by echocardiography.

Echocardiograms were performed by a single operator, who was blinded to subject
group allocation, on a routine basis for clinical reasons in all subjects. Left ventricular
ejection fraction was calculated using semi-quantitative assessment with 16 segment

wall motion scoring.[145]

Coronary heart disease was defined as:

a) Previous myocardial infarction.

AND/OR

b) Symptoms of angina pectoris with exercise electrocardiogram or myocardial
perfusion scan evidence of reversible myocardial ischaemia.

AND/OR

c¢) Evidence of significant coronary artery disease at coronary angiography.
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2.1.3 Exclusion criteria

a) Significant valvular heart disease (defined as at least moderate dysfunction of one or
more heart valves at echocardiography).

b) Atrial fibrillation.

c¢) Diabetes mellitus.

d) Renal failure (defined as serum creatinine >250umol/L).

e) Uncontrolled hypertension despite antihypertensive therapy (systolic BP >140 or

diastolic BP >90mmHg).

2.1.4 Screening process

All emergency admissions to the Western Infirmary Glasgow with a primary diagnosis
of heart failure, admitted between August 2003 and June 2005, were screened for
potential enrolment in the study.

The central database comprising all attendees of the Heart Function Clinic at the
Western Infirmary was screened for patients who could potentially be recruited into the
study.

In order to be eligible for the study patients had to be able and willing to undertake two
whole mornings of vascular function studies. Recruitment of subjects into the HF-PSF
group was therefore slow as a high proportion of the patients were elderly, with multiple
co-morbidities, and thus unsuitable. A significant number of patients with HF-PSF also

had specific exclusions such as diabetes mellitus or atrial fibrillation.
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To speed up recruitment into the HF-PSF group I incorporated twice-weekly review of
the echocardiography laboratory log at the Western Infirmary into my screening
methods. All patients whose indication for echocardiography was heart failure and who
had preserved LV systolic function were screened for potential recruitment into the
study.

In total 935 patients were considered for recruitment into the HF-PSF group. Of these
935 patients, 803 were excluded. The commonest reason for exclusion was inadequate
objective evidence of heart failure to achieve a Boston score of >8. The second
commonest reason for exclusion was the presence of multiple co-morbidities and/or
general frailty, making it impractical for patients to undergo two full mornings of
vascular function studies. The remaining exclusions were on the basis of pre-defined
exclusion criteria, most frequently diabetes mellitus or atrial fibrillation. Of the 132
patients who were suitable for recruitment into the HF-PSF group, 112 declined to
participate. 8 patients agreed to participate after initial invitation but later cancelled or
did not attend for vascular function studies. Therefore, 12 patients were successfully
recruited into the HF-PSF group.

Control subjects and HF-RSF subjects were identified and recruited by screening
patients attending general cardiology and Heart Function clinics at the Western

Infirmary.

71



2.2 Study Design

This study was conducted in the Clinical Investigation and Research Unit (CIRU),
Gardiner Institute, Western Infirmary, Glasgow, UK. Subjects attended the CIRU on
two occasions in the morning following a light breakfast. Subjects were asked to abstain
from caffeine and tobacco for 12 hours and to omit their morning medication prior to

their visit.

2.2.1 Schedule of experiments

First visit

The experimental protocol was as follows:

1) An equilibration period of 30 minutes supine rest in a temperature-controlled (21-
23°C) vascular study room.

2) Applanation tonometry: carotid-femoral (aortic) PWV.

3) Applanation tonometry: radial arterial diastolic waveform analysis. This experiment
includes heart rate and brachial blood pressure measurement.

4) Laser Doppler iontophoresis.

5) Venous occlusion plethysmography.

Second visit

1) Equilibration period of 30 minutes supine rest in a temperature-controlled (21-23°C)

vascular study room.
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2) Aellig dorsal hand vein study.

3) Venepuncture for NT-proBNP, renal biochemistry and total cholesterol.

Both visits were conducted under identical conditions, as described above, one week
apart.

The duration of the first visit was approximately 4 hours and the duration of the second
visit was between 3 and 4 hours. Offline processing of raw data combined with
subsequent statistical analysis took between 12 and 13 hours per patient studied.
Therefore the total time to perform vascular function studies including processing and

analysing the data was between 19 and 21 hours per patient.

2.2.2 Aortic pulse wave velocity

Aortic pulse wave velocity (PWV) was measured using a high fidelity micromanometer
(SPC-301; Millar Instruments, Texas, USA) coupled with the SphygmoCor™ system
(SphygmoCor™ BPAS; PWV Medical, Sydney, Australia). The body surface distance
between points of maximal palpable pulsation at carotid and femoral arteries was
measured in millimetres. A hand-held micromanometer-tipped probe was applied to the
skin overlying the carotid and femoral arteries in turn, at the point of maximal palpable
pulsation. Arterial waveforms were recorded for a minimum of 12 seconds at both
carotid and femoral sites. The pulse wave recorded at each point was gated to a
simultaneous electrocardiogram. The time delay between initial wave reflection at the
proximal (carotid) artery and the distal (femoral) artery was measured with the “foot-to-

foot” method to give a value in milliseconds (figure 2.1). The time difference between
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successive arterial wave reflections and the body surface distance between the
measurement points of carotid and femoral arteries were then assimilated by the
software program to calculate PWV in metres per second (m/s). The quality control
parameters integral to the SphygmoCor™ software were used to determine the quality of
arterial waveform and ECG recordings. The foot of the waveform and the R-wave of the
ECG must be easily identified from at least three successive beats at each measurement
point to calculate PWV. The variation in heart rate between carotid and femoral
recordings must be less than 6%. PWV measurements must have a standard deviation of
10% or less. Three PWV measurements meeting these quality control criteria were
recorded for each subject and averaged for analysis. Pulse wave velocity data were
transferred to a personal computer and collated using Microsoft Excel software for
Windows (Microsoft Corp., Seattle, Washington) before undergoing statistical analysis
with Prism Graphpad software for Windows (Graphpad Software Inc., San Diego,

California, USA).
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Figure 2.1:

Aortic pulse wave velocity (PWV) calculation using the “foot-to-foot” method; the arterial pressure
waveform at the carotid and femoral arteries is gated to the R-wave of the electrocardiogram (ECG).

PWV =L/AT (L = Length between surface measurement sites in mm, A T = transit time in m/s.)

R-wave of ECG used as timing reference

Carotid artery waveform

| |
H /Femoral artery waveform
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2.2.3 Arterial diastolic waveform analysis

Arterial pressure waveform analysis was performed and central and peripheral arterial
compliance, derived from a modified windkessel model, measured using the
Hypertension Diagnostic incorporated (HDI) system (HDI pulse wave CR-2000;
Hypertension Diagnostics Inc., Egan, Minnesota, USA). As mentioned below, this
device was also used to measure heart rate and brachial blood pressure in all subjects.
An acoustic transducer was applanated over the radial artery of the dominant arm. A
wrist stabiliser was positioned on the wrist to gently immobilise the wrist and stabilise
the radial artery making it accessible for optimum placement of the arterial pulse
pressure sensor. The pressure sensor was positioned over the radial artery and held in
place using a holding and positioning device on a manually adjustable shaft. Pulse
pressure waveforms were recorded by placing the device over the point of maximal
arterial pulsation. The applanating pressure was adjusted by rotating the knob on the top
of the device until optimal waveforms were obtained. A sphygmomanometer cuff was
placed around the upper non-dominant arm. Heart rate, blood pressure and arterial
pressure waveforms were recorded for 30 seconds and analysed with integrated HDI
software. Three measurements were taken and averaged for off-line analysis. Using
curve-fit analysis of the diastolic pulse waveform and a modified windkessel model of
the circulation, the HDI software calculates derived measurements of large (central or
‘capacitive’) artery compliance, small (peripheral or ‘oscillatory’) artery compliance and

systemic vascular resistance, along with averaged heart rate and brachial blood pressure
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values. Averaged values for large and small artery compliance, systemic vascular
resistance, heart rate and blood pressure data was transferred to a personal computer and
collated using Microsoft Excel software for Windows (Microsoft Corp., Seattle,
Washington) before undergoing statistical analysis with Prism Graphpad software for

Windows (Graphpad Software Inc., San Diego, California, USA).

2.2.4 Heart rate and brachial blood pressure measurement

The Hypertension Diagnostic Inc. system (HDI pulse wave CR-2000; Hypertension
Diagnostics Inc., Egan, Minnesota, USA) was used to measure heart rate and blood
pressure in all subjects. As described above, heart rate was recorded for 30 seconds
during each measurement of arterial pressure waveforms. Also during this time, a
brachial blood pressure reading was taken using a semi-automated sphygmomanometer.

Heart rate and brachial blood pressure were recorded three times and averaged.

2.2.5 Microvascular function

Microvascular function was measured with Laser Doppler imaging and iontophoresis of
endothelial-dependent and -independent vasodilators.[112, 146]

Iontophoresis

Two iontophoresis chambers were attached to the skin of the volar aspect of the right
forearm by means of double-sided adhesive discs, avoiding hair, broken skin and

superficial veins.
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The iontophoresis chambers (ION 6; Moor Instruments Ltd., Axminster, UK) are
constructed from Perspex with an internal platinum wire electrode. Following
application to the skin, the chambers were connected to the anode and cathode
connections of the iontophoresis controller. A digital multimeter was connected in
parallel to monitor voltage across the chambers (figure 2.2). As a constant current source
was used, resistance values were calculated from the recorded voltages using Ohm’s
law.

Control of current delivery has been pre-programmed into the software for the Laser
Doppler imager such that the current is switched on at the beginning of a scan and
remains on until the start of the following scan. The current then either remains on for
the next scan or is switched off once the total charge has been delivered. Current
duration was determined by the time taken to complete each scan (50s) multiplied by the
total number of scans. To limit the iontophoresis dose, low currents were used. The
protocol involves incremental current delivery of four scans at 5 microamps, four at 10
microamps, four at 15 microamps and two at 20 microamps, giving a total charge of
8 mC.

Drugs used: 2.5 ml of 1% acetylcholine chloride (Sigma Chemical Co., St. Louis, MO,
U.S.A)) was introduced into the anodal chamber; 2.5ml of 1% sodium nitroprusside
(Sigma) was introduced into the cathodal chamber. The vehicle for both drugs was 0.5%

sodium chloride solution.
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Fluid was prevented from escaping by placing circular 32 mm coverslips over the
chambers. Thus both agents were delivered simultaneously during each period of current

administration.

Perfusion measurements

Non-invasive measurement of skin perfusion was performed with a Laser Doppler
Imager (Moor Instruments Ltd.) equipped with a red laser (wavelength 633 nm, power
1 mW, beam diameter 1 mm). The laser was scanned in a raster fashion over both
chambers and through the coverslips. The backscattered light was collected by
photodetectors and converted into a signal proportional to perfusion in arbitrary
perfusion (flux) units that are displayed as a colour-coded image on a monitor (figure
2.2). Perfusion measurements were obtained using the imager manufacturer’s image
analysis software. Analysis of perfusion measurements were performed off-line to yield
the median flux value across approximately 700 measurement points. Twenty sequential
scans were taken. The first was taken as a control prior to current administration,
followed by the protocol of fourteen scans described above, followed by five scans with
no current administration. The biological zero was measured with a single scan taken
during occlusion of arterial blood flow by inflation of a sphygmomanometer cuff to
supra-systolic levels (200 mmHg). During off-line analysis, the colour-coded images
were used to trace the two-dimensional area of each chamber in turn to generate a region
of interest (ROI) for each scan. The integrated software then calculated median flux

values from acetylcholine and sodium nitroprusside chambers for each scan. These raw
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data were collated with Microsoft Excel software. Professor William Ferrell, University
of Glasgow, performed statistical analysis of the data using Microsoft Excel software, as
discussed below.

Using this method, I compared skin microvascular responses to endothelial-dependent

(acetylcholine) and endothelial-independent (sodium nitroprusside) vasodilators.
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Figure 2.2:

A) Schematic of experimental setup. Acetylcholine (ACh) was placed in the anodal chamber and sodium
nitroprusside (SNP) in the cathodal chamber. A digital voltmeter (V) was connected between the two
chambers. B) Backscattered light intensity provides the photo image and the Doppler-shifted component
provides the flux image. Flux is colour-coded with lowest perfusion in dark blue and highest in dark red.
Figure from Ramsey et al, 2002.[112]

9 8 14 1z 200 0 15 2% 315 ™
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2.2.6 Venous capacitance

Forearm venous capacitance was measured with venous occlusion plethysmography
using mercury-in-silastic strain gauges (D.E Hokanson inc., Bellevue, USA) placed
around the non-dominant forearm approximately 10 cm from the olecranon process at
the point of greatest circumference. Just prior to measuring venous capacitance, the
hand was excluded from the circulation with a wrist cuff inflated to 220 mmHg. Venous
capacitance was measured using the equilibration method — inflating the upper-arm cuff
to 45 mmHg for 2 minutes and 30 seconds. Rapid cuff inflators were used to inflate the
cuffs. Venous capacitance was recorded 3 times in each patient and averaged. The
voltage readings from the plethysmograph were transferred through a MacLab/8E
(ADInstruments, Hastings, United Kingdom) to a Macintosh computer (Apple
Computers Inc., Cupertino, California, US) for analysis using Chart software (version
3.2.8, ADInstruments) and then transferred to a personal computer for statistical analysis

as detailed below.[147]

2.2.7 Venous endothelial function

Venous endothelial function was assessed using the modified Aellig dorsal hand vein
technique.[134] Figure 2.3 details a schematic representation of the experimental setup.
A suitable dorsal hand vein was selected and cannulated with a 34-gauge butterfly
cannula. Physiological (0.9% NaCl) saline was infused into the dorsal hand vein at a

rate of 0.3 ml/minute for 30 minutes.
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After this period, the transducer was mounted over the selected vein via a tripod and
venous dilatation in response to congesting pressure of 45 mmHg, applied with a
brachial sphygmomanometer cuff, was measured. This measurement was repeated three
times and the average value used as the baseline range of venodilatation. The saline
infusion rate was then reduced to 0.2 ml/minute. A second line was added to the
butterfly cannula and a concomitant infusion of phenylephrine was commenced to
constrict the vein. The dosage of phenylephrine was increased as follows in a stepwise
fashion between 1 and 2500 ng/minute. Each dose was infused at 0.1 ml/minute for 6
minutes and the venous response measured between the 4™ and 6™ minute. The
phenylephrine dose that produced 70% venoconstriction from baseline (ED70) was
determined and infused for the remainder of the study. To ensure stable
venoconstriction, the ED70 was infused for 12 minutes with venous responses being
measured between 4 to 6 and 10 to 12 minutes. When stable venoconstriction had been
established, the saline infusion was reduced further to 1 ml/minute and a third line was
added to the cannula.

To assess endothelial-dependent venodilatation, a concomitant infusion of acetylcholine
was commenced and increased sequentially at the following doses: 0.1, 1, 5, 10, 50
nmol/minute up to a maximum dose of 100 nmol/minute. Each dose was infused at 0.1
ml/minute for 6 minutes, with the venous response being measured between the 4™ and
6" minute. Acetylcholine causes endothelial-dependant venodilatation at low doses and
smooth muscle-dependent venoconstriction at higher doses. The dose of acetylcholine

was increased until venodilatation had peaked and then diminished to 20% below the
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peak, at which point all infusions were discontinued and the butterfly cannula removed.
The maximum venodilatation by acetylcholine was then calculated to give a measure of
venous endothelial function. The raw data were transferred to a personal computer and
collated using Microsoft Excel software for Windows (Microsoft Corp., Seattle,
Washington) before undergoing statistical analysis with Prism Graphpad software for

Windows (Graphpad Software Inc., San Diego, California, USA).
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Figure 2.3:

Schematic of experimental setup for the Aellig modified dorsal hand vein technique. A) Shows the mobile
core over the collapsed vein. B) Shows the core position after vein dilatation in response to inflation of a
sphygmomanometer cuff around the upper arm to a congesting pressure of 45 mmHg. Movement of the
core within the linear variable differential transformer (LVDT) is converted into an output in volts that is
graphed to give venous dilatation measurements.

Adapted from Aellig WH, 1981.[134]

LVDT ~, Core
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2.2.8 Blood tests

All serum samples were taken from the antecubital fossa with the patient in the supine
position for a minimum of 30 minutes prior to venesection.

Serum samples for urea and electrolytes and total cholesterol were analysed in the
Biochemistry Laboratory at the Gartnavel General Hospital Glasgow, using standard
methods.

Blood samples for plasma NT-proBNP were taken directly to the research laboratory in
the Western Infirmary and spun directly at 4°C in a centrifuge for 15 minutes at 3,000
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
analysed.

The Roche Elecsys proBNP (Roche Diagnositics, East Sussex, England) immunoassay
was used to analyse NT-BNP (proBNP). The Elecsys method used was an
electrochemiluminescent immunoassay on an Elecsys 2010 autoanalyser. This has a
within-assay and between-assay variability 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 5 pg/ml.
From work conducted on a healthy population, the following 95™ percentile figures were
established as normal ranges dichotomised for age and sex (table 2.2).[148] An elevated
NT-proBNP was taken to be a value greater than the 95" percentile for each age and sex

category.
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The NT-proBNP immunoassays 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.

Table 2.2:

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 213.4 314.2 338.5 3553
Male 122.6 112.6 236 295.7
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2.3 Power Calculation, Data Collection and Statistical Analysis

2.3.1 Power calculation

Dr Chris Weir from the Department of Statistics at the University of Glasgow provided
statistical advice on power calculation and data analysis. I performed the power
calculation for this study using data from a prior validation study in our department
using the SphygmoCor™ device to measure PWV (Dr Arthur Doyle — personal
communication). Ten subjects over 60 years of age with hypertension, normal renal
function and no other manifest cardiovascular disease underwent carotid-femoral PWV
assessment. Data from this study are appropriate for use in my power calculation as
patients with hypertension are at risk of developing heart failure. The standard deviation
of PWV in Dr Doyle’s sample was 0.45 m/s. Therefore to detect a difference in PWV
between groups of at least 0.66 m/s, with 90% power, using analysis of variance
(ANOVA), eleven subjects per group were required. As multiple comparisons were to
be made, Bonferroni post-test correction was to be employed in statistical analysis.
Significance level was set at 5% (between group differences were considered significant

if p value <0.05).

2.3.2 Data collection and statistical analysis

Data were collated with Microsoft Excel Software for Windows (Microsoft Corp.,

Seattle, Washington). Statistical analysis and figure preparation was performed using
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Prism Graphpad software (Graphpad software Inc., San Diego, California, USA) apart
from microvascular endothelial function data (Laser Doppler iontophoresis), which were
analysed with Microsoft Excel. Baseline characteristics of patients were summarised by
mean (standard deviation) for continuous variables and by frequency for categorical
variables. Comparisons of continuous variables between groups were made using t-tests
and ANOVA with Bonferroni correction for multiple comparisons. Data are presented as
mean (standard deviation) in the text and as box (median and inter-quartile ranges) and
whisker (range) plots in figures apart from microvascular and venous endothelial
function data, which are presented as dose-response graphs.

During analysis of Aellig dorsal hand vein data, it was apparent that there was marked
variability in baseline vein diameter between subjects. There was also significant
variability in responses to pre-constriction with phenylephrine and subsequent dilatation
with acetylcholine, both within and between study groups.  Although stable
venoconstriction was achieved in all studies included in analysis, exact ED70 (70%
constriction from baseline) was not achieved in all studies. Similarly, there was
variability of venodilatation in response to acetylcholine within and between groups,
with some subjects achieving peak venodilatation at low doses of acetylcholine, and
some requiring much higher doses to achieve significant venodilatation. As a result,
there was substantial variation of both baseline venoconstriction values, and of
acetylcholine concentrations used to achieve venodilatation. Consideration of the raw
data led to the decision to use percentage change venodilatation from baseline in

response to acetylcholine for analysis. The data are presented for each study group as
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percentage venous dilatation from baseline at each dose of acetylcholine, and were
compared using analysis of variance with Bonferroni post-test correction for multiple
comparisons.

When considering the patient baseline characteristics, it is clear that there are differences
in potentially confounding variables between study groups. Specifically, there are
differences in age and gender between groups, and the use of some medications such as
nitrates, potassium channel activators and calcium antagonists varies between groups.
Unfortunately the small sample size does not allow for multivariate analysis to correct
for these variables. It must be acknowledged that less stringent inclusion/exclusion
criteria would have resulted in recruitment of a larger sample size and the option to

apply multivariate analysis if necessary.
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Chapter 3

Aortic Pulse Wave Velocity
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3.1 Introduction

As discussed in chapter 1, the cause of heart failure in patients with HF-PSF is an area of
controversy. The most commonly held view is that most have diastolic dysfunction, i.e.
a disorder of LV relaxation and filling, as opposed to contraction and emptying.[40, 149]
More recently, it has been suggested that these patients have abnormal ventriculo-
vascular coupling, due to a combination of ventricular and vascular stiffening.[50, 53,
54, 57, 59, 60, 150]

An important determinant of LV afterload, and integral to ventriculo-vascular coupling,
is large artery (aortic) stiffness. As discussed in chapter 1, section 1.5.2, PWV has long
been accepted as an excellent surrogate of aortic stiffness, and is generally considered to
be the ‘gold standard’ method of assessing aortic stiffness non-invasively.

Previous studies have compared vascular function between patients with HF-PSF and
patients with systemic hypertension and/or normal subjects. Co-morbidities such as
diabetes mellitus and coronary heart disease were rarely matched between study groups
during patient selection. Vascular function has never been compared between HF-PSF
and HF-RSF.

In this chapter I present patient characteristics, blood pressure and heart rate data, and

the results of PWV experiments.

92



3.2 Methods

See chapter 2 for comprehensive documentation of methods employed in this study.

3.2.1 Patient selection

The aim of patient selection in this project was to allow comparison of vascular function
between both common types of HF-PSF and HF-RSF and an appropriate ‘real-life’
control group. Therefore all subjects selected had coronary heart disease and patients
with co-morbidities known to adversely affect vascular function, such as diabetes
mellitus, uncontrolled hypertension and renal failure, were excluded.

Three groups of patients (n=12 each) were selected, matched for the presence of
coronary heart disease: 1) HF-PSF, 2) HF-RSF and 3) controls with preserved LV

systolic function and no evidence of heart failure.

3.2.2 Heart rate and blood pressure measurement
The heart rate and one brachial blood pressure measurement was recorded over a 30
second time period using the HDI device, as described in chapter 2. This measurement

was performed three times for each subject and averaged.
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3.2.3 Aortic pulse wave velocity measurement

Pulse wave velocity was measured using the SphygmoCor'™ applanation tonometry
system as described in chapter 2.

Briefly, a sensor probe was used to measure the arterial waveform at carotid and femoral
arteries. The upstroke of the arterial waveform was gated to the R wave of the ECG
using the ‘foot-to-foot” method to calculate transit time of the arterial pulse wave along
the aorta, AT. This value, together with the measured surface body distance in
millimitres (mm) between both measurement points (carotid and femoral arteries), L,

can be used to calculate PWV in m/s with the equation: PWV = L/AT.
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3.3 Results

3.3.1 Patient baseline characteristics

Patient baseline characteristics and concomitant medications are shown in table 3.1.

Table 3.1:

Baseline characteristics of subjects, summarised by mean (standard deviation) for continuous variables
and by frequency for categorical variables. Diuretic use classified by type: Thiazide (T) or Loop (L). Five
patients in the control group were taking thiazide diuretics as anti-hypertensives.

LVEF - left ventricular ejection fraction; NYHA — New York Heart Association; ACEI — angiotensin-converting
enzyme inhibitor; ARB — angiotensin receptor blocker; HMG CoA — 3-hydroxy-3methylglutaryl coenzyme A

GROUP Control HF-PSF HF-RSF
n=12 n=12 n=12
Mean (SD) Mean (SD) Mean (SD)
Age 69.7 (8.3) 77.3(5.9) 73.9 (6.3)
Boston Score N/A 13.4(2.1) 12.8 (1.7)
Cholesterol 4.62 (1.18) 4.56 (1.12) 4.7 (1.26)
NT-proBNP 186.9 (113.4) | 894.2 (446.9) | 1416.1 (1033.7)
Systolic BP (mmHg) 135.4 (14.1) 146.2 (7.1) 134.0 (13.5)
Diastolic BP (mmHg) 70.1 (20.5) 69.5 (7.3) 72.8 (10.6)
Mean BP (mmHg) 91.9 (26.5) 95.0 (6.2) 93.2 (8.5)
LVEF (%) 63.2 (4.8) 62.7 (8.1) 28.0(9.4)
Sex M/F 5/7 4/8 8/4
History of
hypertension 10 10 9
NYHA Class (n) N/A A II(1) | 1I(1o) I (2)
MEDICATION n n n
ACEI/ARB 10 10 12
B-Blocker 9 9 10
HMG CoA 12 11 12
Diuretic 5(T) 12 (L) 12 (L)
(Thiazide/Loop)
Aspirin/Antiplatelet 12 10 12
Nitrate 1 2 4
Ca Channel Blocker 6 2 2
K Channel Activator 6 1 2
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3.3.2 Blood pressure

There were no significant differences in systolic, diastolic or mean blood pressure
between patient groups (figures 3.1, 3.2, and 3.3, respectively).

Pulse pressure was significantly higher in the HF-PSF group compared with the HF-RSF

group but not compared with controls (figure 3.4).

Figure 3.1:
Systolic blood pressure compared by patient group with analysis of variance (ANOVA).
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Figure 3.2:
Diastolic blood pressure compared by patient group with analysis of variance (ANOVA).
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Figure 3.3:
Mean blood pressure compared by patient group with analysis of variance (ANOVA).

115- p=ns* p=ns*

100+

Mean Blood Pressure (mmHg)
©
T

90
85-
80+ N 1
| p=ns* |
75
Control HF-PSF HF-RSF

*ANOVA with Bonferroni correction

98



Figure 3.4:
Pulse pressure compared by patient group with analysis of variance (ANOVA).
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3.3.3 Heart rate
Subjects with HF-PSF had a significantly lower mean heart rate than both HF-RSF and
control subjects: 51.6 (6.1); 60.3 (8.5) and 60 (8) beats per minute respectively, p<0.05,

(figure 3.5).

Figure 3.5:
Heart rate compared by patient group with analysis of variance (ANOVA).
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3.3.4 Aortic pulse wave velocity

Pulse wave velocity was not recordable in one male patient from the HF-RSF group.
Pulse wave velocity was significantly higher in HF-PSF subjects than in both HF-RSF
and control groups: 10.7 (1.1); 8.9 (1.7) and 8.6 (2.1) m/s respectively, p<0.05 (figure

3.6).

Figure 3.6:
Aortic pulse wave velocity (PWV) compared by patient group with analysis of variance (ANOVA).
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3.4  Discussion

The proportion of women was higher in the HF-PSF group than in both the HF-RSF and
control groups. Patients with HF-PSF were older than controls, but not patients with
HF-RSF. The use of medications known to modify vascular smooth muscle and
endothelial function, particularly angiotensin-converting-enzyme inhibitors (ACEI),
angiotensin receptor blockers (ARB), 3-hydroxy-3-methylglutaryl coenzyme A (HMG
Co-A) reductase inhibitors, aspirin and beta-blockers, was similar between groups. The
main difference in medications between groups was the higher use of diuretics in both
heart failure groups, compared with controls. All three groups had similar total serum
cholesterol levels. NT-proBNP was significantly elevated in both the HF-PSF and HF-
RSF groups compared with controls (p<0.05), in keeping with the clinical diagnosis of
heart failure (table 3.1). There was a trend to a higher mean plasma concentration of
NT-proBNP in patients with HF-RSF than was observed in the HF-PSF group (1416.1
[1033.7] pmol/l versus 894.2 [446.9] pmol/l, respectively). However, this difference
was not statistically significant (p=0.12, t-test) and was accounted for by one outlier in
the HF-RSF group, who had a plasma NT-proBNP concentration of 4319 pmol/L. New
York Heart Association functional class and Boston score were similar in both heart
failure groups.

Heart failure with preserved LV systolic function was associated with elevation of PWV,

which is related to the properties of the vessel wall by the Moens-Korteweg equation,
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and has long been accepted as a surrogate marker of arterial stiffness and vascular
remodelling.[65] Increased PWV in HF-PSF has not previously been reported. More
importantly, PWV was significantly elevated in my cohort of patients with HF-PSF,
compared to controls and patients with HF-RSF, despite all three groups of patients
being matched for underlying arterial disease (i.e. having coronary heart disease),
implying that HF-PSF is indeed associated with greater arterial stiffness.

Patients with HF-PSF had a significantly higher pulse pressure than patients with HF-
RSF, independent of mean arterial pressure. Pulse pressure is closely related to PWV.
As discussed in section 1.5: when PWYV rises, pulse waves are reflected from the
peripheral vasculature to the proximal aorta earlier in the cardiac cycle, augmenting
central arterial pressure during systole rather than diastole, resulting in elevated central
pulse pressure.[70] Pulse pressure is also influenced by height and age, with central
pressure augmentation being more marked in shorter, older individuals.[151] This may
be important in HF-PSF patients who are more likely to be older and female, as noted in
epidemiological studies.[22, 23] On review of the blood pressure data, patients with
HF-PSF displayed a trend towards higher systolic blood pressure, accounting for the
observed difference in pulse pressure. Another factor influencing pulse pressure, albeit
to a lesser degree than PWYV, is heart rate, with slower heart rates resulting in higher
pulse pressures.[70] My patients with HF-PSF had slower heart rates than the other two
groups and this may have contributed to the elevated pulse pressure values observed in

this particular cohort.

103



The PWV and pulse pressure data presented above support my hypothesis that patients
with HF-PSF have increased aortic stiffness. Increased aortic stiffening is likely to be
implicated in the pathophysiology of HF-PSF by causing widening of the pulse pressure,
reduced coronary perfusion, increased LV wall stress, development of LVH and
increased myocardial oxygen demand. All of these factors may result in impaired

ventriculo-vascular coupling, elevation of LVEDP and the clinical syndrome of HF-PSF.
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Chapter 4

Analysis of Arterial Diastolic Pressure Waveforms
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4.1 Introduction

As I discussed in section 1.5.3, the arterial pressure waveform is a composite of incident
and reflected waves. Wave reflection occurs at points of impedance mismatch, such as
vessel bifurcation and is also influenced by the diameter and contractile properties of the
resistance arterial bed. The point at which the reflected wave returns to the proximal
aorta is dependent upon the speed with which the incident wave travels along the aorta,
i.e. PWV. In health the reflected wave arrives in the proximal aorta in diastole,
augmenting diastolic pressure and facilitating coronary artery flow. However, with
progressive arterial stiffening PWV increases and the reflected wave arrives earlier in
diastole and may arrive during systole. The reflected wave superimposes on the incident
systolic wave, augmenting systolic blood pressure. This early return of the reflected
wave during systole results in reduced diastolic blood pressure and widening of the pulse
pressure. As I mentioned in chapter 1, section 1.4.6, this phenomenon has profound
detrimental effects on ventriculo-vascular coupling, which is likely to be implicated in
the pathophysiology of HF-PSF.

Using a modified windkessel model of the circulation, it is possible to analyse the
contour of the arterial pressure waveform during diastole. With this method, one can
determine the relative contributions of incident and reflected waveforms making up the
contour of the composite arterial pressure waveform during diastole. At the beginning
of diastole, following aortic valve closure, the incident arterial pressure wave decays as

pressure in the proximal aorta falls. The elastic recoil of the aorta determines the speed
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of decay. In healthy young individuals the aorta is rich in elastic fibres, buffering the
incident wave and resulting in slow decay of the diastolic arterial pressure waveform.
When the aorta loses elasticity, for example due to aging or systemic hypertension, its
buffering effect is reduced. As a result the incident wave rises sharply during systole
and decays rapidly in diastole. When described in the context of a windkessel model of
the circulation, the elastic recoil of the large arteries during diastole is termed ‘capacitive
compliance’.

The second component of the arterial pressure waveform during diastole is the reflected
pressure wave. As mentioned above, the point at which the reflected wave arrives in the
proximal aorta is dependent on the speed at which the incident wave is conducted along
the aorta, the PWV, and the contractile properties of the peripheral vessels. In the
windkessel model of the circulation, the contractile properties of the peripheral vessels
are termed ‘oscillatory compliance’.

In this chapter, I will detail the results of diastolic pressure waveform analysis in patients

with HF-PSF, HF-RSF and controls.

4.2 Methods

Full details of the methods employed in this study are documented in chapter 2.
Arterial diastolic pressure waveform analysis was performed using an applanation

tonometry technique and a specifically designed analysis and software system (HDI
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Pulse wave CR-2000; Hypertension Diagnostics Inc.), as described in more detail in
chapter 2. Arterial waveforms were recorded from the radial artery over a 30 second
time period. This protocol was performed three times and the data analysed
automatically by the integrated software. Using curve-fit analysis of the diastolic
pressure waveform and a modified windkessel model of the circulation, the HDI
software calculates derived measurements of large (central or ‘capacitive’) artery
compliance, small (peripheral or ‘oscillatory’) artery compliance and systemic vascular

resistance.

4.3 Results

4.3.1 Patient baseline characteristics
Patient baseline characteristics along with heart rate and blood pressure data are

presented in chapter 3.

4.3.2 Arterial diastolic pressure waveform analysis

Acceptable waveforms were not obtainable in one subject from the HF-RSF group.
Derived values for large (central) arterial compliance (termed C1), small (peripheral)
arterial compliance (termed C2) and systemic vascular resistance were compared
between subject groups. No significant differences were detected between groups

(figures 4.1, 4.2, 4.3. and table 4.1.).
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Figure 4.1:
Large artery compliance compared by patient group with analysis of variance (ANOVA).
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Figure 4.2:
Small artery compliance compared by patient group with analysis of variance (ANOVA).
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Figure 4.3:
Systemic vascular resistance compared by patient group with analysis of variance (ANOVA).
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Table 4.1:

Large artery compliance (C1), small artery compliance (C2) and systemic vascular resistance
compared by patient group with analysis of variance (ANOVA).

Systemic Vascular Resistance
(dyne.s cm-5)

1705.8 (197.4)

1798.8 (336.3)

1822.1 (659.1)

PARAMETER CONTROL HF-PSF HF-RSF p-value
n=12 n=12 n=11
Mean (SD) Mean (SD) Mean (SD)
Large Artery Compliance (C1) 1.103 (0.42) 1.004 (0.29) 1.289 (0.55) ns
(ml/mmHg)
Small Artery Compliance (C2) 0.029 (0.009) 0.025 (0.009) 0.033 (0.019) ns
(ml/mmHg)

ns
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4.4 Discussion

Pulse wave analysis using the HDI device yielded values below the reported normal
range for both large and small vessel compliance in all three patient groups, but no
significant differences between groups. I found this surprising in light of the PWV
results in the same subject groups, demonstrating that HF-PSF subjects have
significantly higher PWV, and therefore, arterial stiffness.

The discrepancy between HDI and PWYV results is likely to be due to the different
applanation tonometry techniques. The HDI technique has predominantly been used in
previous studies to identify abnormalities of arterial compliance in patients at
cardiovascular risk, e.g. diabetics,[94] or patients with established heart failure [152]
compared with normal subjects. It has also been employed effectively to demonstrate
changes in arterial compliance in response to pharmacological therapies.[153, 154]

The fact that we used the HDI device to compare patients who all had established
atherosclerotic disease may have reduced the ability of the technique to differentiate
between groups and resulted in no significant inter-group differences being detected.
Another factor that may account for the discrepancy between PWV and HDI results is
the data analysis method. PWYV is determined using a simple equation. On the other
hand, the HDI system uses curve-fit analysis of the diastolic pressure waveform and
estimates other variables such as stroke volume and cardiac output from the systolic

upstroke of the arterial pressure wave, heart rate, brachial blood pressure, age and body
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surface area. As I discuss in chapter 3, there are differences in age and gender between
groups. These differences are likely to confound the data upon which the HDI software
bases calculations of stroke volume and cardiac output, and subsequent calculations of
arterial properties. Finally, a more simple explanation is that there may not have been

enough patients studied to detect a difference between groups using this technique.
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Chapter 5

Microvascular Endothelial and Smooth Muscle Function
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5.1 Introduction

The vascular endothelium is integral to maintaining normal vessel tone and function and,
therefore, normal ventriculo-vascular interaction.[76] As mentioned in section 1.5.6,
arterial endothelial dysfunction has been well documented in HF-RSF [98-102] and is
thought to be secondary to neurohumoral and inflammatory activation.[155-157]
Whether HF-PSF is associated with endothelial dysfunction is, however, unknown. In
this chapter I detail the results of microvascular function compared between patients

with HF-PSF, HF-RSF and controls.

5.2 Methods

Iontophoresis combined with Laser Doppler imaging was performed as previously
described in chapter 2.

Acetylcholine chloride was introduced into the anodal chamber and sodium
nitroprusside was introduced into the cathodal chamber. Current applied to these
chambers results in iontophoresis of both agents across the skin to exert their effects on
the microvasculature. During iontophoresis, a laser scanned both chambers to determine
skin perfusion — a measure of vasodilatation.

The data were analysed off-line and study groups were compared using repeated

measures 2-way ANOVA (Microsoft Excel software for Windows).
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53 Results

5.3.1 Patient characteristics
Baseline patient characteristics along with heart rate and blood pressure data are

presented in chapter 3.

5.3.2 Laser Doppler iontophoresis

Vasodilatation in response to acetylcholine was similar in both heart failure groups.
Both heart failure groups displayed an impaired vasodilator response to acetylcholine
compared with controls (HF-RSF versus control p=0.0003, HF-PSF versus control
p=0.00099, HF-PSF versus HF-RSF p=ns, ANOVA) as illustrated in figure 5.1. The
heart failure groups also had similar peripheral vasodilatation responses to sodium
nitroprusside. ~ These endothelium-independent responses were also significantly
reduced when compared with controls (HF-RSF versus control p=0.012, HF-PSF versus
control p=0.006, HF-PSF versus HF-RSF p=ns, ANOVA), as demonstrated in

figure 5.2.
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Figure 5.1:

Peripheral microvascular responses to acetylcholine. Doppler measurement of vasodilatation is expressed

as arbitrary perfusion units (PU). Cumulative charge in micro-Coulombs (mC) is the total charge delivered
during iontophoresis.
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Figure 5.2:

Peripheral microvascular responses to sodium nitroprusside. Doppler measurement of vasodilatation is

expressed as arbitrary perfusion units (PU). Cumulative charge in micro-Coulombs (mC) is the total
charge delivered during iontophoresis.
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5.4  Discussion

The data presented in this chapter are the first to demonstrate that HF-PSF subjects have
impaired microvascular responses to both acetylcholine and sodium nitroprusside. This
suggests that, rather than being solely a primary disorder of endothelial function,
impaired control of vascular tone in HF-PSF also reflects significant vascular smooth
muscle dysfunction. It should be emphasised that all patients in this study had coronary
artery disease, which is known to be associated with impaired peripheral vascular
responses to vasodilators.[158] These data show that patients with HF-PSF have
impaired peripheral microvascular vasodilator function over and above what would be
expected with atherosclerotic disease alone. These results also show that the degree of
microvascular dysfunction is similar in both HF-PSF and HF-RSF patients, implying
that the vascular abnormalities seen in heart failure are not exclusively due to reduced
LV systolic function. Apart from the difference in LV systolic function, the heart failure
groups were otherwise well matched. They had similar clinical symptoms and signs, as
evidenced by NYHA class and Boston scores and both displayed significant
neurohumoral activation, with equivalent elevation of plasma NT-pro-BNP
concentration.

Impaired responses to both endothelial-dependent and -independent vasodilators, have
been previously demonstrated in some,[100, 113, 159-161] but not all [78, 101, 102]
studies in patients with HF-RSF. One of the most important potential mechanisms

causing endothelial dysfunction is oxidative stress, leading to production of reactive
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oxygen species and inactivation of nitric oxide, a key factor in the control of vasomotor
tone.[162] There is a significant body of evidence suggesting that oxidative stress is an
important pathophysiological process in the development of arterial endothelial
dysfunction in HF-RSF.[18, 105] Other factors, such as maladaptive overactivity of the
RAAS [79] and circulating endothelin [103] have been implicated as potential causes of
arterial endothelial dysfunction in HF-RSF. The vascular endothelium is integral to
maintaining normal vessel tone and function and, therefore, influences arterial
stiffness.[76] Impaired arterial endothelial function is associated with reduced arterial
compliance in older individuals,[106] which may be relevant in patients with HF-PSF
who tend to be elderly. It is not yet known whether or not any of these
pathophysiological processes are responsible for vascular endothelial and smooth muscle
dysfunction in patients with HF-PSF

Notwithstanding the mechanisms causing it, it would appear that the ‘heart failure
syndrome’, regardless of aetiology, is associated with impaired peripheral microvascular
vasodilator function.

To date, peripheral vascular function in HF-PSF has not been extensively studied. The
results in this chapter show that patients with HF-PSF have profoundly reduced
peripheral microvascular responsiveness. In other words, HF-PSF is associated with a
markedly impaired capacity to regulate vascular tone and function. If this phenomenon
is present across multiple vascular beds it may be implicated in the pathophysiology of
HF-PSF by potentially reducing coronary artery flow, increasing peripheral

vasoconstriction and impairing ventriculo-vascular coupling.
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This raises the possibility that modification of vascular endothelial and/or smooth
muscle function will prove to be a useful therapeutic strategy in the future management
of patients with HF-PSF.

Although it is possible that the mechanisms causing impaired vascular reactivity are
similar in both types of heart failure, evidence is currently lacking. Further studies of
the mechanisms causing vascular endothelial and smooth muscle dysfunction in HF-PSF

are required to clarify this issue.
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Chapter 6

Venous Function
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6.1 Introduction

In this chapter I present the results of venous function studies. Results of both venous
capacitance and venous endothelial function experiments are detailed and discussed.

As I discussed in section 1.5.9, venous capacitance and control of venous tone are
important determinants of LV pre-loading conditions that, if abnormal, could
theoretically contribute to increased LVEDP and the clinical syndrome of heart failure.
Venous capacitance has been studied in the context of HF-RSF, where reduced venous
capacitance is associated with reduced exercise capacity in that patient group.[125]
Reduced venous capacitance has also been demonstrated to correlate with more severe
symptoms of heart failure and elevated pulmonary artery pressure in patients with HF-
RSF.[126] There is no information regarding venous capacitance in patients with HF-
PSF. Patients with HF-PSF are more sensitive to the effects of vasodilators and diuretics
on LV filling pressure, suggesting that venous capacitance is reduced.[131, 132] There
have, until now, been no studies of venous capacitance in patients with HF-PSF.

As mentioned above, reduced venous capacitance may be an important
pathophysiological factor in the development of HF-PSF as there is evidence to suggest
that venous capacitance influences LVEDP and symptoms in patients with HF-RSF.
The venous endothelium is integral to control of venous tone and, therefore, venous
capacitance. The most widely accepted method of assessing venous endothelial function

is the modified Aellig dorsal hand vein technique. In chapter 1, I provide an overview
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of the development of the dorsal hand vein technique and a summary of the data from
previous studies of venous endothelial function. Most of these studies were performed
in healthy individuals, however there are some data indicating that patients with HF-RSF
have impaired venous endothelial function. Venous endothelial function has never been
assessed in patients with HF-PSF.

In the following text I will detail the methodology and results of venous capacitance and
venous endothelial function measurement in subjects with HF-PSF, subjects with HF-

RSF and appropriate controls.

6.2 Methods

Full details of the methodology used to measure venous capacitance and venous
endothelial function are described in chapter 2. Briefly, forearm venous capacitance was
measured with venous occlusion plethysmography using mercury-in-silastic strain
gauges. Just prior to measuring venous capacitance, the hand was excluded from the
circulation with a wrist cuff inflated to 220 mmHg. Venous capacitance was measured
using the equilibration method — inflating the upper-arm cuff to 45 mmHg for 2 minutes
and 30 seconds. Venous capacitance was recorded three times in each patient and
averaged.[147]

Venous endothelial function was measured using the modified Aellig dorsal hand vein

technique.[134] A suitable dorsal hand vein was cannulated. Baseline venous dilatation
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in response to an upper arm sphygmomanometer cuff at 45 mmHg was measured. The
vein was pre-constricted with phenylephrine, infused in incremental doses until 70%
venoconstriction from baseline was achieved (ED70). While maintaining the
phenylephrine infusion to achieve steady-state ED70, a concomitant infusion of
acetylcholine was commenced and incremented to stimulate endothelial-dependent
venodilatation. As acetylcholine causes smooth muscle-dependent venoconstriction at
high doses I pre-determined that each study would be discontinued when maximal
venodilatation had peaked and then fallen by 20% of the maximum vein diameter

achieved.

6.3 Results

6.3.1 Patient baseline characteristics
Patient baseline characteristics along with heart rate and blood pressure data are

presented in chapter 3.

6.3.2 Venous capacitance
Venous capacitance was higher in HF-RSF subjects compared to HF-PSF subjects: 1.75
(0.41), 1.34 (0.34) ml/100 ml forearm volume respectively, p<0.05, ANOVA (figure

6.1).
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Figure 6.1:
Venous capacitance (VC) compared by patient group with analysis of variance (ANOVA).
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6.3.3 Venous endothelial function

It was not technically possible to conduct a dorsal hand vein study on two patients from
the HF-PSF group, and on 1 patient from each of the HF-RSF and control groups. There
was marked variability in baseline vein diameter between subjects. There was also
significant variability in responses to pre-constriction with phenylephrine and
subsequent dilatation with acetylcholine, both within and between study groups.
Although stable venoconstriction was achieved in all studies included in analysis, exact
ED70 (70% constriction from baseline) was not achieved in all studies. Similarly, there
was variability of venodilatation in response to acetylcholine within and between
groups, with some subjects achieving peak venodilatation at low doses of acetylcholine,
and some requiring much higher doses to achieve significant venodilatation. As a result,
there was substantial variation of both baseline venoconstriction values, and of
acetylcholine concentrations used to achieve venodilatation. Consideration of the raw
data led to the decision to use percentage change venodilatation from baseline in
response to acetylcholine for analysis. The data are presented for each study group as
percentage venous dilatation from baseline at each dose of acetylcholine, and were
compared using analysis of variance with Bonferroni post-test correction for multiple
comparisons. The number of subjects receiving each dose of acetylcholine is shown in
table 6.1.

Venodilatation in response to acetylcholine appeared to be similarly poor in both heart
failure groups compared with controls, although there were no statistically significant

differences in responses between groups (figure 6.2). Both heart failure groups
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displayed a trend towards more pronounced venoconstriction at high dose acetylcholine

compared with controls.

Figure 6.2:

Venous dilatation with acetylcholine (ACh) following pre-constriction with phenylephrine compared by
patient group. Responses are presented as percentage change from baseline with each dose of ACh.
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Table 6.1:
Number of patients per study group at each acetylcholine (ACh) dose.

—a— HF-PSF (n=10)
—4+— HF-RSF (n=11)
—¥— Control (n=11)

ACh dose (nmol/min) 0.1 1 5 10 50 100
Number per study group
HF-PSF 10 10 9 9 7 4
HF-RSF 11 11 11 11 9
Control 11 11 11 9 6 3
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6.4 Discussion

Venous capacitance appeared to be lower in the controls than in patients with HF-RSF.
Perhaps the more interesting finding was that the patients with HF-PSF had a similar
venous capacitance to the controls and lower venous capacitance than patients with HF-
RSF. As I mentioned in the introduction to this chapter, patients with HF-PSF are more
sensitive to the effects of vasodilators and diuretics on LV filling pressures, suggesting
an abnormality of venous capacitance.[131, 132] Higher venous capacitance will result
in a greater capacity of the circulation to accommodate a higher circulating volume
without resulting in elevation of the LVEDP.[120] It has been shown that patients with
HF-RSF display a preserved venodilator response to atrial natriuretic peptide [128] and
an appropriate venous capacitance rise in response to nitric oxide [98] despite
impairment of arterial endothelial function. Patients with HF-PSF may have a reduced
venous response to endogenous nitric oxide leading to a failure to increase venous
capacitance - which could then be considered to be a dysfunctional response. Another
possibility is that this cohort of patients with HF-PSF had higher resting venous pressure
than patients with HF-RSF. This would result in measurements starting at a steeper
point on the venous compliance curve, and less change in venous volume in response to

congesting pressure.
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The data from the Aellig experiments suggest that patients with HF-PSF and HF-RSF
may have impaired venous endothelial function compared to control subjects. However,
these apparently different responses to acetylcholine did not reach statistical
significance.

Both heart failure groups displayed a trend towards more pronounced venoconstriction
at high dose acetylcholine compared with controls. Despite the graph appearance, it
must be borne in mind that not all patients in each group received high dose
acetylcholine, due to the pre-determined end-point of a 20% fall from peak
venodilatation being reached at lower doses of acetylcholine for most patients. The
point where the difference between heart failure groups and the control group is most
apparent is during infusion of 100 nmol/minute acetylcholine. The number of patients
who received this dose in each group was 6 HF-PSF patients, 4 HF-RSF patients and 3
control patients (table 6.1).

The fact that it was not technically possible to perform a dorsal hand vein study in all
patients, coupled with the variability of responses to both constricting and dilating
agents, makes it difficult to draw firm conclusions from these results.

The findings of these studies of venous function raise the possibility that patients with
HF-PSF have abnormal venous capacitance and/or impaired venous endothelial
function. However, I do not claim to have defined the exact role of the venous bed in
the pathophysiology of HF-PSF. Although it remains possible that patients with HF-
PSF have impaired venous function, the venous capacitance results presented above are

not conclusive and the Aellig experiments do not have enough statistical power to prove
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or disprove the hypothesis that HF-PSF is associated with venous endothelial
dysfunction. Further, larger studies are required to investigate venous function in HF-

PSF.
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Chapter 7

Final Summary and Discussion
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Heart failure has been recognised as an important public health burden for decades.
Multiple epidemiology studies have indicated that a significant proportion of patients
with heart failure have preserved LV systolic function.[22, 23] Recently published data
indicate that HF-PSF has increased in prevalence in the last 15 years,[26] and carries a
similar prognosis to HF-RSF.[28] Prior to these epidemiology studies, it was widely
accepted that, in the absence of significant valvular heart disease, heart failure was
caused by reduced LV systolic function. The pathophysiology of HF-RSF has been
extensively studied and the basic principles are easy to understand, reinforcing the
widespread assumption that HF-RSF is the predominant form of heart failure.

The realisation that approximately half of all patients with heart failure have preserved
LV systolic function has caused controversy. The pathophysiology of HF-PSF is not
easily explained and has been studied far less than HF-RSF. Acceptance within the
medical community of HF-PSF as a condition in its own right has been slow,
confounding the relative lack of research in the field. In fact, increased awareness of the
condition among doctors has probably contributed to the apparent increase in prevalence
of HF-PSF over the last 15 years.

Initial investigation into the pathophysiology of HF-PSF, most notably by Zile and
colleagues, demonstrated that subjects with HF-PSF have marked abnormalities of LV
diastolic function, i.e. LV relaxation and filling.[31] On the basis of this important

finding, heart failure without significant impairment of LV systolic function was termed
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‘diastolic heart failure’, a definition which was widely adopted. Despite the compelling
evidence presented by Zile’s group, some questions remained regarding whether or not
LV diastolic dysfunction is the only pathophysiological process causing HF-PSF.

For example, diastolic dysfunction of the left ventricle is also very common in HF-
RSF,[43] suggesting that the volume overload associated with the heart failure syndrome
may impair LV diastolic function, rather than LV diastolic dysfunction causing heart
failure per se. Supporting this view is the finding from several studies that non-invasive
and invasive measures of LV diastolic function and pressure are load-dependent.[54,
163] This characteristic renders measures of diastolic function less reproducible, and
there is poor correlation between LV diastolic dysfunction and the presence of heart
failure in population-based echocardiography studies.[42]

Another issue is that population-based studies have revealed the paradox that LV
diastolic dysfunction is as common in males as it is in females, whereas HF-PSF is more
common in women.[43]

Although LV diastolic dysfunction is likely to play an important role in the development
of HF-PSF, it is unlikely to be the only pathophysiological factor.

An alternative explanation is that patients with HF-PSF have impaired ventriculo-
vascular interaction, i.e. stiffening of both the left ventricle and the vasculature, leading
to elevation of LVEDP and the heart failure syndrome. Results of some studies would
appear to support this hypothesis as combined ventricular and arterial stiffening has been
demonstrated in patients with hypertension and elderly females who, according to

epidemiology data, are more likely to develop HF-PSF.[53] Kawaguchi et al conducted
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one of the few studies investigating this concept in patients with HF-PSF.[54] They
demonstrated combined ventriculo-arterial stiffening in HF-PSF when compared with
both hypertensive and normal individuals. Although not conclusive, this growing body
of evidence indicates that HF-PSF is unlikely to be purely a disorder of LV diastolic
dysfunction, and may be due to a combination of ventricular and vascular abnormalities,
as has been proposed by both Burkhoff and Kass.[59, 60]

Increased arterial stiffness may result in abnormal ventriculo-arterial coupling, increased
LV wall stress, reduced coronary flow and aggravate or even cause the clinical
syndrome of heart failure. If this concept is expanded, one must consider that
abnormalities of many facets of the vascular tree could potentially contribute to the
development of heart failure.

The vascular endothelium is integral to maintaining normal vessel tone and function and,
therefore, normal ventriculo-vascular interaction.[76] Vascular endothelial dysfunction
has been well documented in HF-RSF.[98-102] Whether HF-PSF is associated with
endothelial dysfunction is, however, unknown.

Additionally, reduced compliance of veins, leading to reduced venous capacitance, may
also play an important role in the pathophysiology of HF-PSF. Venous capacitance has
been shown to be a determinant of LV pre-load conditions [121] and patients with HF-
PSF are particularly sensitive to the effects of vasodilators and diuretics on LV filling
pressure, suggesting that venous capacitance is reduced.[131, 132] If venous
capacitance can influence LV pre-load conditions then it follows that control of venous

tone, via endothelial and smooth muscle activity, could also exert an effect on LV pre-
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load and potential to develop heart failure. There have been no previous studies of
venous function in patients with HF-PSF.

The studies presented in this thesis were designed to further define the extent of vascular
dysfunction in HF-PSF and to test the hypothesis that vascular dysfunction is more
severe in HF-PSF than in HF-RSF and appropriate controls. I aimed to investigate not
only arterial stiffness and endothelial function, but also parameters of venous
capacitance and endothelial function. The studies were designed specifically to compare
vascular function between patients with HF-PSF and HF-RSF. I chose this method to
determine whether or not vascular dysfunction is similar in both heart failure groups,
suggesting that it is secondary to the heart failure syndrome regardless of aetiology, or
more severe in HF-PSF, indicating that vascular dysfunction is potentially implicated in
the aetiology of HF-PSF.

As a control group, I recruited patients with coronary heart disease and preserved LV
systolic function, rather than normal subjects. It is extremely common for investigators
to compare vascular function between patients with established cardiovascular disease,
such as heart failure, and normal subjects. This method is well recognised, but
undoubtedly over-emphasises abnormalities of vascular function in the group under
study. I felt that for the purposes of this study it would be more appropriate to use a
control group of patients at risk of developing heart failure, i.e. patients with coronary
heart disease, who might also be expected to have endothelial dysfunction and/or
abnormal arterial compliance. This method of patient selection provides a comparison

of vascular function between patients who are representative of contemporary clinical
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practice, and will help to determine if HF-PSF is truly associated with vascular
dysfunction, over and above what would be expected from coronary heart disease alone.
The vascular experiments were chosen to provide a comprehensive, non-invasive
assessment of both arterial and venous function.

Previous studies have suggested that arterial stiffness is increased in HF-PSF, but arterial
stiffness has never been compared between HF-PSF and HF-RSF, as investigated in this
study. I also aimed to investigate aspects of vascular function that have never been
assessed in HF-PSF, such as arterial endothelial function, venous capacitance and
venous endothelial function.

The results proved interesting. Arterial stiffness, measured by aortic PWV, was
significantly elevated in HF-PSF compared to both HF-RSF and control groups, despite
all three groups of patients being matched for underlying arterial disease (i.e. having
coronary heart disease), implying that HF-PSF is indeed associated with greater arterial
stiffness. These data were consistent with the observation that patients with HF-PSF had
a significantly higher pulse pressure than patients with HF-RSF, independent of mean
arterial pressure. In contrast, the results of arterial diastolic waveform analysis were not
especially illuminating, with no significant differences in derived parameters of arterial
compliance being detected between the three study groups. This was surprising, as
abnormal arterial compliance might be expected to be reflected in both increased PWV
and abnormal arterial waveforms. However, as I discuss in chapter 4, the complexity of
the diastolic waveform analysis equation to derive measures of arterial compliance,

coupled with the fact that all three groups had established arterial disease (coronary heart
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disease), is likely to have reduced the ability of the technique to differentiate between
groups in this study. It may also be possible that a larger sample size was required to
demonstrate true differences between groups.

The Laser Doppler iontophoresis experiments revealed that HF-PSF subjects have
impaired microvascular responses to both acetylcholine and sodium nitroprusside. This
suggests that, rather than being solely a primary disorder of endothelial function,
impaired control of vascular tone in HF-PSF reflects significant vascular smooth muscle
dysfunction. Although a novel finding, subjects in the HF-RSF group displayed a
similar pattern of microvascular dysfunction. Therefore it is not certain if arterial
smooth muscle and/or endothelial dysfunction is secondary to the inflammatory and
neurohumoral activation associated with the heart failure syndrome, as has been
suggested in studies of HF-RSF, [155-157] or a primary pathophysiological factor in the
development of either form of heart failure. It is possible that endothelial and arterial
smooth muscle dysfunction is both cause (in HF-PSF) and effect (in HF-RSF) —
reflecting different pathophysiologies in the two conditions

Venous capacitance appeared to be lower in the controls than in patients with HF-RSF.
An interesting finding was that patients with HF-PSF had a similar venous capacitance
to the controls and lower venous capacitance than patients with HF-RSF. As I outline in
chapter 6, the low venous capacitance in patients with HF-PSF may be representative of
failure to increase venous capacitance - which could then be considered to be a
dysfunctional response. Another possibility is that my cohort of patients with HF-PSF

had higher resting venous pressures than patients with HF-RSF, resulting in
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measurements starting at a steeper point on the venous compliance curve, and less
change in venous volume in response to congesting pressure.

The Aellig dorsal hand vein experiments provided some interesting information on
endothelial control of venous tone. Both heart failure groups appeared to have impaired
venodilatation in response to acetylcholine compared with controls, however this trend
did not reach statistical significance. Unfortunately it was not technically possible to
complete an Aellig study in the whole cohort of patients, resulting in relatively small
numbers used for data analysis. This makes it difficult to draw any firm conclusions
about venous endothelial function in HF-PSF on the basis of the data presented in
chapter 6.

In conclusion, the studies presented in this thesis have added to current knowledge
regarding the pathophysiology of HF-PSF. After initially recognising HF-PSF as a
separate form of heart failure and appreciating the epidemiology, we have begun to
understand the complex pathophysiology of HF-PSF. Previous studies have shown that
there is strong association between HF-PSF and LV diastolic dysfunction.

This study has reinforced the theory that HF-PSF is associated with increased arterial
stiffness, which in combination with increased LV stiffness is likely to result in impaired
ventriculo-vascular coupling. This process is likely to be an important
pathophysiological factor in the development of HF-PSF. A novel finding presented in
this thesis is that endothelial and smooth muscle control of arterial tone, measured with
Laser Doppler iontophoresis, was impaired in both HF-PSF and HF-RSF. This may

indicate a similar primary pathophysiological process, or indeed a similar response to
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inflammatory and neurohumoral activation in heart failure. The studies of venous
capacitance and endothelial function I have presented suggest that venous function may
be abnormal in HF-PSF. The venous function data are not conclusive but may provide
stimulus for further research in this rarely investigated field.

Further studies are required, not only to investigate the pathophysiology of HF-PSF, but
also to seek effective therapies for this extremely common form of heart failure.
Examination of arterial stiffness, endothelial function and venous function during
different cardiovascular loading conditions could provide interesting information on the
generation of symptoms in HF-PSF. This could be achieved by conducting vascular
function studies during exercise or acute decompensated fluid overload. As regards
treatment of HF-PSF, there is a paucity of data. The CHARM-Preserved trial showed
that treatment with the angiotensin receptor antagonist Candesartan resulted in mild
clinical benefit in HF-PSF.[164] Treatment of HF-PSF with angiotensin receptor
antagonists is the subject of other large, randomised, controlled trials such as I-
PRESERVE (comparing Irbesartan with placebo) and full results are awaited.[165]
Novel therapies for HF-PSF are also being developed. For example, compounds which
break glycation cross-links can attenuate the development of both left ventricular
hypertrophy and arterial stiffness, an attractive combination when one considers
potential pathophysiological factors in the development of HF-PSF. These compounds,
such as Alagebrium [166] and ALT-711 [167], have been investigated in small studies
but are not yet ready for use in larger clinical trials. It is my hope that the studies
presented in this thesis will stimulate future studies into this important area of heart

failure research



References

[1] Colucci WS, Braunwald E. Pathophysiology of Heart Failure. In: Zipes DP,
Libby P, Bonow RO, Braunwald E, eds. Braunwald's Heart Disease: a textbook of
cardiovascular medicine. Tth ed. Philadelphia: Elsevier Saunders 2005:509-538.

[2] Swedberg K, Cleland J, Dargie H, Drexler H, Follath F, Komajda M, et al.
Guidelines for the diagnosis and treatment of chronic heart failure: executive summary
(update 2005): The Task Force for the Diagnosis and Treatment of Chronic Heart
Failure of the European Society of Cardiology. Eur Heart J. 2005 Jun;26(11):1115-1140.

[3] Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis GS, Ganiats TG, et al.
ACC/AHA 2005 Guideline Update for the Diagnosis and Management of Chronic Heart
Failure in the Adult: a report of the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines (Writing Committee to Update the 2001
Guidelines for the Evaluation and Management of Heart Failure): developed in
collaboration with the American College of Chest Physicians and the International
Society for Heart and Lung Transplantation: endorsed by the Heart Rhythm Society.
Circulation. 2005 Sep 20;112(12):e154-235.

(4] Remes J, Miettinen H, Reunanen A, Pyorala K. Validity of clinical diagnosis of
heart failure in primary health care. Eur.Heart J. 1991;12(3):315-321.

[5] McMurray JJ, Stewart S. Epidemiology, aetiology, and prognosis of heart failure.
Heart. 2000;83(5):596-602.

[6] Mehta PA, Cowie MR. Gender and heart failure: a population perspective. Heart.
2006;92 Suppl 3:11114-11118.

[7] Ho KK, Pinsky JL, Kannel WB, Levy D. The epidemiology of heart failure: the
Framingham Study. J Am.Coll Cardiol. 1993;22(4 Suppl A):6A-13A.

[8] Schocken DD, Arrieta M1, Leaverton PE, Ross EA. Prevalence and mortality rate
of congestive heart failure in the United States. ] Am.Coll Cardiol. 1992;20(2):301-306.

[9] Rodeheffer RJ, Jacobsen SJ, Gersh BJ, Kottke TE, McCann HA, Bailey KR, et
al. The incidence and prevalence of congestive heart failure in Rochester, Minnesota.
Mayo Clin.Proc. 1993;68(12):1143-1150.

[10] Ho KK, Anderson KM, Kannel WB, Grossman W, Levy D. Survival after the
onset of congestive heart failure in Framingham Heart Study subjects. Circulation.
1993;88(1):107-115.



[11]  Senni M, Tribouilloy CM, Rodeheffer RJ, Jacobsen SJ, Evans JM, Bailey KR, et
al. Congestive heart failure in the community: a study of all incident cases in Olmsted
County, Minnesota, in 1991. Circulation. 1998;98(21):2282-2289.

[12]  Sonnenblick EH, Spiro D, Spotnitz HM. The ultrastructural basis of Starling's
law of the heart. The role of the sarcomere in determining ventricular size and stroke
volume. Am.Heart J. 1964;68:336-346.

[13] Chen HH, Schrier RW. Pathophysiology of volume overload in acute heart
failure syndromes. Am J Med. 2006 Dec;119(12 Suppl 1):S11-16.

[14] McMurray JJ, Ray SG, Abdullah I, Dargie HJ, Morton JJ. Plasma endothelin in
chronic heart failure. Circulation. 1992 Apr;85(4):1374-1379.

[15] Levin ER, Gardner DG, Samson WK. Natriuretic peptides. N Engl J Med. 1998
Jul 30;339(5):321-328.

[16] Gardner RS, Ozalp F, Murday AJ, Robb SD, McDonagh TA. N-terminal pro-
brain natriuretic peptide. A new gold standard in predicting mortality in patients with
advanced heart failure. Eur Heart J. 2003 Oct;24(19):1735-1743.

[17] Valle R, Aspromonte N, Feola M, Milli M, Canali C, Giovinazzo P, et al. B-type
natriuretic peptide can predict the medium-term risk in patients with acute heart failure
and preserved systolic function. J Card Fail. 2005 Sep;11(7):498-503.

[18] Lopez FA, Casado S. Heart failure, redox alterations, and endothelial
dysfunction. Hypertension. 2001;38(6):1400-1405.

[19] Solomon SD, Anavekar N, Skali H, McMurray JJ, Swedberg K, Yusuf S, et al.
Influence of ejection fraction on cardiovascular outcomes in a broad spectrum of heart
failure patients. Circulation. 2005;112(24):3738-3744.

[20] Kitzman DW, Gardin JM, Gottdiener JS, Arnold A, Boineau R, Aurigemma G,
et al. Importance of heart failure with preserved systolic function in patients > or = 65

years of age. CHS Research Group. Cardiovascular Health Study. Am.J Cardiol.
2001;87(4):413-4109.

[21] Kupari M, Lindroos M, livanainen AM, Heikkila J, Tilvis R. Congestive heart

failure in old age: prevalence, mechanisms and 4-year prognosis in the Helsinki Ageing
Study. J Intern.Med. 1997;241(5):387-394.

143



[22] Vasan RS, Benjamin EJ, Levy D. Prevalence, clinical features and prognosis of
diastolic  heart failure: an epidemiologic perspective. J.Am.Coll.Cardiol.
1995;26(7):1565-1574.

[23] Hogg K, Swedberg K, McMurray J. Heart failure with preserved left ventricular
systolic ~ function;  epidemiology, clinical characteristics, and  prognosis.
J.Am.Coll.Cardiol. 2004;43(3):317-327.

[24] Vasan RS, Larson MG, Benjamin EJ, Evans JC, Reiss CK, Levy D. Congestive
heart failure in subjects with normal versus reduced left ventricular ejection fraction:
prevalence and mortality in a population-based cohort. J.Am.Coll.Cardiol.

1999;33(7):1948-1955.

[25] Philbin EF, Rocco TA, Jr., Lindenmuth NW, Ulrich K, Jenkins PL. Systolic
versus diastolic heart failure in community practice: clinical features, outcomes, and the
use of angiotensin-converting enzyme inhibitors. Am.J Med. 2000;109(8):605-613.

[26] Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM.
Trends in prevalence and outcome of heart failure with preserved ejection fraction.
N.Engl.J Med. 2006;355(3):251-259.

[27] Gottdiener JS, Arnold AM, Aurigemma GP, Polak JF, Tracy RP, Kitzman DW,
et al. Predictors of congestive heart failure in the elderly: the Cardiovascular Health
Study. J Am.Coll Cardiol. 2000;35(6):1628-1637.

[28] Bhatia RS, Tu JV, Lee DS, Austin PC, Fang J, Haouzi A, et al. Outcome of heart
failure with preserved ejection fraction in a population-based study. N.Engl.J Med.
2006;355(3):260-269.

[29] Gottdiener JS, McClelland RL, Marshall R, Shemanski L, Furberg CD, Kitzman
DW, et al. Outcome of congestive heart failure in elderly persons: influence of left

ventricular systolic function. The Cardiovascular Health Study. Ann.Intern.Med.
2002;137(8):631-639.

[30] Vasan RS, Levy D. Defining diastolic heart failure: a call for standardized
diagnostic criteria. Circulation. 2000;101(17):2118-2121.

[31] Zile MR, Gaasch WH, Carroll JD, Feldman MD, Aurigemma GP, Schaer GL, et
al. Heart failure with a normal ejection fraction: is measurement of diastolic function

necessary to make the diagnosis of diastolic heart failure? Circulation. 2001;104(7):779-
782.

144



[32] Kass DA, Bronzwaer JG, Paulus WJ. What mechanisms underlie diastolic
dysfunction in heart failure? Circ.Res. 2004;94(12):1533-1542.

[33] Mann T, Brodie BR, Grossman W, McLaurin LP. Effect of angina on the left
ventricular diastolic pressure-volume relationship. Circulation. 1977;55(5):761-766.

[34] Zile MR, Brutsaert DL. New concepts in diastolic dysfunction and diastolic heart
failure: Part II: causal mechanisms and treatment. Circulation. 2002;105(12):1503-1508.

[35] Klapholz M, Maurer M, Lowe AM, Messineo F, Meisner JS, Mitchell J, et al.
Hospitalization for heart failure in the presence of a normal left ventricular ejection

fraction: results of the New York Heart Failure Registry. J.Am.Coll.Cardiol.
2004;43(8):1432-1438.

[36] Brilla CG, Reams GP, Maisch B, Weber KT. Renin-angiotensin system and
myocardial fibrosis in hypertension: regulation of the myocardial collagen matrix.
Eur.Heart J. 1993;14 Suppl J:57-61.

[37] Brilla CG, Matsubara LS, Weber KT. Antifibrotic effects of spironolactone in
preventing myocardial fibrosis in systemic arterial hypertension. Am.J.Cardiol.
1993;71(3):12A-16A.

[38] Brilla CG, Janicki JS, Weber KT. Impaired diastolic function and coronary
reserve in genetic hypertension. Role of interstitial fibrosis and medial thickening of
intramyocardial coronary arteries. Circ.Res. 1991;69(1):107-115.

[39] Zile MR, Brutsaert DL. New concepts in diastolic dysfunction and diastolic heart
failure: Part I: diagnosis, prognosis, and measurements of diastolic function. Circulation.
2002;105(11):1387-1393.

[40] Zile MR, Baicu CF, Gaasch WH. Diastolic heart failure--abnormalities in active
relaxation and passive stiffness of the left ventricle. N.Engl.J.Med. 2004;350(19):1953-
1959.

[41] Chen HH, Lainchbury JG, Senni M, Bailey KR, Redfield MM. Diastolic heart
failure in the community: clinical profile, natural history, therapy, and impact of
proposed diagnostic criteria. J.Card Fail. 2002;8(5):279-287.

[42] Petrie MC, Hogg K, Caruana L, McMurray JJ. Poor concordance of commonly
used echocardiographic measures of left ventricular diastolic function in patients with
suspected heart failure but preserved systolic function: is there a reliable
echocardiographic measure of diastolic dysfunction? Heart. 2004;90(5):511-517.

145



[43] Redfield MM, Jacobsen SJ, Burnett JC, Jr., Mahoney DW, Bailey KR,
Rodeheffer RJ. Burden of systolic and diastolic ventricular dysfunction in the

community: appreciating the scope of the heart failure epidemic. JAMA.
2003;289(2):194-202.

[44] Fischer M, Baessler A, Hense HW, Hengstenberg C, Muscholl M, Holmer S, et
al. Prevalence of left ventricular diastolic dysfunction in the community. Results from a

Doppler echocardiographic-based survey of a population sample. Eur.Heart J.
2003;24(4):320-328.

[45] Stoddard MF, Pearson AC, Kern MJ, Ratcliff J, Mrosek DG, Labovitz Al.
Influence of alteration in preload on the pattern of left ventricular diastolic filling as
assessed by Doppler echocardiography in humans. Circulation. 1989;79(6):1226-1236.

[46] Sonnenblick EH, Downing SE. Afterload as a primary determinat of ventricular
performance. Am.J Physiol. 1963;204:604-610.

[47] Milnor WR. Arterial impedance as ventricular afterload. Circ.Res.
1975;36(5):565-570.

[48] Hori M, Inoue M, Kitakaze M, Tsujioka K, Ishida Y, Fukunami M, et al.
Loading sequence is a major determinant of afterload-dependent relaxation in intact
canine heart. Am.J.Physiol. 1985;249(4 Pt 2):H747-H754.

[49] Leite-Moreira AF, Correia-Pinto J, Gillebert TC. Afterload induced changes in
myocardial relaxation: a mechanism for diastolic dysfunction. Cardiovasc.Res.
1999;43(2):344-353.

[50] Kass DA. Ventricular Arterial Stiffening. Integrating the Pathophysiology.
Hypertension. 2005;46(1):185-193.

[51] Kelly RP, Ting CT, Yang TM, Liu CP, Maughan WL, Chang MS, et al. Effective
arterial elastance as index of arterial vascular load in humans. Circulation. 1992
Aug;86(2):513-521.

[52] Chen CH, Nakayama M, Nevo E, Fetics BJ, Maughan WL, Kass DA. Coupled
systolic-ventricular and vascular stiffening with age: implications for pressure regulation
and cardiac reserve in the elderly. J.Am.Coll.Cardiol. 1998;32(5):1221-1227.

[53] Redfield MM, Jacobsen SJ, Borlaug BA, Rodeheffer RJ, Kass DA. Age- and

gender-related ventricular-vascular stiffening: a community-based study. Circulation.
2005;112(15):2254-2262.

146



[54] Kawaguchi M, Hay I, Fetics B, Kass DA. Combined ventricular systolic and
arterial stiffening in patients with heart failure and preserved ejection fraction:
implications for systolic and diastolic reserve limitations. Circulation. 2003;107(5):714-
720.

[55] Melenovsky V, Borlaug BA, Rosen B, Hay I, Ferruci L, Morell CH, et al.
Cardiovascular features of heart failure with preserved ejection fraction versus
nonfailing hypertensive left ventricular hypertrophy in the urban Baltimore community:
the role of atrial remodeling/dysfunction. J Am Coll Cardiol. 2007 Jan 16;49(2):198-
207.

[56] Lam CS, Roger VL, Rodeheffer RJ, Bursi F, Borlaug BA, Ommen SR, et al.
Cardiac structure and ventricular-vascular function in persons with heart failure and

preserved ejection fraction from Olmsted County, Minnesota. Circulation. 2007 Apr
17;115(15):1982-1990.

[57] Hundley WG, Kitzman DW, Morgan TM, Hamilton CA, Darty SN, Stewart KP,
et al. Cardiac cycle-dependent changes in aortic area and distensibility are reduced in
older patients with isolated diastolic heart failure and correlate with exercise intolerance.
J.Am.Coll.Cardiol. 2001;38(3):796-802.

[58] Rerkpattanapipat P, Hundley WG, Link KM, Brubaker PH, Hamilton CA, Darty
SN, et al. Relation of aortic distensibility determined by magnetic resonance imaging in
patients > or =60 years of age to systolic heart failure and exercise capacity. Am J

Cardiol. 2002 Dec 1;90(11):1221-1225.

[59] Burkhoff D, Maurer MS, Packer M. Heart failure with a normal ejection fraction:
is it really a disorder of diastolic function? Circulation. 2003;107(5):656-658.

[60] Kass DA. Is heart failure with decent systole due to bad diastole? J.Card Fail.
2005;11(3):188-190.

[61] Hales S. Statical Essays: II Haemostaticks. New Yourk, NY: Hafner 1733.
[62] Frank O. Die Grundform des Arteriellen Pulses. Acta Biol. 1899(37):43.

[63] Belz GG. Elastic properties and Windkessel function of the human aorta.
Cardiovasc.Drugs Ther. 1995;9(1):73-83.

[64] Frank O. Die Elasticitat des Blutegefasse. Z Biol. 1920(46):17.

[65] Bramwell JC, Hill, A.V. The velocity of the pulse wave in man. Proc. R. Soc.
Lond. B. Biol. Sci. 1922:298-306.

147



[66] Lehmann ED. Noninvasive measurements of aortic stiffness: methodological
considerations. Pathol Biol (Paris). 1999 Sep;47(7):716-730.

[67] Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, et
al. Expert consensus document on arterial stiffness: methodological issues and clinical
applications. Eur.Heart J. 2006;27(21):2588-2605.

[68] Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD, Cockcroft JR, et al.
Reproducibility of pulse wave velocity and augmentation index measured by pulse wave
analysis. J Hypertens. 1998 Dec;16(12 Pt 2):2079-2084.

[69] Nichols WW, O'Rourke M. Wave Reflections. In: McDonald's Blood Flow in
Arteries: Theoretic, Experimental and Critical Principles. London: Arnold 1998.

[70] Dart AM, Kingwell BA. Pulse pressure-a review of mechanisms and clinical
relevance. J.Am.Coll.Cardiol. 2001;37(4):975-984.

[71] Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier D, et al.
Differential impact of blood pressure-lowering drugs on central aortic pressure and

clinical outcomes: principal results of the Conduit Artery Function Evaluation (CAFE)
study. Circulation. 2006 Mar 7;113(9):1213-1225.

[72] Watt TB, Burrus CS. Arterial pressure contour analysis for estimating human
vascular properties. J. Appl. Physiol. 1976(40):171-176.

[73] Cohn JN, Finkelstein S, McVeigh G, Morgan D, Lemay L, Robinson J, et al.
Noninvasive pulse wave analysis for the early detection of wvascular disease.
Hypertension. 1995;26(3):503-508.

[74] Bank AJ, Wang H, Holte JE, Mullen K, Shammas R, Kubo SH. Contribution of
collagen, elastin, and smooth muscle to in vivo human brachial artery wall stress and

elastic modulus. Circulation. 1996 Dec 15;94(12):3263-3270.

[75] Greenfield JC, Patel DJ. Relation between pressure and diameter in the
ascending aorta of man. Circ.Res. 1962(10):778-781.

[76] Zieman SJ, Melenovsky V, Kass DA. Mechanisms, pathophysiology, and
therapy of arterial stiffness. Arterioscler.Thromb.Vasc.Biol. 2005;25(5):932-943.

[77] Laurent S, Boutouyrie P, Lacolley P. Structural and genetic bases of arterial
stiffness. Hypertension. 2005;45(6):1050-1055.

148



[78] Drexler H, Hayoz D, Munzel T, Just H, Zelis R, Brunner HR. Endothelial
function in congestive heart failure. Am.Heart J. 1993;126(3 Pt 2):761-764.

[79] Dzau VJ. Local expression and pathophysiological role of renin-angiotensin in
the blood vessels and heart. Basic Res.Cardiol. 1993;88 Suppl 1:1-14.

[80] Franklin SS, Gustin W, Wong ND, Larson MG, Weber MA, Kannel WB, et al.
Hemodynamic patterns of age-related changes in blood pressure. The Framingham Heart
Study. Circulation. 1997;96(1):308-315.

[81] Pannier B, Brunel P, el Aroussy W, Lacolley P, Safar ME. Pulse pressure and
echocardiographic findings in essential hypertension. J Hypertens. 1989;7(2):127-132.

[82] Franklin SS. Cardiovascular risks related to increased diastolic, systolic and
pulse pressure. An epidemiologist's point of view. Pathol.Biol.(Paris). 1999;47(6):594-
603.

[83] Franklin SS, Larson MG, Khan SA, Wong ND, Leip EP, Kannel WB, et al. Does
the relation of blood pressure to coronary heart disease risk change with aging? The
Framingham Heart Study. Circulation. 2001;103(9):1245-1249.

[84] Benetos A, Safar M, Rudnichi A, Smulyan H, Richard JL, Ducimetieere P, et al.
Pulse pressure: a predictor of long-term cardiovascular mortality in a French male
population. Hypertension. 1997;30(6):1410-1415.

[85] Assmann G, Cullen P, Evers T, Petzinna D, Schulte H. Importance of arterial
pulse pressure as a predictor of coronary heart disease risk in PROCAM. Eur.Heart J.
2005;26(20):2120-2126.

[86] Blacher J, Staessen JA, Girerd X, Gasowski J, Thijs L, Liu L, et al. Pulse
pressure not mean pressure determines cardiovascular risk in older hypertensive patients.
Arch.Intern.Med. 2000;160(8):1085-1089.

[87] Mitchell GF, Moye LA, Braunwald E, Rouleau JL, Bernstein V, Geltman EM, et
al. Sphygmomanometrically determined pulse pressure is a powerful independent
predictor of recurrent events after myocardial infarction in patients with impaired left
ventricular function. SAVE investigators. Survival and Ventricular Enlargement.

Circulation. 1997 Dec 16;96(12):4254-4260.
[88] Chae CU, Pfeffer MA, Glynn RJ, Mitchell GF, Taylor JO, Hennekens CH.

Increased pulse pressure and risk of heart failure in the elderly. JAMA.
1999;281(7):634-639.

149



[89] Mitchell GF, Tardif JC, Arnold JM, Marchiori G, O'Brien TX, Dunlap ME, et al.
Pulsatile hemodynamics in congestive heart failure. Hypertension. 2001 Dec
1;38(6):1433-1439.

[90] Blacher J, Guerin AP, Pannier B, Marchais SJ, Safar ME, London GM. Impact of
aortic stiffness on survival in end-stage renal disease. Circulation. 1999;99(18):2434-
2439.

[91] Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L, et al. Aortic
stiffness is an independent predictor of all-cause and cardiovascular mortality in
hypertensive patients. Hypertension. 2001;37(5):1236-1241.

[92] Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G, Gosling RG. Aortic
pulse-wave velocity and its relationship to mortality in diabetes and glucose intolerance:
an integrated index of vascular function? Circulation. 2002;106(16):2085-2090.

[93] Meaume S, Benetos A, Henry OF, Rudnichi A, Safar ME. Aortic pulse wave
velocity predicts cardiovascular mortality in subjects >70 years of age.
Arterioscler. Thromb.Vasc.Biol. 2001;21(12):2046-2050.

[94] McVeigh GE, Morgan DR, Allen P, Trimble M, Hamilton P, Dixon LJ, et al.
Early vascular abnormalities and de novo nitrate tolerance in diabetes mellitus. Diabetes
Obes.Metab. 2002;4(5):336-341.

[95] McVeigh GE, Bratteli CW, Morgan DJ, Alinder CM, Glasser SP, Finkelstein
SM, et al. Age-related abnormalities in arterial compliance identified by pressure pulse
contour analysis: aging and arterial compliance. Hypertension. 1999;33(6):1392-1398.

[96] Oliver JJ, Webb DJ. Noninvasive assessment of arterial stiffness and risk of
atherosclerotic events. Arterioscler.Thromb.Vasc.Biol. 2003;23(4):554-566.

[97] Zelis R, Mason DT, Braunwald E. A comparison of the effects of vasodilator
stimuli on peripheral resistance vessels in normal subjects and in patients with
congestive heart failure. J Clin.Invest. 1968;47(4):960-970.

[98] Nightingale AK, Blackman DJ, Ellis GR, Schmitt M, Morris-Thurgood JA, Jones
EA, et al. Preservation of venous endothelial function in the forearm venous capacitance

bed of patients with chronic heart failure despite arterial endothelial dysfunction.
J.Am.Coll.Cardiol. 2001;37(4):1062-1068.

[99] Meyer B, Mortl D, Strecker K, Hulsmann M, Kulemann V, Neunteufl T, et al.

Flow-mediated vasodilation predicts outcome in patients with chronic heart failure
comparison with B-type natriuretic Peptide. J.Am.Coll.Cardiol. 2005;46(6):1011-1018.

150



[100] Katz SD, Biasucci L, Sabba C, Strom JA, Jondeau G, Galvao M, et al. Impaired
endothelium-mediated vasodilation in the peripheral vasculature of patients with
congestive heart failure. J.Am.Coll.Cardiol. 1992;19(5):918-925.

[101] Bank AJ, Rector TS, Tschumperlin LK, Kraemer MD, Letourneau JG, Kubo SH.
Endothelium-dependent vasodilation of peripheral conduit arteries in patients with heart
failure. J.Card Fail. 1994;1(1):35-43.

[102] Kubo SH, Rector TS, Bank AJ, Williams RE, Heifetz SM. Endothelium-
dependent vasodilation is attenuated in patients with heart failure. Circulation.
1991;84(4):1589-1596.

[103] Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui Y, et
al. A novel potent vasoconstrictor peptide produced by vascular endothelial cells.
Nature. 1988;332(6163):411-415.

[104] Gurtner GH, Burke-Wolin T. Interactions of oxidant stress and vascular
reactivity. Am.J Physiol. 1991;260(4 Pt 1):L207-L211.

[105] Heymes C, Bendall JK, Ratajczak P, Cave AC, Samuel JL, Hasenfuss G, et al.
Increased myocardial NADPH oxidase activity in human heart failure. J Am.Coll
Cardiol. 2003;41(12):2164-2171.

[106] Tao J, Jin YF, Yang Z, Wang LC, Gao XR, Lui L, et al. Reduced arterial
elasticity is associated with endothelial dysfunction in persons of advancing age:

comparative study of noninvasive pulse wave analysis and laser Doppler blood flow
measurement. Am J Hypertens. 2004 Aug;17(8):654-659.

[107] Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in the
relaxation of arterial smooth muscle by acetylcholine. Nature. 1980 Nov
27;288(5789):373-376.

[108] Rubanyi GM, Vanhoutte PM. Superoxide anions and hyperoxia inactivate
endothelium-derived relaxing factor. Am J Physiol. 1986 May;250(5 Pt 2):H822-827.

[109] Petrie MC, Padmanabhan N, McDonald JE, Hillier C, Connell JM, McMurray JJ.
Angiotensin converting enzyme (ACE) and non-ACE dependent angiotensin II

generation in resistance arteries from patients with heart failure and coronary heart
disease. J Am Coll Cardiol. 2001 Mar 15;37(4):1056-1061.

151



[110] Higashi Y, Yoshizumi M. New methods to evaluate endothelial function: method
for assessing endothelial function in humans using a strain-gauge plethysmography:
nitric oxide-dependent and -independent vasodilation. J Pharmacol Sci. 2003
Dec;93(4):399-404.

[111] Drexler H, Hayoz D, Munzel T, Hornig B, Just H, Brunner HR, et al. Endothelial
function in chronic congestive heart failure. Am.J.Cardiol. 1992;69(19):1596-1601.

[112] Ramsay JE, Ferrell WR, Greer IA, Sattar N. Factors critical to iontophoretic
assessment of vascular reactivity: implications for clinical studies of endothelial
dysfunction. J.Cardiovasc.Pharmacol. 2002;39(1):9-17.

[113] Andersson SE, Edvinsson ML, Edvinsson L. Cutaneous vascular reactivity is
reduced in aging and in heart failure: association with inflammation. Clin.Sci.(Lond).
2003;105(6):699-707.

[114] RG 1J, de Jongh RT, Beijk MA, van Weissenbruch MM, Delemarre-van de Waal
HA, Serne EH, et al. Individuals at increased coronary heart disease risk are

characterized by an impaired microvascular function in skin. Eur J Clin Invest. 2003
Jul;33(7):536-542.

[115] Farkas K, Kolossvary E, Jarai Z, Nemcsik J, Farsang C. Non-invasive
assessment of microvascular endothelial function by laser Doppler flowmetry in patients
with essential hypertension. Atherosclerosis. 2004 Mar;173(1):97-102.

[116] Economides PA, Caselli A, Zuo CS, Sparks C, Khaodhiar L, Katsilambros N, et
al. Kidney oxygenation during water diuresis and endothelial function in patients with

type 2 diabetes and subjects at risk to develop diabetes. Metabolism. 2004
Feb;53(2):222-227.

[117] Kubli S, Waeber B, Dalle-Ave A, Feihl F. Reproducibility of laser Doppler
imaging of skin blood flow as a tool to assess endothelial function. J Cardiovasc
Pharmacol. 2000 Nov;36(5):640-648.

[118] Henricson J, Tesselaar E, Persson K, Nilsson G, Sjoberg F. Assessment of
microvascular function by study of the dose-response effects of iontophoretically
applied drugs (acetylcholine and sodium nitroprusside)--methods and comparison with
in vitro studies. Microvasc Res. 2007 Mar;73(2):143-149.

[119] Abahji TN, Nill L, Ide N, Keller C, Hoffmann U, Weiss N. Acute

hyperhomocysteinemia induces microvascular and macrovascular endothelial
dysfunction. Arch Med Res. 2007 May;38(4):411-416.

152



[120] Schmitt M, Blackman DJ, Middleton GW, Cockcroft JR, Frenneaux MP.
Assessment of venous capacitance. Radionuclide plethysmography: methodology and
research applications. Br.J.Clin.Pharmacol. 2002;54(6):565-576.

[121] Tyberg JV. Venous modulation of ventricular preload. Am.Heart J. 1992;123(4
Pt 1):1098-1104.

[122] Hewlett AW, van Zwaluwenburg, J.G. The rate of blood flow in the arm. Heart.
1909(1):10.

[123] Whitney RJ. The measurement of changes in human limb-volume by means of a
mercury-inrubber strain gauge. J Physiol. 1949 Aug;109(1-2):Proc, 5.

[124] Hokanson DE, Sumner DS, Strandness DE, Jr. An electrically calibrated
plethysmograph for direct measurement of limb blood flow. IEEE Trans Biomed Eng.
1975 Jan;22(1):25-29.

[125] Welsch MA, Alomari M, Parish TR, Wood RH, Kalb D. Influence of venous
function on exercise tolerance in chronic heart failure. J.Cardiopulm.Rehabil.
2002;22(5):321-326.

[126] Ikenouchi H, lizuka M, Sato H, Momomura S, Serizawa T, Sugimoto T. Forearm
venous distensibility in relation to severity of symptoms and hemodynamic data in
patients with congestive heart failure. Jpn Heart J. 1991 Jan;32(1):17-34.

[127] Wang SY, Manyari DE, Scott-Douglas N, Smiseth OA, Smith ER, Tyberg JV.
Splanchnic venous pressure-volume relation during experimental acute ischemic heart

failure. Differential effects of hydralazine, enalaprilat, and nitroglycerin. Circulation.
1995 Feb 15;91(4):1205-1212.

[128] Schmitt M, Gunaruwan P, Payne N, Taylor J, Lee L, Broadley AJ, et al. Effects
of exogenous and endogenous natriuretic peptides on forearm vascular function in
chronic heart failure. Arterioscler.Thromb.Vasc.Biol. 2004;24(5):911-917.

[129] Schmitt M, Broadley AJ, Nightingale AK, Payne N, Gunaruwan P, Taylor J, et
al. Atrial natriuretic peptide regulates regional vascular volume and venous tone in
humans. Arterioscler.Thromb.Vasc.Biol. 2003;23(10):1833-1838.

[130] Gunaruwan P, Schmitt M, Sharman J, Lee L, Struthers A, Frenneaux M. Effects

of aldosterone on forearm vasculature in treated chronic heart failure. Am.J.Cardiol.
2005;95(3):412-414.

153



[131] Elesber AA, Redfield MM. Approach to patients with heart failure and normal
ejection fraction. Mayo Clin.Proc. 2001;76(10):1047-1052.

[132] Angeja BG, Grossman W. Evaluation and management of diastolic heart failure.
Circulation. 2003;107(5):659-663.

[133] Nachev C, Collier J, Robinson B. Simplified method for measuring compliance
of superficial veins. Cardiovasc Res. 1971 Jan;5(1):147-156.

[134] Aellig WH. A new technique for recording compliance of human hand veins. Br
J Clin Pharmacol. 1981 Mar;11(3):237-243.

[135] Aellig WH. Clinical pharmacology, physiology and pathophysiology of
superficial veins--1. Br J Clin Pharmacol. 1994 Sep;38(3):181-196.

[136] Aellig WH. Clinical pharmacology, physiology and pathophysiology of
superficial veins--2. Br J Clin Pharmacol. 1994 Oct;38(4):289-305.

[137] Strachan FE, Haynes WG, Webb DJ. Endothelium-dependent modulation of
venoconstriction to sarafotoxin S6¢ in human veins in vivo. J Cardiovasc Pharmacol.
1995;26 Suppl 3:S180-182.

[138] Goldberg MR, de Mey C, Wroblewski JM, Li Q, Schroeter V, Belz GG.
Differential effects of oral losartan and enalapril on local venous and systemic pressor
responses to angiotensin I and II in healthy men. Clin Pharmacol Ther. 1996
Jan;59(1):72-82.

[139] Haynes WG, Moffat S, Webb DJ. An investigation into the direct and indirect
venoconstrictor effects of endothelin-1 and big endothelin-1 in man. Br J Clin
Pharmacol. 1995 Oct;40(4):307-311.

[140] Webb DJ, Benjamin N, Allen MJ, Brown J, O'Flynn M, Cockcroft JR. Vascular
responses to local atrial natriuretic peptide infusion in man. Br J Clin Pharmacol. 1988
Sep;26(3):245-251.

[141] Dzeka TN, Kuzminski P, Arnold JM. Venous responsiveness to norepinephrine
in healthy subjects: effects of single doses of 325 mg aspirin. Clin Pharmacol Ther. 2000
Mar;67(3):299-304.

[142] Love MP, Haynes WG, Webb DJ, McMurray JJ. Venous endothelin receptor
function in patients with chronic heart failure. Clin Sci (Lond). 2000 Jan;98(1):65-70.

154



[143] Dzeka TN, Arnold JM. Prostaglandin modulation of venoconstriction to
physiological stress in normals and heart failure patients. Am J Physiol Heart Circ
Physiol. 2003 Mar;284(3):H790-797.

[144] Feng Q, Lambert ML, Callow ID, Arnold JM. Venous neuropeptide Y receptor
responsiveness in patients with chronic heart failure. Clin Pharmacol Ther. 2000
Mar;67(3):292-298.

[145] Schiller NB, Shah PM, Crawford M, Demaria A, Devereux R, Feigenbaum H, et
al. Recommendations for quantitation of the left ventricle by two-dimensional
echocardiography. American Society of Echocardiography Committee on Standards,

Subcommittee =~ on  Quantitation = of  Two-Dimensional  Echocardiograms.
J.Am.Soc.Echocardiogr. 1989;2(5):358-367.

[146] Gill JM, Al Mamari A, Ferrell WR, Cleland SJ, Packard CJ, Sattar N, et al.
Effects of prior moderate exercise on postprandial metabolism and vascular function in
lean and centrally obese men. J.Am.Coll.Cardiol. 2004;44(12):2375-2382.

[147] Jhund PS, Davie AP, McMurray JJ. Aspirin inhibits the acute venodilator
response to furosemide in patients with chronic heart failure. J.Am.Coll.Cardiol.
2001;37(5):1234-1238.

[148] Abhayaratna WP, Marwick TH, Becker NG, Jeffery IM, McGill DA, Smith WT.
Population-based detection of systolic and diastolic dysfunction with amino-terminal
pro-B-type natriuretic peptide. Am Heart J. 2006 Nov;152(5):941-948.

[149] Vasan RS, Levy D. Defining diastolic heart failure: a call for standardized
diagnostic criteria. Circulation. 2000 May 2;101(17):2118-2121.

[150] Steendijk P. Heart failure with preserved ejection fraction. Diastolic dysfunction,
subtle systolic dysfunction, systolic-ventricular and arterial stiffening, or misdiagnosis?
Cardiovasc.Res. 2004;64(1):9-11.

[151] Smulyan H, Asmar RG, Rudnicki A, London GM, Safar ME. Comparative
effects of aging in men and women on the properties of the arterial tree.
J.Am.Coll.Cardiol. 2001;37(5):1374-1380.

[152] Duprez DA, De Buyzere ML, Rietzschel ER, Taes Y, Clement DL, Morgan D, et

al. Inverse relationship between aldosterone and large artery compliance in chronically
treated heart failure patients. Eur Heart J. 1998 Sep;19(9):1371-1376.

155



[153] McVeigh GE, Allen PB, Morgan DR, Hanratty CG, Silke B. Nitric oxide
modulation of blood vessel tone identified by arterial waveform analysis.
Clin.Sci.(Lond). 2001;100(4):387-393.

[154] McVeigh GE, Hamilton P, Wilson M, Hanratty CG, Leahey WJ, Devine AB, et
al. Platelet nitric oxide and superoxide release during the development of nitrate
tolerance: effect of supplemental ascorbate. Circulation. 2002;106(2):208-213.

[155] Just H. Peripheral adaptations in congestive heart failure: a review. Am.J.Med.
1991;90(5B):23S-26S.

[156] Struthers AD. Impact of aldosterone on vascular pathophysiology. Congest.Heart
Fail. 2002;8(1):18-22.

[157] Tousoulis D, Charakida M, Stefanadis C. Inflammation and endothelial
dysfunction as therapeutic targets in patients with heart failure. Int.J.Cardiol.
2005;100(3):347-353.

[158] Thanyasiri P, Celermajer DS, Adams MR. Endothelial dysfunction occurs in
peripheral circulation patients with acute and stable coronary artery disease.
Am.J.Physiol Heart Circ.Physiol. 2005;289(2):H513-H517.

[159] Maguire SM, Nugent AG, McGurk C, Johnston GD, Nicholls DP. Abnormal
vascular responses in human chronic cardiac failure are both endothelium dependent and
endothelium independent. Heart. 1998;80(2):141-145.

[160] Negrao CE, Hamilton MA, Fonarow GC, Hage A, Moriguchi JD, Middlekauff
HR. Impaired endothelium-mediated vasodilation is not the principal cause of
vasoconstriction in heart failure. Am.J.Physiol Heart Circ.Physiol. 2000;278(1):H168-
H174.

[161] Morgan DR, Dixon LJ, Hanratty CG, Hughes SM, Leahey WJ, Rooney KP, et al.
Impaired endothelium-dependent and -independent vasodilation in elderly patients with
chronic heart failure. Eur.J.Heart Fail. 2004;6(7):901-908.

[162] Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases: the role
of oxidant stress. Circ.Res. 2000;87(10):840-844.

[163] Dauterman K, Pak PH, Maughan WL, Nussbacher A, Arie S, Liu CP, et al.

Contribution of external forces to left ventricular diastolic pressure. Implications for the
clinical use of the Starling law. Ann Intern Med. 1995 May 15;122(10):737-742.

156



[164] Yusuf S, Pfeffer MA, Swedberg K, Granger CB, Held P, McMurray JJ, et al.
Effects of candesartan in patients with chronic heart failure and preserved left-
ventricular ejection fraction: the CHARM-Preserved Trial. Lancet. 2003 Sep
6;362(9386):777-781.

[165] McMurray JJ, Carson PE, Komajda M, McKelvie R, Zile MR, Ptaszynska A, et
al. Heart failure with preserved ejection fraction: clinical characteristics of 4133 patients
enrolled in the [-PRESERVE trial. Eur J Heart Fail. 2008 Feb;10(2):149-156.

[166] Little WC, Zile MR, Kitzman DW, Hundley WG, O'Brien TX, Degroof RC. The
effect of alagebrium chloride (ALT-711), a novel glucose cross-link breaker, in the
treatment of elderly patients with diastolic heart failure. J Card Fail. 2005
Apr;11(3):191-195.

[167] Kass DA, Shapiro EP, Kawaguchi M, Capriotti AR, Scuteri A, deGroof RC, et

al. Improved arterial compliance by a novel advanced glycation end-product crosslink
breaker. Circulation. 2001 Sep 25;104(13):1464-1470.

157



