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Abstract
Coronary vasomotor responses to endothelium-dependent and endothelium-independent
agents have been examined in man in specific conditions in which they may be altered,
namely syndrome X, idiopathic dilated cardiomyopathy and coronary artery disease
studied at the time of angioplasty.

Coronary blood flow was measured using an intracoronary Doppler flow probe and
quantitative angiography. The Doppler probe was validated in vitro. Measurements of
coronary blood flow velocity depended on the location of the Doppler crystal, which
was either side-mounted or end-mounted.

Velocities measured with both probes

correlated with known velocities over a wide range,

but absolute velocities were

significantly overestimated using the side-mounted probe.

Additional experiments

revealed considerable variation in the mounting angle of the side-crystal, which would
cause velocity to be overestimated.

Quantitative angiography was performed on data

acquired either digitally or on cinefilm.

The accuracy and precision of measurements

made from a phantom validation were similar for both modalities.

Intraobserver

variability and the variability of repeated measurements over time were small.

Endothelium-dependent responses of large coronary arteries, measured as the change in
epicardial coronary artery dimension to acetylcholine and substance P,

were not

impaired in a group of patients with syndrome X compared with a control group.
Coronary blood flow velocities and calculated coronary blood flow to acetylcholine and
substance P were lower in syndrome X patients compared with a control group,
suggesting that endothelium-dependent vasodilator responses in the resistance vessels
may be impaired in some patients.

Measurements of coronary flow reserve and

coronary vascular resistance index with adenosine and papaverine were similar in
syndrome X patients but responses to dipyridamole were lower.

These results suggest

that certain features of syndrome X result from alterations within the resistance vessels.

Endothelium-dependent vasodilatation in response to substance P, measured as the
change in epicardial coronary artery area, coronary blood flow velocity and calculated
coronary blood flow, was demonstrated in both large and small coronary arteries in
heart failure patients.

These findings contrast with other studies that have shown

significantly impaired responses to acetylcholine.

Several in vitro studies have

demonstrated selective attenuation of acetylcholine - induced dilatation with preservation
of substance P responses.

Although responses to acetylcholine were not determined in

the patients reported in this thesis,

the demonstration of endothelium-dependent

responses to substance P suggests that the muscarinic receptor and/or transduction
mechanism is particularly vulnerable in chronic heart failure.

Coronary flow reserve

measured with papaverine in patients with idiopathic dilated cardiomyopathy was not
significantly different from a control group, but examination of individual responses
revealed considerable variation.

There was no correlation between coronary flow

reserve and various parameters of left ventricular function, including left ventricular
end-diastolic pressure, maximum oxygen consumption with exercise and radionuclide
left ventricular ejection fraction.

Despite the presence of overt atheroma, vasodilatation of epicardial coronary arteries,
measured prior to angioplasty at stenotic sites and at sites proximal and distal to the
stenosis, could be demonstrated in response to substance P. Angiographically successful
coronary angioplasty of a discrete stenosis improved, but did not normalise, coronary
flow reserve measured as the response to papaverine.
segments prior to angioplasty,
procedure.

Papaverine dilated stenotic

whereas vasoconstriction occurred following the

There was a significant negative correlation between the degree of

vasodilatation occuring prior to angioplasty with papaverine and the magnitude of the
constrictor response after angioplasty.

Alterations of vasomotor tone may explain why

some patients develop features suggestive of myocardial ischaemia in the absence of
restenosis.
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CHAPTER 1

INTRODUCTION

16

1.1 Introduction
The control of coronary blood flow is finely regulated to meet the metabolic
requirements of the heart. Myocardial ischaemia develops when there is an imbalance
between the rate of consumption of adenosine triphosphate and coronary blood flow
(Poole-Wilson 1983).

For over two hundred years the role of atheromatous coronary

artery obstruction to blood flow has been emphasised in the development of myocardial
ischaemia.

The possibility that coronary blood supply may be altered by a dynamic

change in coronary artery tone was suggested in the early part of this century (Osier
1910).

However, subsequent studies of postmortem specimens revealed atheromatous

coronary narrowings in nearly all cases (Blumgart et al. 1940), rendering the dynamic
theory improbable.

In the late 1950’s cases of coronary artery spasm were described

which led to the introduction of the term Prinzmetal angina, also known as variant
angina (Prinzmetal et al. 1959).

The recognition that the local control of coronary

blood flow involves both fixed and dynamic components has broadened our
understanding of the pathogenesis of myocardial ischaemia.

Recent developments,

particularly in the field of the vascular endothelium, have led to a better understanding
of the control of coronary blood flow.

In the last 15 years the importance of the vascular endothelium in the maintenance of
cardiovascular homeostasis has been recognised.

The first major development was the

discovery of prostacyclin, a powerful vasodilator and antiplatelet agent generated by
the endothelium from arachidonic acid (Moncada et al. 1976).
Furchgott and Zawadzki

Four years later,

demonstrated the obligatory role of the endothelium in the

relaxation of vascular smooth muscle to acetylcholine (Furchgott & Zawadzki 1980).
They discovered that acetylcholine-induced relaxation of isolated vascular preparations
was dependent on the presence of endothelial cells.

If the endothelium was removed,

either accidentally or intentionally, the vascular preparation contracted in response to
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acetylcholine.

The relaxing effect of acetylcholine was abolished by atropine.

Furchgott & Zawadzki (1980) concluded that acetylcholine acted on an endothelial cell
muscarinic receptor, producing a substance which mediated vascular smooth muscle
relaxation.

The substance was later called Endothelium-Derived Relaxing Factor, or

EDRF.

The endothelium produces and metabolises numerous biologically active agents which
modulate vasomotor tone, vascular smooth muscle proliferation and haemostasis.

In

health a vasodilator and antiplatelet environment is created, thereby maintaining blood
fluidity and tissue perfusion.

Certain diseases,

hypertension and diabetes mellitus,
abnormalities.

for example atherosclerosis,

are associated with vascular endothelial cell

Endothelial cell damage predisposes towards a vasoconstrictor and

procoagulant state, which may augment the pathophysiological processes underlying
many disease states.

1.2 Alms of this thesis
Major advances in the basic sciences have made possible the elaboration of numerous
functions of the vascular endothelial lining and their biological relationship with
adjacent vascular smooth muscle and circulating platelets.

The clinical application of

this knowledge has progressed more slowly. There are many cardiovascular syndromes
and diseases in which the regulation of coronary blood flow is either known or
suspected to be deranged. Abnormalities of endothelium-dependent vasodilatation may
play an important role, regardless of whether they occur as a primary abnormality or as
a secondary phenomenon.

The intention o f this work was to investigate

endothelium-dependent vasodilator responses and coronary flow reserve in human
coronary arteries in viw in specific conditions where such abnormalities may exist.
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The aims o f this thesis are described below.

1. To establish and validate a suitable method for the in vi\o measurement of coronary
blood flow in man.

2. To assess coronary arterial endothelium-dependent responses and coronary flow
reserve In syndrome X.

Certain features of syndrome X are suggestive of transient

myocardial ischaemia in the absence of angiographically demonstrable coronary artery
disease. Many of these patients demonstrate an impairment of vasodilatory capacity
with pharmacological or physiological stress.

Endothelium-dependent responses have

been poorly characterised in syndrome X and the assessment of coronary flow reserve
to pharmacological stress is limited almost exclusively to dipyridamole.

3. To assess coronary arterial endothelium-dependent responses and coronary flow
reserve in idiopathic dilated cardiomyopathy. Idiopathic dilated cardiomyopathy is, by
definition, of unknown aetiology. In the absence of obstructive disease of either large
or small coronary arteries,

myocardial dysfunction may be caused by a primary

abnormality of myocardial cells or by functional abnormalities of the coronary
vasculature that render the myocardium ischaemic.

Although there is evidence that

endothelium-dependent responses are impaired in the peripheral vasculature, little is
known about the integrity of the coronary endothelium.

4. To assess coronary arterial endothelium-dependent responses and coronary flow
reserve in patients with coronary artery disease, and the effects of percutaneous
transluminal coronary angioplasty on these responses.
the ability to undergo active vasomotion.

Atherosclerotic arteries retain

As the atheromatous process develops,

vasomotor responses to pharmacological and physical stimuli which normally elicit
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vasodilatation are attenuated, and paradoxical vasoconstriction may occur.

The effect

of balloon angioplasty on coronary blood flow is highly complex, and the angiographic
result is frequently not matched in functional terms.

Endothelium-dependent and

endothelium-independent vasomotor responses have not been well characterised at the
time of angioplasty.

20

CHAPTER 2

HISTORICAL OVERVIEW

21

2.1 Endothelium-Derived Vasoactive Factors
2.1.1 Endothelium-Derived Reiaxing Factor
In 1867 Sir Thomas Lauder Brunton described the therapeutic use of nitrates in angina
pectoris.

The mechanism of action of exogenously-administered nitrates was not

elucidated until more than a century later, when it became apparent that the body
produced its own endogenous nitrate, known as endothelium-derived relaxing factor or
EDRF.

2.1.1.1 Characterisation of EDRF
In the past ten to fifteen years several bioassay techniques have been used to
investigate the chemical and physical properties of EDRF. Evidence for the release of
EDRF from endothelial cells came from experiments using the "sandwich" technique,
consisting of a longitudinal vascular strip with intact endothelium suspended with a
transverse strip without endothelium. In this way Furchgott and Zawadzki showed that
during stimulation with acetylcholine (ACh) the endothelium-intact strip must have
released a relaxing factor that diffused

to the smooth muscle cells of the

endothelium-denuded strip (Furchgott & Zawadzki 1980).

The humoral nature of

EDRF was investigated using a variety of donor/detector bioassay systems (Cocks et al.
1985; Griffith et al. 1985a; Gryglewski et al. 1986a). Griffith perfused an intact aorta
in series with a preconstricted coronary artery denuded of endothelium.

The pressure

response of the coronary artery indicated the presence of a vasomotor substance(s) in
the coronary perfusate.

Experiments of this kind demonstrated that EDRF is a

humoral agent which is released continuously in the basal state and in response to
certain agents from endothelium-intact preparations.
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The short half-life and instability of EDRF made identification of its chemical nature
difficult (Griffith et al. 1984a; Rubanyi et al. 1985a). EDRF is rapidly metabolised to
nitrite and nitrate in the presence of water and oxygen,

and even more rapidly

inactivated by superoxide free radicals (Rubanyi & Vanhoutte 1986a).

The short

half-life of EDRF can be prolonged by superoxide dismutase and other substances
capable of removing O2 " (Gryglewski et al. 1986b; Moncada et al. 1986; Rubanyi &
Vanhoutte 1986a). EDRF is inactivated by haemoglobin, particularly oxyhaemoglobin,
with which it binds directly (Martin et al. 1985).

This was an important discovery

since Gibson & Roughton (1957) had described nearly thirty years earlier the kinetics
of the reaction between nitric oxide and haemoglobin. The affinity of haemoglobin for
nitric oxide is of the order of 1500 times greater than for carbon monoxide, due
chiefly to the slow dissociation of NOHb over several hours. The combination of nitric
oxide with reduced haemoglobin takes place 5 to 20 times faster than with oxygen.
Like guanylate cyclase, haemoglobin possesses a haem moiety with which nitric oxide
competititively interacts.

The abundance of haemoglobin within red blood cells,

together with haemoglobin complexed in plasma to haptoglobin, indicates that nitric
oxide can have only local actions (Edwards et al. 1986; Evans et al. 1989).

Initially EDRF was thought to be a lipoxygenase product of arachidonic acid (Singer &
Peach 1983) or a product of the cytochrome P-450 enzyme system (Pinto et al. 1986).
Later studies showed that several fatty acids induced endothelium-dependent
relaxation, suggesting a non-specific effect on membrane fluidity rather than the
conversion of arachidonic acid to EDRF (Furchgott et al. 1984). EDRF was shown to
be distinct from prostacyclin since endothelium-dependent vasodilatation was not
inhibited by indomethacin (Furchgott 1980).
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Simultaneously but independently, Furchgott (1988a) and Ignarro et al. (1988) proposed
that EDRF was nitric oxide, since there were striking similarities between the two
compounds.

Both were labile potent relaxants of vascular smooth muscle which

activated soluble guanylate cyclase to increase cyclic guanosine monophosphate (cGMP)
levels.

Their vasorelaxant effects were inhibited by haemoglobin and potentiated by

superoxide dismutase.

Further supportive evidence rapidly followed (Ignarro et al.

1987; Khan & Furchgott 1987; Furchgott et al. 1988b; Ignarro 1989).
convincing evidence came from Palmer’s group.

The most

Using cultured porcine aortic

endothelial cells on microcarrier beads as the donor of EDRF and strips of rabbit aorta
in cascade for bioassay, they showed that infused nitric oxide and EDRF released by
bradykinin possessed identical characteristics (Palmer et al. 1987).

The amount of

nitric oxide released by bradykinin could quantitatively account for the relaxation of
the bioassay strip produced by the released EDRF.

Using different methodology,

Kelm reached similar conclusions (Kelm et al. 1988).

The identification of EDRF as nitric oxide was soon challenged. Myers’ group, unable
to reproduce the findings of Palmer et a/.,

suggested that EDRF was a nitric

oxide-containing compound which was a more potent vasodilator than nitric oxide
(Myers et al. 1990).
nitric oxide,

Bioassay experiments comparing the vasodilator potencies of

EDRF and S-nitrosocysteine demonstrated that EDRF more closely

resembled S-nitrosocysteine than nitric oxide.

Supporting evidence for this proposal

came from experiments examining the effects of EDRF and nitric oxide in different
vascular beds which showed that their actions sometimes differed (Shikano &
Berkowitz 1987; Dusting et al. 1988). Hoeffner showed that proximal and distal canine
coronary arteries had differential sensitivities to EDRF,
(Hoeffner et al. 1989).

but not to nitric oxide

Furthermore, nitric oxide cannot account for the vascular

relaxation produced by endothelium-dependent vasorelaxants in porcine coronary
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arteries or canine veins (Beny & Brunet 1988; Vedernikov et al. 1988). In addition, the
relaxing action of EDRF, but not of nitric oxide, is lost on passage through an anion
exchange resin (Shikano et al. 1988).

If EDRF is released as a nitrosothiol precursor,

its breakdown must be virtually instantaneous since the biological effects of EDRF are
mediated ultimately by nitric oxide.

The suggestion that EDRF might be a nitric oxide-containing nitrosothiol is
particularly attractive since the effect of organic nitrates,
trinitrate, depend

for example glyceryl

upon the availability of intracellular thiols within vascular smooth

muscle to form nitrosothiol compounds (Needleman et al. 1973).

In the early 1980s,

Ignarro and others demonstrated that the regulation of guanylate cyclase by nitric oxide
depended upon the redox state of specific sulphydryl groups of the enzyme (Ignarro &
Gruetter 1980; Ignarro et al. 1981; Braughler 1982). The most abundant source of free
sulphydryl groups in mammalian tissue is the amino acid cysteine, which may serve as
a substrate for the formation of nitrosothiols,

for example S-nitrosocysteine.

In

support of this hypothesis was the observation that S-nitrosocysteine is a potent
vasodilator (Myers et al. 1989) and inhibitor of platelet aggregation (Mellion et al.
1983).

Furthermore N -acetylcysteine potentiates glyceryl trinitrate-induced

vasodilatation and may help to reduce nitrate tolerance (Horowitz et al. 1983).

2.1.1.2 Svnthetic oathwav of EDRF
The synthetic pathway for EDRF production was elucidated with the aid of specific
inhibitors of theproduction or action
shown to be the

of EDRF.

The amino acid L-arginine was

precursorfor the synthesis of EDRF (Palmeret al. 1988a).

The

reaction is specific since analogues of L-arginine, including its D-enantiomer, are not
substrates. Palmer et al. (1988b) showed that N^-monomethyl-L-arginine (L-NMMA)
inhibited the reaction in a dose-dependent manner whereas the D-enantiomer was
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ineffective.

They demonstrated by mass spectrometry that EDRF is synthesised from

the terminal guanidino nitrogen atom(s) of L-arginine.

Nitric oxide synthase, the enzyme which synthesises EDRF, is NADPH-dependent,
requires a divalent cation and forms L-citrulline as a coproduct (Palmer & Moncada
1989; Bredt & Snyder 1990).

Further production of EDRF is inhibited by a negative

feedback mechanism, in which EDRF activates guanylate cyclase within the endothelial
cell (Evans et al. 1988).
synthase.

There are at least two isoforms of the enzyme nitric oxide

One is constitutive,

cytosolic,

Ca"*^/calmodulin - dependent,

and releases

EDRF for short periods of time in response to physical or receptor-mediated
stimulation (Bredt & Snyder 1990). The other enzyme is induced in various cell types
after activation by cytokines and, once expressed, synthesises EDRF for long periods.
In addition, this enzyme is cytosolic, Ca‘*^-independent, requires tetrahydrobiopterin
and other cofactors, and its induction is inhibited by steroids (Knowles et al. 1990).
The release of EDRF is a calcium-dependent process although the activation of
voltage - operated Ca"*^ channels is not involved (Singer & Peach 1982). The increase in
intracellular calcium concentration is due to both intracellular release and an influx of
extracellular calcium.

There is evidence for basal release of EDRF as well as stimulated release.
coronary circulation of the isolated rabbit heart,

In the

L-NMMA increases coronary

perfusion pressure and inhibits ACh-induced release of nitric oxide (Amezcua et al.
1989).

The infusion of L-NMMA into the anaesthetised rabbit induces a significant

and long-lasting rise in blood pressure and inhibits the hypotensive action of ACh. The
action of glyceryl trinitrate, which is endothelium-independent, remains effective (Rees
et al. 1989).

L-arginine reverses the inhibitory effect of L-NMMA.

These results

demonstrate a continuous utilisation of L-arginine, basal production of nitric oxide.
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and the importance of nitric oxide in the regulation of vascular tone and blood
pressure.

Infusion studies in the human brachial artery have demonstrated that

vasodilatation induced by ACh,

but not that induced by glyceryl trinitrate,

attenuated by L-NMMA (Vallance et al. 1989).

is

More recently other inhibitors of

nitric oxide synthesis have been described, including N ^-nitro-L-arginine (L-NA),
N-iminoethyl-L-ornithine (L-NIO) and N^-nitro-L-arginine methyl ester (L-NAME).

2.1.1.3 Mode of action
By interaction with the iron atom of the heme moiety of soluble guanylate cyclase,
EDRF increases cGMP levels in vascular smooth muscle and platelets (Arnold et al.
1977; Katsuki et al. 1977; Rapoport et al. 1983; Griffith et al. 1985b). The same
pathway is activated by exogenous nitrovasodilators after prior interaction with
intracellular thiol groups to form S-nitrosothiols.

Some organic nitrates, for example

sodium nitroprusside, release nitric oxide spontaneously without the requirement for
thiol groups.

cGMP acts as a second messenger to bring about smooth muscle

relaxation, presumably by a reduction in intracellular calcium (Collins et al. 1986b).
The exact mechanism(s) is uncertain,

and may include

phosphatidylinositol hydrolysis (Rapoport 1986),

the inhibition of

stimulation of myosin light chain

dephosphorylation (Rapoport et al. 1983), sequestration of intracellular calcium
(Lincoln 1983) or inhibition of receptor-operated calcium channels (Godfraind 1986).

2.1.2 Prostacyclin
Prostacyclin is derived from arachidonic acid by the action o f the enzyme
cyclooxygenase (Moncada et al. 1976).

The ability of blood vessels to produce

prostacyclin is greatest within the endothelium (Weksler et al. 1977), and decreases
progressively towards the adventitia (Moncada et al.

1977).

The production of

prostacyclin may be stimulated by several endogenous mediators including bradykinin.
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choline esters, arachidonic acid, platelet-derived growth factor and adenine nucleotides.
Prostacyclin is a short-lived product which is chemically unstable with a half-life of
2-3 minutes,

breaking down to 6-keto-F G F j^ (FitzGerald et al. 1981).

contradistinction to EDRF,

In

prostacyclin causes vasodilatation and inhibits platelet

aggregation by the stimulation of adenylate cyclase, which increases cyclic adenosine
monophosphate (cAMP) levels in vascular smooth muscle and platelets (Best et al.
1977). Prostacyclin is the most potent inhibitor of platelet aggregation known to man,
and is potentiated in the presence of subthreshold concentrations of EDRF or nitric
oxide (Radomski et al. 1987b).

2.1.3 Endothelium-Derived Hyperpolarizing Factor
Endothelium-dependent relaxations can be mediated by mechanisms other than EDRF.
Stimulation of the endothelium of some arteries with ACh hyperpolarizes adjacent
vascular smooth muscle cells which may contribute to relaxation. Hyperpolarisation has
been attributed to the release o f a d ifferen t factor,
hyperpolarising factor (EDRF) which increases

endothelium -derived

conductance. The resulting smooth

muscle relaxation is short-lived and is not inhibited by agents which inhibit EDRF
(Feletou & Vanhoutte 1988; Taylor & Weston 1988).

Ouabain,

a Na'^TC^'ATPase

inhibitor, prevents smooth muscle hyperpolarization but not the sustained relaxation
induced by EDRF.

The hyperpolarising response of muscle membrane to ACh varies between vessels and
depends upon the agonist. For example, Ach produces transient hyperpolarisation of 3
to 7 minutes duration in rat main pulmonary artery and aorta, dog coronary and
femoral artery, and rabbit saphenous and ear arteries (Suzuki et al. 1990).

In the

rabbit carotid artery ACh produces transient hyperpolarisation at low concentration,
followed by a more sustained hyperpolarisation at higher concentrations (Chen &
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Suzuki 1990).

These two components of ACh-induced hyperpolarisation relate to

changes in [Ca"*^]- in endothelial cells.

The fast transient component is due mainly to

the release of calcium from intracellular stores whilst the more sustained component is
produced by calcium influx from outside the cell.

2.1.4 Endothelium-derived contracting factors
Under certain conditions endothelial cells can release endothelium-derived contracting
factors (EDCFs).

In the canine femoral artery anoxia facilitates contractions to

noradrenaline and potassium chloride (DeMey and Vanhoutte 1983).

In canine

coronary arteries, hypoxia releases an endothelium-derived contracting factor (EDCFj)
(Rubanyi & Vanhoutte 1985b) which can be blocked by calcium antagonists but not by
cyclooxygenase inhibitors (Katusic et al. 1986b).

Endothelium-dependent contractions

evoked by ACh in some blood vessels can be blocked by indomethacin, suggesting that
they are mediated by a cyclooxygenase-dependent contracting factor (EDCF2 ) (Miller
& Vanhoutte 1985).

In 1988 Yanagisawa reported the isolation and purification of endothelin, a 21 amino
acid peptide, from the medium of cultured porcine aortic endothelial cells (Yanagisawa
et al. 1988). Endothelin, which is closely related to the snake venom, sarafatoxin, has
three distinct isoforms designated ET-1, ET-2 and ET-3, but only ET-1 has so far
been shown to be released from endothelial cells (Masaki 1989). Specific receptors for
endothelin are distributed throughout the body in blood vessel walls, cardiac muscle,
the central nervous system,

renal cortex,

lung adrenal medulla,

spleen,

corneal

endothelium and intestine (Koseki et al. 1989). Like prostacyclin and EDRF, ET-1 is
not stored but is generated de novo in response to a variety of stimuli, including
adrenaline, thrombin, hypoxia and angiotensin II (Yanagisawa et al. 1988; Boulanger &
Luscher 1990).
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Endothelin is the most potent vasoconstrictor known to man.

Receptor stimulation

increases intracellular calcium ion concentration through activation of membrane-bound
calcium channels and through activation of phospholipase C, which results in calcium
release from intracellular stores (Hirata et al. 1988).

The isoform ET-1 causes

vasoconstriction which is characteristically slow in onset but prolonged in action,
producing sustained hypertension in animals. Veins are more susceptible than arteries.
It is unlikely that ET-1 is identical to the contracting factor released during hypoxia
(Vanhoutte et al. 1989).

In the rat mesenteric vascular bed endothelin causes EDRF

release (D’Orleans-Juste et al.

1989).

Vascular endothelial cells also release

prostacyclin and thromboxane in response to endothelin (Eglen et al. 1989).

The physiological role of the endothelins has yet to be determined,

ET-1 is rapidly

cleared from the bloodstream, with a half-life of less than one minute (Anggard et al.
1989), suggesting that ET-1 is primarily a local hormone. Both preproendothelin-1 and
ET-1 can be detected by radioimmunoassay in the plasma of healthy subjects, but at
levels approximately 10-fold lower than those causing vascular contraction in vitro
(Davenport et al. 1990).

In certain disease states, for example hypertension, heart

failure and renal failure, circulating levels may be high enough to exert biological
effects (Cavero et al. 1990; Kohno et al. 1990; Warrens et al. 1990).

Messenger RNA

encoding ET-1 increases rapidly on exposure to thrombin or adrenaline, both of which
are powerful stimulators of platelet aggregation,
haemostasis (Gordon 1988).
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suggesting a possible role in

2.2 Mediators of EDRF release
EDRF is released continuously under basal conditions, and in response to certain
stimuli, for example neurotransmitters, physiological stimuli and platelet products.
Receptor-mediated release of EDRF, in contrast to the action of the calcium ionophore
A23187, is brought about by activation of the phosphoinositol pathway which increases
cytosolic calcium (Derian & Moskowitz 1986; Lambert et al. 1986; Loeb et al. 1988).

2.2.1 Neurotransmitters and circulating hormones
Since the first demonstration of ACh-induced endothelium-dependent relaxation, many
other neurotransmitters have been shown to have similar actions, including adenosine
triphosphate, adenosine diphosphate, substance P, bradykinin, serotonin, noradrenaline,
calcitonon gene-related peptide,
peptide and histamine.

vasopressin,

angiotensin II,

vasoactive intestinal

Many of these neurotransmitters have been demonstrated in

perivascular nerves using fluorescence and immunohistochemical techniques.

Specific receptors for individual neurotransmitters have been identified on endothelial
and smooth muscle cells, which govern the response to agents with both dilator and
constrictor activity.

For example, the response to noradrenaline depends upon the

population of a j - and (^2 -adrenoceptors on the smooth muscle, and (%
2 -adrenoceptors
on the endothelial cell (Cocks & Angus 1983). Serotonin causes endothelium-dependent
relaxation via endothelial 5HTj-like receptors,

and vasoconstriction via 5HT2-like

receptors on smooth muscle cells (Cohen et al. 1983).

There are two classes of

muscarinic receptor on the endothelial cell, termed Mj and M 2 receptors, which, when
activated, cause relaxation by releasing EDHF and EDRF respectively (Komori &
Suzuki 1987).

Muscarinic receptors on vascular smooth muscle cells mediate

vasoconstriction.
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The physiological role of neurotransmitters in the modulation of vascular tone is
unknown. Circulating neurotransmitters, for example ACh and substance P, are rapidly
degraded in the bloodstream and are unlikely to play an important role.

Whether or

not neurotransmitters released from perivascular nerves influence vessel tone is
uncertain.

The autonomic neuroeffector junction is formed by extensive branching at

the nerve terminal to produce a plexus confined to the adventitial-medial border
(Burnstock & Iwayama 1971). The relationship between nerves and endothelial cells is
less well characterised. For example, ACh released from perivascular nerves does not
appear to reach the endothelial cell (Cohen et al. 1984), whereas substance P has been
shown to mediate neurogenic vasodilatation in the rat hind limb (Lembeck et al. 1982).
Immunocytochemical studies have shown that more than one transmitter may colocalise
at the same nerve.

Recognised combinations in perivascular nerves are noradrenaline,

ATP and NPY in sympathetic nerves, ACh and VIP in parasympathetic nerves, and
substance P,

CGRP and ATP in sensory-motor nerves (Burnstock 1987).

Since

neurotransmitters may produce opposite responses on smooth muscle and endothelial
cells, it seems unlikely that the same neurotransmitter released from perivascular nerve
terminals diffuses across the vessel wall to the endothelium to act on endothelial cells
and produce the opposite effect.

Endothelial cells are potential sources of neuropeptides,

for example ACh and

substance P (Parnavelas et al. 1985; Linnik & Moskowitz 1989).

In the rat coronary

artery approximately 10% of endothelial cells have substance P immunoreactivity
(Milner et al. 1989).

Endothelial cells also synthesise ATP (Pearson et al. 1978), and

immunoreactivity has been demonstrated for vasopressin, angiotensin II and serotonin,
which varies between different vascular beds and different species. ATP and substance
P, both present in coronary endothelial cells, are released following hypoxic perfusion
of Langendorf rat heart preparations (Paddle & Burnstock 1974; Milner et al. 1989).
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Substance P, ATP and ACh are also released from columns of endothelial cells grown
on microcarrier beads in response to an increase in flow (Milner et al. 1990a),
providing further support for a physiological role for transmitters released from
endothelial cells.

Neurotransmitters have been shown to modulate coronary artery

tone in man, for example calcitonin gene-related peptide (CGRP) (McEwan et al.
1986), NPY (Clarke et al. 1987) and substance P (Crossman et al. 1989). Intracoronary
CGRP and substance P cause significant epicardial coronary artery dilatation, similar to
the action of exogenously-administered nitrates. In contrast, intracoronary NPY causes
profound distal epicardial coronary artery constriction.

2.2.2 Physical stimuli
Various physical stimuli, for example changes in blood flow and oxygen tension cause
endothelium-dependent dilatation.

The phenomenon of flow-mediated dilatation,

which is an endothelium-dependent process, was first observed in the femoral artery
by Schretzenmayr in 1933.

Endothelial cells are ideally placed to serve as

mechanotransducers, since they are aligned in the direction of flow and are continually
exposed to shear stress.

Increases in flow and pulsatile flow are powerful stimuli of

flow-mediated endothelium-dependent dilatation.

Flow-mediated dilatation depends

upon a functionally intact endothelium and is a localised process which does not spread
out upstream or downstream to areas of discrete endothelial removal (Holtz et al. 1984;
Pohl et al. 1986a & b; Rubanyi et al. 1986b).

Increased shear stress also activates a

potassium ion current across the cell membrane,
hyperpolarisation.

producing endothelial cell

Rises in intracellular calcium concentration augment EDRF

production (Lansman et al. 1987; Olesen et al. 1988).

Vascular relaxation may also

occur by direct transmission of endothelial cell hyperpolarisation by gap junctions to
the underlying smooth muscle (Olesen et al. 1988).
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2.2.3 Platelets
Vascular damage associated with endothelial disruption causes platelets to aggregate on
exposed collagen and release adenine nucleotides (ATP and ADP) and serotonin, which
cause vasoconstriction and further platelet aggregation.

At adjacent sites where the

endothelium is intact, these same mediators will stimulate the release of EDRF, which
will inhibit platelet adhesion and aggregation and cause vasodilatation, thereby limiting
the response to the damaged area.

2.3 Biological effects of EDRF
The actions of EDRF are locally confined due to the short half-life of EDRF and the
presence of circulating inhibitors in the blood stream (Edwards et al. 1986). Release of
EDRF is greater from the abluminal rather than the luminal side of endothelial cells
(Bassenge et al. 1987).

2.3.1 Vascular smooth muscle relaxation
The first demonstration of endothelium-dependent relaxation was shown in rabbit
aortic strips (Furchgott & Zawadzki 1980).

Similar responses have been found in all

vertebrates examined but there are important differences between species and between
vascular beds. In the pig, ACh relaxes aortic strips but not coronary arteries (Gordon
& Martin 1983; Graser et al. 1986).

Canine basilar artery does not show muscarinic

endothelium-dependent dilatation (Vanhoutte 1989),

but endothelium-dependent

dilatation to oxytocin (Katusic et al. 1986a), vasopressin (Vanhoutte et al. 1984) and
bradykinin (Katusic et al. 1984) has been demonstrated.

The calcium ionophore

A23187, which causes endothelium-dependent relaxation in many vascular beds, causes
endothelium-dependent constriction in the basilar artery,
inhibited with the cyclooxygenase inhibitor,

an effect which can be

indomethacin (Katusic et al. 1988).

Differences also exist between different vessel types, for example arteries, veins and
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micro vessels (De Mey & Vanhoutte 1982; Collins et al. 1986a; Seidel & LaRochelle
1987).

Basal and receptor-stimulated release of EDRF is greater in the arterial than

the venous system (Thom et al. 1987; Luscher et al. 1988).

2.3.2 Flow-mediated dilatation and the coordination of blood flow
For many years large vessel dilatation in response to increases in flow was thought to
result from a retrograde signal released downstream,

but sectioning experiments

disproved this (Lie et al. 1970). Holtz demonstrated that flow-mediated dilatation was
an endothelium-dependent phenomenon (Holtz et al. 1984), which is an important
mechanism in the overall regulation of flow within a vascular bed. By dilating vessels
which supply tissues with increased metabolic demand, flow-mediated EDRF release
stabilises an otherwise inherently unstable system.

Increases in intraluminal pressure

cause vasoconstriction, known as the myogenic response (Bayliss 1902).
this positive feedback mechanism is potentially unstable,
flow -m ediated EDRF release,

In isolation

but is couteracted by

the two opposing effects providing a means of

autoregulation within a vascular bed (Griffith & Edwards 1990).

Flow-mediated endothelium-dependent dilatation,

which influences the calibre of

conduit vessels, has also been demonstrated in resistance vessels. Experiments on the
perfused rabbit ear show that basal EDRF activity is highest at sites of high shear
stress, and that the myogenic response is abolished in the presence of EDRF activity
(Griffith et al. 1988).

Studies of this nature have demonstrated the complex

interdependence between different parts of the microvasculature and the role of EDRF
in coordinating flow at the micro vascular level.

Flow-dependent release of EDRF

amplifies local changes in vascular resistance and helps to maintain patency of flow
distribution at different flow rates.
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2.3.3 Antiplatelet action
EDRF inhibits platelet aggregation and adhesion, and induces platelet disaggregation in
vitro and in vivo (Radomski et al. 1987a; Hogan et al. 1988; Pohl & Busse 1989). The
anti-platelet effect is mediated through the activation of guanylate cyclase, which
raises cGMP levels (Mellion et al. 1981).

Agents which increase platelet cAMP

concentration, for example prostacyclin and adenosine, inhibit platelet aggregation.
Prostacyclin and EDRF act synergistically to inhibit aggregation and to induce
disaggregation (Radomski et al. 1987b).

The presence of an intact and normally

functioning endothelium maintains vessel patency by inhibiting platelet adhesion and
aggregation,

and by producing an endothelium-dependent vasodilator response to

platelet-derived products.

In the presence of a dysfunctional endothelium, or in the

absence of an endothelial lining,

the protective antiplatelet function is lost.

Platelet-derived products, ADP and serotonin, stimulate endothelial release of EDRF
which,

in turn,

inhibits further platelet aggregation and promotes vasodilatation.

Platelets also possess the ability to synthesise nitric oxide, providing negative feedback
within the platelet itself (Radomski et al. 1990).

Many exogenous nitrovasodilators do not have antiplatelet actions, except at very high
concentrations, because they require intracellular conversion to release nitric oxide.
Platelets lack this metabolic pathway.
metabolite of sodium nitroprusside,

3 morpholinosydnonimine (SIN-1), the active
and molsidomine are exceptions because they

release nitric oxide spontaneously without the requirement for intracellular conversion.

2.3.4 Additional functions of EDRF
The endothelial lining of the cardiac chambers, the endocardium, influences underlying
cardiac muscle in a manner similar to that of the vascular endothelium acting upon
underlying smooth muscle.

Whereas removal of endocardium from isolated
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preparations shortens the duration of contraction, which can be reversed by effluent
collected from cultured endocardial cells (Lewis et al. 1990), the endocardium can also
release EDRF which similarly shortens contraction duration (Smith et al. 1991).

The L-arginine-nitric oxide synthetic pathway is present in many other cell types
throughout the body where it fulfills a wide variety of functions.
responsible for macrophage cytotoxicity (Hibbs et al. 1988;

Nitric oxide is

Sturm et al. 1989),

non-adrenergic, non-cholinergic nerve stimulation (Gillespie et al. 1989; Bult et al.
1990) and the stimulation of N-methyl-d-aspartate (NMDA) receptors in the brain
(Garthwaite et al. 1988).

The pathway has also been demonstrated in Kupffer cells

(Billiar et al. 1989) and in polymorphonuclear leucocytes, where it may prevent white
blood cell aggregation (McCall et al. 1989).
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CHAPTER 3

ENDOTHELIUM-DEPENDENT RESPONSES AND CORONARY FLOW RESERVE IN
THE CORONARY VASCULATURE IN CARDIOVASCULAR DISEASE
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3.1. The regulation of coronary blood flow
3.1.1 Introduction
The ability of the coronary circulation to autoregulate is highly complex,

being

determined by many factors which operate at different levels of the coronary tree.
Epicardial coronary arteries act primarily as capacitance or conduit vessels which have
little effect on blood supply (Chilian et al.

1986),

except in the presence of

atherosclerotic coronary artery disease or coronary artery spasm.

Compensatory

changes distal to a stenosis usually maintain resting blood flow, but at the expense of
an impaired coronary flow reserve. The small arteries and precapillary arterioles, 10 to
140 nm in diameter, are the main sites of resistance within the coronary bed (Tillmans
et al. 1981). In health, the resistance vessels match myocardial blood supply to demand
by responding to metabolic, hormonal, neural and physical stimuli.

Contributions to

the control of myocardial blood flow are made by precapillary sphincters, the capillary
network and the venous system, and by the recruitment of collateral vessels (Schaper &
Schaper 1977).

Coronary blood flow is linearly related to myocardial oxygen

consumption, the principal determinants of which are heart rate, contractility and wall
stress.

Under normal conditions the control of myocardial blood supply is finely

regulated,

responding rapidly to a wide range of conditions to meet myocardial

metabolic requirements.

Coronary blood flow is phasic, occurring predominantly in the diastolic phase of the
cardiac cycle.

During systole retrograde flow may occur in intramural arteries.

The

distribution of blood flow varies across the myocardium and with the phase of the
cardiac cycle. The endocardium receives less blood supply than the epicardium during
systole,

but during diastole blood flows preferentially to the endocardium,

oxygen demand is greater.

where

When myocardial oxygen consumption increases, maximal

vasodilatation occurs initially in the subendocardial layer.
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3.1.2 Fixed and dynamic components
Under normal conditions large coronary arteries contribute little to the regulation of
coronary vascular resistance, but significant alterations of blood flow may occur in the
presence of atheroma. Resting coronary blood flow in epicardial arteries does not fall
until a stenosis narrows the lumen by 90%, whereas maximum coronary flow begins to
decrease when the percent diameter stenosis exceeds 50%,
dilatation of distal resistance vessels (Gould 1985).

due to compensatory

Once vasodilator reserve has been

exhausted, blood flow can no longer increase unless the driving pressure across the
coronary bed increases.

In states of maximal vasodilatation, changes in flow directly

reflect changes in perfusion pressure.

Heberden’s original description of angina pectoris as
occurred on walking,

”a disorder o f the breast which

with stress and after meals” emphasised the importance of

increased myocardial oxygen demand in the pathogenesis of angina (Heberden 1772).
Postmortem observations of atheromatous narrowings in the coronary arteries supported
this concept,

but uncertainty remained in the

minds of some.

Osier quoted a

physician who described the sudden death of a man as

"Monsieur Charles est mort

parce qu'il est mort” (Osier 1910).

"spasm or narrowing o f the

Osier proposed that

coronary artery may so m odify the action o f a section o f the heart ... sufficient to
arouse painful stimuli”.

An atherosclerotic lesion is not simply a fixed obstruction to blood flow with
predictable haemodynamic consequences.

Changes in coronary vasomotor tone may

considerably alter stenosis geometry and myocardial blood supply. The endothelium
modulates vasomotor tone and, in the presence of an eccentric atherosclerotic plaque,
may convert a physiologically insignificant lesion into a critical stenosis.

In the late

1950*s, Prinzmetal described a series of patients with ST segment elevation during
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episodes of typical chest pain (Prinzmetal et al. 1959).

He suggested that the

electrocardiographic changes were caused by spasm of the coronary artery.

Although

uncommon, Prinzmetal angina is an extreme example of how vasomotor tone alters
myocardial blood supply.

3.1.3 Local factors which alter coronary blood flow
Blood flow is influenced locally by many factors, including blood flow per se, neural
phenomena, physical factors, metabolic products and vasoactive agents, both circulating
and locally-derived.

The overall effect on coronary blood flow is determined by the

physical and metabolic integrity of the vascular endothelium.

Flow-mediated

endothelium-dependent dilatation of proximal epicardial coronary arteries provides an
important compensatory mechanism during increases in coronary flow.

Dilatation of

the capacitance vessels enables blood flow to increase without a concomitant increase in
shear stress, and may be regarded as a physiological counterbalance to the myogenic
response. Flow-mediated endothelium-dependent dilatation may also operate in smaller
vessels and act to coordinate vascular tone within resistance vessels (Griffith et al.
1987).

The true function of the autonomic nervous system in the regulation of coronary blood
flow is uncertain.

The effects of exogenously-administered ACh are well-described

but, despite evidence for the presence of vagal fibres in the coronary arteries, the
physiological role of vagal regulation in the control of coronary blood flow is unknown.
Sympathetic jS|- and j52-adrenergic activation dilates coronary arteries whereas
a|-adrenergic stimulation causes vasoconstriction. In response to the cold pressor test,
which is a classic test of sympathetic neural stimulation, healthy arteries dilate whereas
diseased coronary arteries constrict (Nabel et al. 1988). The normal dilator response is
partially inhibited by

receptor blockade (Nabel et al. 1988).
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a 2 -adrenergic receptor

stimulation releases EDRF from the endothelium.

Studies on the rabbit carotid artery

have shown that the vasoconstrictor response to transmural nerve stimulation is
attenuated when the endothelium is intact (Tesfamariam et al. 1987).

The response to

nerve stimulation in rabbit carotid artery is a-adrenergic, mediated by noradrenaline,
and it appears that the inhibitory action of the endothelium is mediated by at least
three mechanisms. The release of EDRF inhibits contraction. Second, the endothelium
metabolises noradrenaline, thereby reducing the response.

Finally, the endothelium

may inhibit noradrenaline release by pre-junctional inhibition.

The role of

neurotransmitters released from perivascular nerves is poorly defined.

The resistance vessels exhibit myogenic tone,
a-adrenergic sympathetic constriction,
appropriate levels.

which is further enhanced by

tending to keep basal blood perfusion at

Increases in myocardial metabolic demand are associated with the

production of vasoactive metabolic products which diffuse through the interstitium to
reach the arterioles, causing vasodilatation.

Endogenous adenosine production may be

an important mechanism for controlling blood flow (Berne 1963) at the level of the
resistance vessels.

The heart integrates these diverse stimuli, both local and systemic,

neural and humoral, physical and metabolic, to maintain coronary blood flow over a
wide range of conditions.
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3.2 Endothelium-dependent responses and coronary flow reserve in syndrome X
Symptoms suggestive of coronary artery disease may occur in the absence of
angiographically demonstrable coronary artery obstruction.

In 1973 Kemp reported a

six year follow-up of 200 men and women with anginal pain and angiographically
normal coronary arteries (Kemp et al. 1973a).

ST segment depression induced by

exercise or abnormalities of lactate metabolism during isoproterenol infusion or atrial
pacing were found in 25% of patients. During the follow-up period mortality was no
greater than in a sex- and age-matched cohort derived from actuarial data.

Various

hypotheses which might explain how features suggestive of myocardial ischaemia
developed in the absence of coronary obstruction were put forward,

including a

psychosomatic aetiology, coronary atherosclerosis "missed" at angiography, a defect of
oxyhaemoglobin dissociation, microvascular abnormalities and coronary artery spasm.
Later that year Arbogast described the response to atrial pacing in 11 patients with
obstructive coronary artery disease (group C) and 10 patients with angina pectoris and
normal coronary arteries (group X) (Arbogast & Bourassa 1973).
groups had ST segment depression with exercise.

All patients in both

During atrial pacing 6 patients of

group X developed angina and 5 patients developed abnormalities of myocardial lactate
metabolism, similar to group C. Whereas atrial pacing induced a fall in cardiac index
and a rise in peripheral resistance in group C, cardiac index rose in group X and
peripheral resistance remained unchanged.

In an accompanying editorial Kemp

introduced the term syndrome X to describe the patients in group X ,

that is

anginal-type chest pain, ST segment depression on the electrocardiogram during stress
and angiographically normal coronary arteries (Kemp 1973b).
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3.2.1 Clinical features of syndrome X
Although some aspects of the chest pain experienced by syndrome X patients are
typically anginal in nature, certain features are not.

For example, pain may come at

rest, the duration of pain may be long and anti-anginal agents may afford little relief.
Although the prognosis of syndrome X with regard to future cardiac events is good,
many patients continue to take anti-anginal medication, to attend cardiac clinics and to
be hospitalised for episodes of severe chest pain (Table 3.1).

A minority develop a

cardiomyopathy years later (Opherk et al. 1989).

In some patients chest pain may have a non-cardiac origin and the exercise test result
does not reflect myocardial ischaemia.

In routine clinical practice the exercise test is

generally classified as a "false positive" result if coronary angiography fails to
demonstrate obstructive coronary artery disease,
erroneous.

but such an approach may be

Simply because the cause of ST segment depression in the absence of

coronary artery disease is not readily understood does not imply that the myocardial
response to stress is normal.

Furthermore, myocardial ischaemia may develop in the

absence of electrocardiographic change, particularly if ischaemia is generalised.
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n

Follow-up
(mean)

Chest pain
W
S
I

Hosptl. MI Death
for CP
(cardiac)

Waxier
(1971)

82

15 mo

0%

49% 51%

Bemiller
(1973)

37

4.1 yr

0%

20% 80%

Kemp
(1973a)

200

36 mo

8%

36% 56%

Ockene
(1980)

57

16 mo

12%

46% 42%

Proudfit
(1980)

357
88

Dart
(1980)

0

1

75%

0

10 yr +

2

2

< 5 yr

0

0

8%

30% 62%

Isner
(1981)

109

4.3 yr

10%

60% 30%

Bass
(1983)

30

3.1 yr

10%

33% 57%

Kemp
(1986)

3136

40

25%

0

42.7 mo

Opherk*
(1989)

0

2

159

19

0

0

Pasternak^
(1980)

Papanicolaou 1491
(1986)

3

27

2

7 yr

6.3 yr

48 mo

194

23%

77%

0%

% taking
anti-anginals

25%

1

0

46%

3

2

64%

0

0

63%

3

14

2

2

0

0

27%

Table 3.1 Sym ptom s and cardiac events during long-term follow -up in syndrome X.
Unless otherwise indicated only data on patients with entirely normal coronary
arteriograms are described. Chest pain W=worse, S=same, I=improved; Hosptl. for
CP=hospitalisation fo r chest pain; MI=myocardial infarction. (+) patients with normal
coronary arteries or "insignificant disease". (*) 15 /4 0 had le ft bundle branch block (at
rest or with stress) and developed signs o f impaired le ft ventricular function during
follow -up.
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Attempts have been made, with variable success, to distinguish patients with syndrome
X from patients with coronary artery disease on the basis of certain features of the
exercise test response, for example the time course of ST segment depression (Pupita et
al. 1990), the recovery phase of the ST segment (Gavrielides et al. 1991), the heart rate
response during exercise (Galassi et al. 1991a) and by a combination of techniques
(Burton et al. 1992).

Transient ST segment depression on ambulatory monitoring has

also been demonstrated (Kaski et al. 1986; Levy et al. 1986).

Changes in the ST segment during ischaemia may be caused by potassium loss from the
myocardium into the extracellular space (Weigand et al. 1979). The ST segment change
on exercise in syndrome X may indicate myocardial ischaemia or it may simply
represent a localised increase in extracellular potassium concentration due to an
abnormality of potassium exchange (Poole-Wilson 1984).

Thallium scintigraphy has

been used to identify reversible ischaemia in patients with chest pain and
angiographically normal coronary arteries (Meller et al. 1979; Virtanen 1984; Kaul et
al. 1986; Flugelman et al. 1991).

The reported incidence of perfusion defects is

variable, and in one study 52% patients had evidence of stress-induced myocardial
perfusion defects (Flugelman et al. 1991).
analogue,

However, because thallium is a potassium

reversible perfusion defects may not be synonymous with myocardial

ischaemia.

Evidence of left ventricular dysfunction induced by exercise, pacing or dipyridamole
has been sought in syndrome X, but results are inconsistent (Table 3.2).

Lactate

production during pacing has been observed in a proportion of patients (Arbogast &
Bourassa 1973; Boudoulas et al. 1974; Opherk et al. 1981; Greenberg et al. 1987).

A

fall in coronary sinus oxygen saturation with atrial pacing has also been demonstrated
(Crake et al. 1988; Mikuniya et al. 1990),
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Indices o f left ventricular function

Stressor

Normal findings
Arbogast
10
(1973)

atrial pacing

cardiac index, LVEDP

Levy
(1986)

6

exercise & during
ambulatory monitoring

PA diastolic pressure

Picano
(1987)

19

dipyridamole echo

fractional shortening

Nihoyannopoulos 18
(1991)
16

exercise echo
atrial pacing + echo

regional wall motion
systolic wall thickening

Abnormal findings
Gleichmann
15
(1981)
Opherk
(1983a)

37
(18/22 +ve ETT)

Legrand
(1985)

18

Cannon*
(1985a)

26
26

Favaro
(1987)
Nadazdin
(1991)

ejection fraction

exercise
exercise scintigraphy

ergonovine + atrial pacing
exercise scintigraphy

32
(13/20 +ve ETT)
10

LVEDP, PA pressure,
ejection fraction

exercise

reversible perfusion defect (7)
ejection fraction (5/7)‘*‘
LVEDP
ejection fraction
ejection fraction

exercise

dipyridamole echo

LV filling pattern

Table 3.2 Indices o f le ft ventricular function in syndrome X. ETT=exercise tolerance
test, L V E D P -left ventricular end-diastolic pressure, PA=pulmonary artery. (+) 5 o f the
7 patients with reversible perfusion defects had an abnormal le ft ventricular ejection
fraction with exercise, 2 o f the 7 patients had a positive exercise stress test. (*)
patients with an abnormal vasodilator response to atrial pacing after intravenous
ergonovine.
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In the absence of large coronary artery disease the abnormality must lie distally in the
coronary vascular bed.

Examination of small blood vessels less than 150 fim in

diameter by endomyocardial biopsy has not, in the majority of cases, demonstrated
vascular abnormalities (Richardson et al. 1974;

Opherk et al. 1981).

Where

abnormalities have been shown it is likely that these patients suffered from a
cardiomyopathy (Mosseri et al. 1986; van Hoeven & Factor 1990). Vessels in the range
150 - 400 ftm diameter cannot be assessed by coronary angiography or light microscopy
of biopsy specimens.

This "window" is a potential site of structural or functional

abnormality in syndrome X.

3.2.2 Coronary flow reserve in syndrome X
One of the most consistent findings in syndrome X is an impairment of coronary flow
reserve (Table 3.3), that is the ability to lower resistance acutely in the coronary
vascular bed in response to a pharmacological or physiological stimulus.

Since small

vessel abnormalities are not seen in the majority of cases, a functional abnormality has
been proposed whereby a focal or regional elevation of coronary resistance, at the level
of the pre-arteriolar and/or arteriolar vessels, causes myocardial ischaemia (Epstein &
Cannon 1986;

Maseri et al. 1991).

The term "microvascular angina" has been

introduced to describe patients with chest pain,

angiographically normal coronary

arteries and an impairment of coronary flow reserve.

Cannon has applied the term to

patients in whom the increase in coronary blood flow with atrial pacing after
intravenous ergonovine is impaired; a positive exercise test result is not an inclusion
criterion.

The underlying pathophysiological mechanisms may differ in patients with

syndrome X, in patients with an impairment of coronary flow reserve and in patients
with a heightened constrictor response to ergonovine. Some patients may show features
compatible with all three definitions.
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Measurement technique

Stressor

Opherk
(1981)
Cannon'*’
(1983)

Dipyridamole 0.5 mg.kg -1
Ergonovine + atrial pacing

Argon method

Coronary sinus thermodilution

Opherk
(1983a)

Dipyridamole 0.5 mg.kg -1

Legrand
(1985)

Sodium-meglumine diatrizoate

Digital subtraction angiography

Cannon'*'
(1985a & b)

Ergonovine + atrial pacing

Coronary sinus thermodilution

Greenberg
(1987)
Cannon'*'
(1987a)

Argon method

Coronary sinus thermodilution

Atrial pacing

Ergonovine + atrial pacing
+ dipyridamole

Coronary sinus thermodilution

Bortone
(1989)

Dipyridamole 0.5 mg.kg" ^

Coronary sinus thermodilution

Neumann
(1989)

Dipyridamole 0.4 mg.kg -1

Argon method

Geltman
(1990)

Dipyridamole 0.56 mg.kg" ^

Positron emission tomography

Galassi
(1991b)

Dipyridamole 0.6 mg.kg -1

Positron emission tomography

Kaski
(1991)

Positron emission tomography

Dipyridamole

Camici*
(1992)

Dipyridamole 0.56 mg.kg" ^

Positron emission tomography

Sutsch
(1992)

Dipyridamole 0.5 mg.kg -1

Coronary sinus thermodilution

Table 3.3 Studies showing an impairment o f coronary flow and flo w reserve in
syndrome X. (+) a positive exercise test was not an inclusion criterion^
(*) 12 /1 4 had a positive exercise test.
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The assessment of coronary flow reserve depends upon accurate measurement of
coronary blood flow in both true basal and peak flow states.

Coronary flow reserve

will be underestimated if either resting flow is not indeed basal or maximum blood
flow is not induced.

In some patients an impaired coronary flow reserve may be due,

in part, to an elevated basal coronary artery flow (Geltmann et al. 1990; Galassi et al.
1991b). Impairment of flow reserve in syndrome X has also been demonstrated in the
forearm (Sax et al. 1987) which raises the possibility of a generalised abnormality of
the microvasculature.

Oesophageal motility disorders and airway hyperresponsiveness

have been found in some patients (Cannon et al. 1990a & b).

3.2.3 Possible mechanisms for Impaired coronary flow reserve
The underlying mechanism(s) which gives rise to an impairment in coronary flow
reserve in the absence of structural change is unknown, but probably operates at the
level of the resistance vessels.
or generalised,

Areas of heightened vascular resistance, whether focal

may cause vascular steal preferentially to the subepicardium,

phenomenon well recognised in coronary artery disease.

a

Because ergonovine-induced

vasoconstriction is mediated partly by a-adrenergic receptor stimulation (Innes 1962), it
has been suggested that impaired flow reserve may be due to enhanced a-adrenergic
activity in coronary resistance vessels (Bortone et al. 1989).
mechanism is lacking (Galassi et al. 1989).

Evidence for such a

Another potential mechanism which could

give rise to a functional impairment of coronary flow reserve is an abnormality of
endothelium-dependent vasodilatation, which would also explain the heightened
constrictor response to ergonovine, since ergot alkaloids elicit endothelium-dependent
vasodilator responses in addition to a direct vasoconstrictor effect (Griffith et al.
1984b).

Underlying vasoconstrictor mechanisms would predominate in the presence of

a dysfunctional endothelium.
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3.2.3.1 Impaired endothelium-deoendent vasodilatation
In 1989 Bortone assessed 13 patients with syndrome X during exercise.

Distal

epicardial dilatation occured in 7 patients whereas constriction was seen in the
remainder.

Coronary flow reserve with intravenous dipyridamole was reduced in the

group with a constrictor response to exercise.

Although not discussed by the authors,

the findings could result from an impairment of endothelium-dependent vasodilatation,
possibly flow-mediated.

In contrast, Kaski showed that the epicardial responses to

ergonovine and isosorbide dinitrate in 12 syndrome X patients were no different to
either a control group or patients with coronary artery disease (Kaski et al. 1991).
Motz studied a heterogeneous group of 23 patients, of whom 5 did not experience
angina, 5 had a negative exercise test, 1 had impaired left ventricular function, 14 had
hypertension,
mellitus,

1 had left bundle branch block,

1 had insulin-dependent diabetes

2 had paroxysmal ventricular tachycardia and 3 had supraventricular

tachycardia (Motz et al. 1991).

Not surprisingly the authors found

considerable

variability in the vasomotor responses to intracoronary ACh and dipyridamole.

Lagerqvist studied 20 patients with chest pain,

angiographically normal coronary

arteries and abnormal scintigraphic findings (Lagerqvist et al. 1991). Nine patients had
a positive exercise test and 2 patients had hypertension.
abnormalities of perfusion at rest on the thallium scan.

Fifteen patients had

The effect of intracoronary

ACh (10“^ to 10"^M) on epicardial coronary artery diameter was measured manually
and, due to the low resolution of the angiographic pictures, only a change of at least
30% was considered significant.

Significant changes were seen in 3 patients, all of

whom developed diffuse vasoconstriction.

Vrints studied 24 patients with normal

coronary arteries who were subdivided according to whether or not their chest pain
was typical of angina pectoris (Vrints et al. 1992).

Of those patients with typical

symptoms (n=12), 9 had a positive exercise test. Two patients with atypical symptoms
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had a positive exercise test.

Intracoronary ACh (10”^ to 10"^M) caused epicardial

coronary artery constriction in the first group and dilatation in the group with atypical
symptoms. Coronary blood flow was not assessed.

Fujino assessed responses to ACh (50 /iM ic) and papaverine (10 mg ic) in 7 patients
with syndrome X by measuring coronary sinus oxygen saturation (Fujino et al, 1991).
The time-area ratio (ACh : papaverine) of the recorded saturation trace was lower in
syndrome X compared to 7 control patients (0.72+0.11 V5 0.82+0.11 respectively,
p<0.05). Quyyumi assessed the response to intracoronary ACh (10“^ to 10”^M), atrial
pacing and sodium nitroprusside in 31 patients with chest pain,

normal coronary

arteries and impaired coronary flow reserve (Quyyumi et al. 1992). Great cardiac vein
flow increased 54+41% with ACh and 43+27% with atrial pacing.
heterogeneous as shown by the large standard deviations.

The response was

The response to ACh

correlated with the response to atrial pacing, but the response to nitroprusside was not
different between patients with and without reduced dilatation with atrial pacing. The
authors concluded from these results that patients with microvascular angina have
endothelial dysfunction of the coronary microvasculature.

However, nitroprusside acts

predominantly on larger arteries and causes endothelium-independent vasodilatation,
and therefore would not be expected to discriminate between the patient groups.
Furthermore, all patients had impaired coronary flow reserve and the responses to
atrial pacing (which presumably acts via both endothelium -dependent and
-independent mechanisms) and ACh may simply reflect this.
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There is considerable confusion in the literature regarding patients with syndrome X,
which has arisen, in part, because of the different definitions used to identify these
patients.

Such non-uniformity hinders a clearer understanding of the mechanisms

involved.

Undoubtedly the term syndrome X encompasses a heterogeneous group of

patients,

a proportion of whom demonstrate features compatible with reversible

myocardial ischaemia.

Only by restricting ourselves to carefully-defined patient

populations will advances in our understanding of the phenomenon be possible.
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3.3 Endothelium-dependent responses and coronary flow reserve in idiopathic dilated
cardiomvopathv
3.3.1 Introduction
In 1980 the WHO/ISFC task force defined idiopathic dilated cardiomyopathy as a heart
muscle disorder of unknown cause, recognised by dilatation of one or both ventricles,
producing impairment of systolic function which may cause heart failure.

By

definition the underlying cause is unknown, but viral infections, nutritional deficiency
and drug toxicity are sometimes implicated. Families with dilated cardiomyopathy are
presumed to have single gene defects, and recent studies suggest that idiopathic dilated
cardiomyopathy is more frequently familial than was previously suspected (Michels et
al. 1992).

Immune mechanisms are increasingly recognised to be important in the

aetiology of dilated cardiomyopathy.

Autoantibodies against the j3-adrenoceptor and

anti-heart antibodies have been found in patients with myocarditis and dilated
cardiomyopathy (Magnusson et al. 1990; Neumann et al. 1990; Wallukat et al. 1991).
An association has been found between certain HLA class II antigens associated with
immunoregulation and dilated cardiomyopathy (Carlquist et al. 1991;

Hufnagel &

Maisch 1992).

Idiopathic dilated cardiomyopathy is characterised by a significant impairment of left
ventricular ejection fraction.

The right ventricle may also be dilated and its ejection

fraction reduced (Johnson & Palacios 1982).
increases diastolic wall tension.

Impairment of left ventricular ejection

The ventricle responds to an increase in diastolic

tension, or preload, by increasing contractility (the Frank-Starling principle). Initially
stroke volume is maintained by a series of compensatory mechanisms,

including

activation of the sympathetic nervous system and the renin-angiotensin system.

As a

consequence, peripheral resistance rises. In the early stages this may only manifest on
exercise, but in the later stages abnormal vasoconstriction is evident at rest (Wade &
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Bishop 1962; Zells et al. 1981).
circulations (renal,
circulations.

Blood is redistributed away from non-essential

splanchnic and cutaneous),

sparing the coronary and cerebral

As heart failure progresses vasoconstriction becomes inappropriate and a

vicious cycle develops. Prolonged ventricular distension leads to thinning, necrosis and
fibrosis o f the ventricular wall (Capasso et al. 1990), which restricts the heart’s capacity
to normalise wall stress.

Ventricular dilatation progresses and heart failure develops.

At higher end-diastolic pressures the Frank-Starling curve predicts a fall in myocardial
efficiency.

The ability of the heart to respond to sympathetic stimulation and

circulating catecholamines declines, due to down-regulation of /S-adrenoceptors and
uncoupling of jS-adrenoceptors to adenylate cyclase (Bristow et al. 1990).

Progressive

systemic vasoconstriction increases the pressure and volume in the heart and
exacerbates preload and afterload.

Pathological examination reveals dilated cardiac chambers, which may mask the degree
of hypertrophy.

There is histological evidence of interstitial myocardial scarring and

cellular hypertrophy.

Cardiac hypertrophy produces anatomical changes in the

coronary vasculature.

Studies in animals and in man indicate that the epicardial

coronary arteries are enlarged in hypertrophied ventricles (Paulsen et al. 1975; Stack et
al. 1983).

The enlargement is less than would be expected if the size of the conduit

coronary arteries increased in proportion to the increase in cardiac mass, but total
coronary resistance is minimally affected.

There is no convincing evidence for small

vessel disease (Olsen 1979; Shirey et al. 1980).

Small vessel thickening has been

reported but is a non-specific finding which also occurs in patients with other
conditions, for example hypertension, diabetes mellitus and unexplained arrythmias
(van Hoeven & Factor 1990).

Although the cross-sectional area of the capillaries

(lumen plus wall) is greater than in control specimens, the normal ratio of microvessels
to myocytes is maintained (Mosseri et al. 1991).
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3.3.2 Coronary flow reserve In heart failure
Coronary perfusion is altered by the haemodynamic and neurohumoral changes which
occur as heart failure develops.

Mechanical factors, for example wall tension and

inotropic state, together with preload, afterload and the duration of diastole influence
myocardial perfusion. Neurohumoral adaptive responses affect coronary perfusion, not
only by their systemic effects but also by local actions on the coronary bed.

The

effects of cardiac hypertrophy on coronary flow reserve are complex, and depend upon
the stimulus for hypertrophy. Left ventricular hypertrophy secondary to thyrotoxicosis
is associated with a decrease in minimal coronary vascular resistance (Chilian et al.
1985), whereas hypertension-induced ventricular hypertrophy is associated with an
increase in minimal coronary vascular resistance (O’Keefe et al. 1978).

Coronary flow

reserve is diminished in patients with ventricular hypertrophy secondary to aortic
stenosis (Marcus et al. 1982).

The interaction between coronary vascular and cardiac

muscle growth depends not only on the stimulus but also on the duration of the
stimulus (Wangler et al. 1982) and the presence of heart failure (Parrish et al. 1985).

Because of the development of ventricular hypertrophy in heart failure, absolute values
of coronary blood flow will depend on whether measurements are expressed as the total
flow to the myocardium or when normalised for ventricular mass.

In a study of

patients with congestive or hypertrophic heart failure, resting blood flow (per lOOg
ventricle) was lower than in control subjects but total myocardial blood flow to the
heart was normal (Weiss et al. 1976).

Since histological examination reveals

preservation of the capillary : myocyte ratio and absence of small vessel disease
(Mosseri et al. 1991) other mechanisms must be considered to account for impaired
coronary blood flow at rest.
blood flow and heart rate,

Weiss demonstrated a relationship between myocardial
ventricular wall stress and the mean velocity of

circumferential fibre shortening. However, other investigators have found that resting
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coronary blood flow is normal in dilated cardiomyopathy (Opherk et al. 1983b;
Nitenberg et al. 1985).

Opherk et al. (1983b) measured coronary blood flow in 16

patients with idiopathic dilated cardiomyopathy using the argon technique and showed
that resting coronary blood flow was normal (78+17 ml.lOOg"^.min"^ vs 78+9
ml.lOOg"^.min“^ in normal subjects).

Maximum hyperaemic flow with intravenous

dipyridam ole was sign ificantly impaired (142+38 ml.lOOg'^.min"^ vs 301+64
ml.lOOg"^.min”^ in normal subjects).

A significant correlation was observed between

left ventricular end-diastolic pressure and minimal resistance obtained with
dipyridamole, suggesting that extravascular compressive forces influence coronary flow
reserve.

In contrast, Nitenberg et al. (1985) found no correlation between values for

hyperaemic flow and left ventricular mean diastolic pressure, mean aortic pressure or
coronary driving pressure (Nitenberg et al. 1985).

Impaired coronary flow reserve may

explain why a proportion of patients with

idiopathic dilated cardiomyopathy experience

anginal-typepain in the absence of

epicardial coronary artery disease (Pasternac et al. 1982).

Cannon found that two

patient groups could be distinguished on the basis of the response to intravenous
ergonovine (Cannon et al. 1987b).

During rapid atrial pacing after ergonovine

administration, 11 of 12 patients with a history of angina experienced their typical
chest pain, in contrast to only 1 of 12 patients without a history of angina. The angina
group had a significantly lower great cardiac vein flow after dipyridamole and during
pacing after ergonovine.

Cannon proposed that angina during pacing, assumed to

represent myocardial ischaemia, was caused either by extravascular compressive forces
limiting myocardial blood supply or

by an abnormality of the micro vasculature.

Although elevated ventricular filling pressure might have limited blood supply, there
were no differences in left ventricular end-diastolic pressure between those patients
who experienced angina and those who did not. There was no evidence of small vessel
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disease in endomyocardial biopsies obtained from 23 patients.

Inadequate coronary

flow reserve may also contribute to the development of heart failure due to repetitive
subendocardial ischaemia at times of increased metabolic demand (Vatner 1988).

3.3.3 Circulatory changes In the periphery

The adaptive responses to ventricular dysfunction have been examined in the
peripheral vasculature. Hewlett & Van Zwaluwenberg (1909) found that forearm blood
flow, measured with plethysmography, was reduced in the presence of heart failure.
Arterial and venous oxygen saturation studies indicated that blood flow to the upper
and lower limbs was impaired in heart failure patients (Lundsgaard 1918; Weiss & Ellis
1935).

Extensive studies in the 1950s by Wade & Bishop led them to conclude that

regional blood flow decreases in proportion to the fall in cardiac output (Wade &
Bishop 1962).

Progression of heart failure causes excessive vasoconstriction in the

renal and skin circulations so that the greatest reduction in blood flow occurs in these
regions.

In 1968 Zelis described the peripheral responses to reactive hyperaemia and exercise in
patients with heart failure (Zelis et al. 1968).
reduced in heart failure patients.

Basal forearm flow was significantly

Peak reactive hyperaemic blood flow was markedly

reduced in both the forearm and calf, and was not significantly altered by local
administration of phentolamine.

Peak blood flow in response to intra-arterial sodium

nitroprusside was also impaired.

Wilson demonstrated that the characteristic

impairment of exercise capacity in patients with heart failure was associated with
inadequate nutritive blood flow to skeletal muscle (Wilson et al. 1984).

Similarly

LeJemtel showed impairment of limb blood flow during one-leg and two-leg exercise
in patients with heart failure,

which was independent of cardiac performance,

suggesting an intrinsic impairment of vasodilator capacity (LeJemtel et al. 1986).
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In c re a se d

s tiffn e ss

and

re d u c e d

co m p lian ce

of

th e

b ra c h ia l

a rte ry

d em o n strated in patients w ith h eart failu re (A rnold et al. 1991).

have

been

T he m echanism (s)

u n d erly in g abnorm al lim b flow responses in h eart fa ilu re is u n ce rtain b u t m ay involve
abnorm al vasoconstrictor influences.

In n on-oedem atous h eart fa ilu re patients fo rearm

blood flow increases sim ilarly to control subjects d u rin g exercise, suggesting th a t salt
and w ater reten tio n , or m ediators o f this response, are involved (W ilson et al. 1986a).

3.3.4 Vasomotor changes in heart failure
H eart failu re is characterised by considerable changes in vasom otor tone, both at rest
and w ith exercise. These changes play an im p o rtan t role in the developm ent o f m any
o f the sym ptom s and signs o f chronic heart failu re.

In ad d itio n to activ atio n o f the

sym p ath etic nervous system and the ren in -an g io ten sin system o th er vasoactive agents
are released, including atrial n atriu re tic pep tid e, vasopressin and en d o th elin (C ody et
al. 1986; C reager et al. 1986; M argulies et al. 1990).

E n d o th elin levels increase in

p ro p o rtio n to the severity o f the heart failure (H iroe et al. 1991).

A trial n atriu re tic

pep tid e norm ally inhibits the release o f renin, noradrenaline and vasopressin as well as
th e ir actions on blood vessels,

bu t as heart failu re progresses the actions o f atrial

n a triu re tic peptide are atten u ated (K im u ra et al. 1990).

O ne o f the first studies o f e n d o th eliu m -d ep e n d en t responses in an anim al m odel o f
h eart fa ilu re was rep o rted in 1989 by K aiser, who exam ined the effec ts o f A C h on
fem o ral arte ry diam eter in pu reb red beagles w ith experim ental h eart failu re.
_o

arte ry d ilatatio n was reduced at all doses o f A C h (10
controls,

F em oral

n

to 10" M ) com pared w ith

suggesting that im paired e n d o th eliu m -d ep e n d en t vasodilatation is an o th er

fa c to r co n trib u tin g to the altered vascular responses seen in h eart failu re.
response to n itroglycerin,

an e n d o th eliu m -in d ep e n d en t vasodilator,

T he dilator

was preserved.

Studies w ith a selective in h ib ito r o f E D R F fo rm atio n , L -N M M A , in the h in d q u arte r
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resistance vessels of rats show that basal release of EDRF is preserved but ACh
receptor-stimulated release of EDRF is impaired (Drexler & Lu 1992a).

Possible

causes include impaired endothelial function secondary to chronically reduced blood
flow, an inhibitory effect on receptor-mediated EDRF release by tumour necrosis
factor, which is elevated in chronic heart failure, or specific abnormalities of an
isoform of the enzyme nitric oxide synthase (Aoki et al. 1989; Levine et al. 1990).
Ontkean demonstrated normal relaxation to the calcium ionophore A23187 in vascular
strips from a rat heart failure model despite impaired receptor mediated
endothelium-dependent responses to ACh and AD? (Ontkean et al. 1991), providing
further supportive evidence for altered receptor properties or signal transduction
mechanisms in chronic heart failure.

There are few studies of endothelium-dependent vasodilatation in patients with heart
failure.

Kubo used the isolated forearm model in patients with heart failure to

measure forearm blood flow responses to the intra-arterial administration of
methacholine, a drug which stimulates EDRF release via muscarinic receptors (Kubo et
al. 1991). The increase in forearm blood flow with methacholine was significantly less
in patients with heart failure than in control subjects. Responses to nitroprusside were
slightly, albeit insignificantly, impaired. These findings suggest that there is a specific
abnormality of endothelium-dependent dilatation in heart failure,

in addition to

generalised constriction. The methacholine responses in heart failure did not correlate
with plasma levels of noradrenaline or renin activity,

suggesting that impaired

endothelium-dependent vasodilatation is not simply due to heightened vasoconstriction
by these neurohormones.

Similar results were obtained when femoral blood flow

velocity responses to ACh and nitroglycerin were examined in patients with heart
failure (Katz et al. 1992).
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Drexler showed that, although forearm blood flow responses to ACh were impaired in
patients with heart failure, basal release of EDRF was preserved or possibly enhanced
(Drexler et al. 1992b). The reduction in forearm blood flow following local infusion of
L-NMMA was significantly greater in heart failure patients than in control subjects.
The fall in blood flow was not associated with any significant change in diameter of
the conductance vessels, suggesting preferential release of EDRF from the resistance
vessels.

Further evidence for increased basal release of EDRF in heart failure was

recently provided by Fonarow et al. (1992), who measured nitric oxide levels from the
sera of 18 patients with advanced heart failure.

The level of nitric oxide was 67+19

pmol.lOO/il"^ in heart failure patients compared with 29+14 pmol. 100^1"^ in healthy
controls.

Responses to intracoronary ACh have been measured in patients with heart failure
(Treasure et al. 1990).

The effects of ACh 10“^ to 10“^M and adenosine were

compared in 8 patients with idiopathic dilated cardiomyopathy and 7 patients with
atypical chest pain using an intracoronary Doppler flow probe.

There was no

significant increase in coronary blood flow with ACh in heart failure patients (41+24%,
p>0.05). Blood flow increased 232+40% in control subjects at the highest concentration
of ACh. Coronary blood flow in response to adenosine increased to a lesser extent in
heart failure patients (268+43% vs 424+56%) but the difference was not significant. To
examine the endothelium-dependent component of vasodilatation, the increase in blood
flow with ACh was standardised to the increase in flow with adenosine for each
patient. The standardised dose-response curve to ACh was significantly lower in heart
failure patients compared with controls. These data were interpreted as an impairment
of endothelium-dependent relaxation to ACh in the microvasculature of patients with
dilated cardiomyopathy. However, without assessing the effects of a specific inhibitor
of EDRF, the exact mechanism underlying the impaired response to ACh cannot be
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determined. In addition to releasing EDRF, ACh also has a direct constrictor effect on
underlying vascular smooth muscle.

Either mechanism may operate to impair the

vascular response to ACh.

The results of this study are suggestive of a functional abnormality o f the
microvasculature in patients with heart failure, which is in keeping with the lack of
evidence for pathological abnormalities of the small vessels.

There is evidence that

microvascular spasm may be important in the development of heart failure. The Syrian
hamster is a unique genetic model that develops a progressive cardiomyopathy
transmitted by an autosomal recessive gene (Bajusz et al. 1966).

Examination of the

microcirculation reveals multiple areas of microvascular constriction (Factor et al.
1982). The spastic changes appear before the development of overt necrosis, suggesting
that vasospasm is a cause rather than an effect of the myopathic process. Furthermore,
pretreatment of young animals with vasodilators such as verapamil, hydralazine or the
CKj-adrenoceptor blocker prazosin prevented the microvascular spasm as well as
myocyte necrosis (Factor & Sonnenblick 1985;

Figulla et al. 1987).

Attenuated

endothelium-dependent vasodilatation predisposes towards the development of
microvascular spasm, and might contribute towards the development of cardiomyopathy
by impairing blood flow to the myocardium.
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3.4 Endothelium-dependent responses and coronary flow reserve in coronary artery
disease and the effect of percutaneous transluminal coronary angioplasty
The fundamental lesion of atherosclerosis is the intimai plaque, which is composed of
connective tissue proteins including collagen, elastin and plasma-derived lipid.

The

lipid, which is predominantly cholesterol and its esters, is contained within foam cells
of either smooth muscle or macrophage origin, and also lies free within the intima as
an extracellular pool.

The atherosclerotic plaque is typically concentrically or

eccentrically located within the vessel wall,

which determines the ability of the

surrounding vessel wall to undergo dynamic changes in size and shape. In experimental
atheroma the endothelium remains intact over early lesions,

but focal loss of

endothelial cells occurs in more developed lesions, with subsequent platelet deposition
on exposed underlying subendothelial connective tissue (Ross 1986).

Loss of the

protective endothelial cell layer may be an important predisposing factor to the
progression of atherosclerosis, enabling unopposed platelet-vessel wall interactions and
the release of mitogenic factors.

Recent studies have demonstrated that endothelial

cell dysfunction occurs early in the disease process, even prior to the development of
overt atheroma with loss of endothelial cells.

3.4.1 Endothelium-dependent responses in coronary artery disease
3.4.1.1 In vitro and animal studies
There is overwhelming evidence for impairment of endothelium-dependent vasodilator
responses not only in atherosclerosis, but also in hypercholesterolaemia prior to the
development of histological change within the vessel wall (Verbeuren et al. 1986;
Harrison et al. 1987). Chronic in vivo exposure to elevated levels of cholesterol inhibits
endothelium-dependent relaxation in the absence of morphological evidence of
atherosclerosis (Cohen et al. 1988). Accumulation of low-density lipoprotein (LDL) or
its oxidised form at sites of atheroma impairs endothelium-dependent dilatation (Jacobs
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et al. 1990) and, at levels corresponding to those found in hypercholesterolaemic
patients, LDL inhibits endothelium-dependent relaxation in precontracted rabbit and
porcine aortae (Andrews et al. 1987; Tomita et al. 1990).

Endothelium-dependent

relaxations to noradrenaline and A23187 were unaltered which suggest that LDL
selectively impairs specific receptor-operated endothelium-dependent responses. Guerra
et al. (1990) showed that EDRF production, in response to ACh and the calcium
ionophore A23187, from atherosclerotic rabbit aorta was reduced by approximately 50%
compared with normal rabbit aorta. Attenuated endothelium-dependent responses have
also been found in resistance vessels even though these vessels characteristically do not
develop atherosclerotic changes (Wright & Angus 1986; Sellke et al. 1990). Exogenous
L-arginine, the precursor of EDRF, restores the response, suggesting a relative lack of
substrate in the pathogenesis of impaired endothelium-dependent responses (Girerd et
al. 1990; Cooke et al. 1991).

Agonist-induced endothelium-dependent dilator responses are selectively impaired in
atherosclerotic human epicardial coronary arteries (Bossaller et al. 1987; Forstermann et
al. 1988;

Chester et al. 1990a).

Endothelium-dependent dilator responses were

abolished to ACh, partially reduced to substance P and histamine, and preserved with
the calcium ionophore A23187.

Using radiolabelling. Crossman has demonstrated the

presence of substance P binding sites on the luminal surface of human atherosclerotic
coronary arteries.

In vivo studies confirmed the retention of a dilator response to an

intracoronary infusion of substance P although the response was variable (Crossman et
al. 1991).

Supporting evidence for selective impairment comes from studies of

pertussis toxin-sensitive endothelium-dependent relaxations.

Pertussis toxin is an

irreversible inhibitor of the G* protein, which couples certain receptors to the release
of EDRF, including those activated by serotonin, c<2 -adrenergic stimuli, thrombin and
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leukotriene

(Flavahan et al. 1989).

The function o f endothelial pertussis

toxin-sensitive G protein is reduced in hypercholesterolaemia, and is virtually absent in
atherosclerosis (Shimokawa et al.

1991),

suggesting that the development of

atheromatous change selectively inhibits the G | protein-dependent signal transduction
pathway. Later in the atherosclerotic process, dysfunction of mechanisms distinct from
the G | protein-dependent pathway occurs.

Mechanisms that may give rise to impaired endothelium-dependent relaxation in
atherosclerosis include reduced release and/or synthesis of EDRF, impaired membrane
receptor coupling, the generation of superoxide anions which scavenge EDRF at sites
of atheroma, destruction of endothelial cells, dysfunction of endothelial cell receptors
and reduced sensitivity of the underlying smooth muscle cells (Verbeuren et al. 1986;
Bossaller et al. 1987). A physiological barrier created by the atherosclerotic process is
probably a minor factor (Cocks et al. 1987).

3.4.1.2 Studies in man
Endothelial dysfunction has been demonstrated in angiographically normal human
coronary arteries in patients with risk factors for the development of atheroma (Vita et
al. 1990).

Serum cholesterol, male gender, family history, age and cholesterol level

were independently associated with the response to intracoronary ACh.

As atheroma

develops endothelium-dependent dilatation is progressively lost (Zeiher et al. 1991a).
Normal epicardial coronary arteries dilate in response to low dose intracoronary ACh,
increases in coronary blood flow and the cold pressor test.

In hypercholesterolaemic

patients with angiographically smooth coronary arteries, epicardial coronary arteries
constricted to intracoronary ACh but dilated in response to increases in coronary blood
flow and with the cold pressor test. In patients with angiographic evidence of coronary
artery disease elsewhere in the coronary tree, dilatation of angiographically smooth
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segments was only seen with increases in blood flow.

Patients with angiographic wall

irregularities developed epicardial coronary artery constriction to all three stimuli.
Disturbed flow at coronary branch points may damage the endothelial lining, creating
areas of dysfunctional endothelium.
angiographic

Coronary branch points in patients with

evidence of early atherosclerosis vasoconstrict to ACh but respond

normally to exogenous nitrates (McLenachan et al. 1990).Impaired endotheliumdependent dilatation also occurs in the coronary microvasculature (Zeiher et al. 1991b).
The effects

of hypercholesterolaemia extend beyond the coronary circulation.

Abnormalities

of vascular reactivity have been demonstrated in forearm resistance

vessels of hypercholesterolaemic patients (Creager et al. 1990).

Increases in forearm

blood flow to an infusion of methacholine were reduced in hypercholesterolaemic
patients when compared with a control group.

In atherosclerosis a constrictor response is produced in response to certain agents which
normally cause vasodilatation, for example ACh and serotonin (Ludmer et al. 1986;
Werns et al. 1989; Golino et al. 1991. McFadden et al. 1991). Platelet activation occurs
in acute coronary syndromes,

and serotonin and thromboxane A 2

are released.

Platelet-derived products cause vasodilatation in healthy coronary arteries but are
powerful vasoconstrictors in diseased vessels (Hirsh et al. 1981; Willerson et al. 1989).

The vasomotor response to physical stimuli is determined by the disease state of the
coronary artery.

Exercise dilates angiographically normal coronary arteries whereas

diseased coronary arteries constrict (Gordon et al. 1989).
ACh mirrors these responses.

The effect of intracoronary

Similarly, angiographically normal coronary arteries

either dilate or show no change with mental stress whereas atherosclerotic arteries
constrict (Yueng et al. 1991).

The cold pressor test which, like mental stress, is an

effective stressor of the cardiac sympathetic system, dilates normal coronary arteries
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and constricts atherosclerotic arteries (Nabel et al. 1988).

The failure of dilatation in

response to sympathetic activation may be due to a-adrenergic dysfunction, since
a 2 -adrenoceptors located on endothelial cells normally release EDRF when activated.
Zeiher demonstrated that dilatation o f normal arteries and constriction o f
atherosclerotic arteries with the cold pressor test mirrored the responses to
intracoronary ACh (Zeiher et al. 1989).

Several groups have described loss of

flow-mediated dilatation in atherosclerotic coronary arteries (Cox et al. 1989; Drexler
et al. 1989; Vita et al. 1989; Nabel et al. 1990) which could have important clinical
implications, particularly in stenotic arteries.

3.4.1.3 Correction of endothelial dvsfunction
In the presence of established atherosclerosis it is difficult to envisage possible
corrective mechanisms that might restore endothelial cell function.

With increasing

knowledge of the biochemical pathways responsible for the formation of nitric oxide
from its precursors, it may be possible experimentally to improve or reverse endothelial
cell dysfunction which occurs in the initial stages of atheroma formation.

Animals fed cholesterol-rich diets develop pathological changes within the vessel wall,
associated with progressive inhibition of endothelium-dependent relaxation, which may
be detected in a matter of weeks (Verbeuren et al. 1986).

Vascular strips from

cholesterol-fed rabbits can still produce EDRF in response to ACh, indicating that
impaired endothelium-dependent relaxation in the early stages of atheroma formation
may be due to mechanisms other than reduced production of EDRF.
manipulation may improve endothelium-dependent responses in animals.

Dietary
Endothelial

cell morphology improved when rabbits were switched to standard diet after 6 weeks
on a 2% cholesterol diet, but endothelium-dependent relaxations did not normalise,
even after 32 weeks on the normal diet (Jayakody et al. 1987).
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Hypercholesterolaemia is one of the most important factors predicting endothelial cell
dysfunction in human coronary arteries (Vita et al. 1990). The mechanism(s) by which
hypercholesterolaem ia impairs endothelium -dependent relaxation is unknown.
Production of endothelium-derived constrictor agents may increase. Intimai thickening
may act as a physical barrier to diffusion of EDRF, but other mechanisms must be
involved because endothelial dysfunction precedes histological change in the vessel
wall.

Furthermore,

resistance vessels do not develop atheroma,

and yet

endothelium-dependent responses are blunted in the presence of hypercholesterolaemia
(Creager et al. 1990).

If reduced synthesis and/or release of EDRF underlies the

abnormality found in hypercholesterolaemia, it might be possible to normalise the
response by increasing the amount of available substrate.

Cooke examined

endothelium-dependent relaxations to ACh in normal and hypercholesterolaemic rabbits
receiving intravenous L-arginine or vehicle for 70 minutes prior to sacrifice (Cooke et
al. 1991). L-arginine normalised the responses to Ach in hypercholesterolaemic rabbit
thoracic aortic strips but had no effect in normal rabbit aorta,

suggesting that

hypercholesterolaemia is associated with a reduction in intracellular availability or
metabolism of L-arginine.

Similar results have been obtained in coronary arterioles

from atherosclerotic pigs (Kuo et al. 1992).

Drexler examined the effects of ACh on coronary artery dimensions and blood flow in
hypercholesterolaemic patients before and after the administration of L-arginine
(Drexler et al. 1991a).

In controls and hypercholesterolaemic patients, intracoronary

ACh induced a moderate reduction in epicardial coronary artery area. Coronary blood
flow increased in both groups, but was significantly lower in the hypercholesterolaemic
group.

Intracoronary infusion of L-arginine restored the ACh-induced increase in

coronary blood flow in the hypercholesterolaemic patients but did not affect blood
flow in the control group.

The beneficial effect of L-arginine was most prominent
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during maximum stimulation with ACh, suggesting that availability of L-arginine may
become a rate-lim iting factor during receptor-stim ulated release o f EDRF.
Alternatively, L-arginine may cause a non-specific induction of nitric oxide synthase
isoforms in non-endothelial cells.

Studies in hypercholesterolaemic and atherosclerotic

animals have demonstrated that endothelium-dependent responses can also be restored
by dietary and drug manipulation of hypercholesterolaemia (Harrison et al. 1987;
Shimokawa et al. 1987a; Osborne et al. 1989).

3.4.1.4 The effect of aneioplastv on coronarv arterv reactivitv
Balloon angioplasty is a highly effective

method for removing

the vascular

endothelium, thereby predisposing towards a vasoconstrictor and procoagulant state.
Balloon injury also causes splitting in the vessel wall with disruption of the intima and
media,

followed by platelet adhesion,

release of constrictor agents and the local

formation of thrombus (Steele et al. 1985).

Within the first minute after final balloon

deflation there is a significant reduction in luminal cross-sectional area due to the
elastic properties of the vessel wall (Reusing et al. 1990 & 1991).

Nearly 50% of the

theoretically achievable cross-sectional area is lost shortly after balloon deflation
despite the use of intracoronary nitrates, suggesting elastic recoil rather than active
vasomotion.

Acute closure occurs in a minority of patients following angioplasty (Cowley et al.
1984) and there is evidence to suggest that coronary artery spasm is a causal factor
(Hollman et al. 1983; Quyyumi et al. 1986; Leisch et al. 1991).

Studies in animals

indicate that balloon angioplasty causes severe medial smooth muscle cell injury
resulting in arterial paralysis which would preclude vasoconstriction (Castenada-Zuniga
et al. 1982; Faxon et a l 19S2; Consigny et al. 1986). These apparent discrepancies may
be explained by balloon-oversizing, since substantial overstretching can impair smooth
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muscle function (Fischell et al. 1990a). Results from animal studies suggest that spasm
adjacent to the dilated segment may be caused by the release of platelet products,
particularly serotonin and thromboxane A 2 (Le Veen et al. 1985; Sigal et al. 1991).

In addition to the development of coronary spasm and elastic recoil following
angioplasty, there is evidence that spontaneous and progressive vasoconstriction develop
at the dilated and distal segments (Sanders 1985; Fischell et al. 1988). A diameter loss
of 30±4% was seen at 30 minutes following angioplasty despite continuation of routine
antianginal therapy (Fischell et al. 1988).

There are several mechanisms which might

explain vasoconstriction following angioplasty, including the release of platelet-derived
vasoactive substances such as serotonin, thromboxane and ADP (Bing et al. 1985), loss
of endothelium-derived relaxing factor (Fischell & Ginsburg 1987), the stimulation of
stretch-dependent,

endothelium-independent myogenic tone (Bevan 1985),

altered

arichidonate metabolism (Cragg et al. 1983) and adrenergic nerve dysfunction (Cohen et
al. 1987).

Whereas the degree of lesion eccentricity does not appear to influence the

magnitude of the vasoconstrictor response (Fischell & Bausbeck 1991), the extent of
distal vasoconstriction correlates with lesion severity (Fischell et al. 1990b), suggesting
that human epicardial coronary arteries reset their autoregulatory response in the
setting of chronic hypoperfusion and that distal vasoconstriction is the result of a
maladaptive constrictor response to increased perfusion pressure after successful
angioplasty.

Endothelial cells can function as mechanotransducers, such that increased

pressure and/or flow stimulates the release of endothelium-derived contracting factors
capable of causing smooth muscle contraction (Katusic et al. 1987).

In an animal

model angioplasty-induced vasoconstriction at the dilated segment was prevented by
endothelial denudation before angioplasty, by removal of extracellular calcium and by
pretreatment with cyclooxygenase inhibitors (Fischell et al. 1989),

suggesting that

vasoconstriction was mediated by an endothelium-derived cyclooxygenase product.
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The temporal effect of angioplasty on coronary vasomotion has been examined in man.
Four hours following angioplasty the dilated and distal segments were constricted, but
this was no longer apparent at 8 days (El-Tamimi et al. 1991a).

Prior to angioplasty

the cold pressor test elicited vasoconstriction at both sites, but no constrictor response
was seen at 4 hours.

A constrictor responses could again be demonstrated at day 8.

Suter showed that exercise-induced vasoconstriction at the stenotic site prior to
angioplasty was lost at 4 and 40 months following angioplasty, but examination of
individual responses revealed a normal dilator response early and late after angioplasty
in some individuals, suggesting restoration of endothelial function (Suter et al. 1992).
In addition to vasomotor changes involving

the epicardial coronary arteries,

inappropriate small vessel vasoconstriction may develop after successful angioplasty,
resulting in exercise-induced ST segment depression in the absence of significant
epicardial obstruction (El-Tamimi et al. 1991b).

3.4.2 Coronary flow reserve in coronary artery disease
3.4.2.1 The effect of a stenosis on coronarv flow reserve
The concept of coronary flow reserve, defined as the ratio of maximal flow to basal
flow, as a functional measure of stenosis severity was introduced by Gould in 1974.
Resting coronary blood flow is maintained until the percentage diameter stenosis
exceeds 90% whilst maximum flow begins to fall when the diameter stenosis exceeds
50% (Gould 1985).

Whereas studies in animals show a fairly predictable relationship

between coronary flow reserve and the degree of coronary obstruction, studies in man
have revealed a different relationship when coronary obstruction is produced by
atherosclerosis rather than by experimental constriction of an artery.

Because flow is

proportional to the fourth power of the radius, in accordance with Poiseuille’s law,
vessel diameter is the major influence on resistance to flow across a stenosis.

Small

changes in vasomotor tone may cause large changes in coronary blood flow at the site
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of a stenosis. Because atherosclerotic lesions retain a variable capacity for vasomotion,
the physiological significance of a lesion will depend on many factors, and may vary
with time. Even with a “fixed" stenosis, resistance is variable and will increase as flow
increases, thereby widening the pressure drop across the stenosis. Large pressure drops
at high flow rates may cause distal collapse.

Hence, geometric measures of stenosis

severity may not predict the physiological significance of a stenosis.

Flow reserve

depends on many factors in addition to the degree of obstruction produced by the
stenosis, for example lesion morphology and extent, the presence of diffuse disease and
the degree of collateralisation.

Coronary flow reserve measured with an intracoronary Doppler flow probe in patients
with discrete coronary artery disease correlates closely with percentage area stenosis,
minimum cross-sectional area and the translesional pressure gradient (Wilson et al.
1987; Zijlstra et al. 1987).

In contrast, studies in patients with widespread coronary

artery disease reveal a poor relationship between visual and quantitative estimates of
stenosis severity and coronary flow reserve (Harrison et al. 1984; White et al. 1984).

3.4.2.2 The effect of ancioolastv on coronarv flow reserve
The success of angioplasty is generally measured as the reduction in stenosis severity
following the procedure.

A 20% increase in luminal diameter and/or less than 50%

residual diameter stenosis measured angiographically is usually considered successful
(Kent et al. 1982).

Measurement of coronary flow reserve has been proposed as a

better method for evaluating the haemodynamic significance of a stenosis and the
benefit derived from angioplasty, since quantitative measurements of stenosis severity
do not accurately predict the functional and physiological effects of a stenosis or the
gain achieved with angioplasty (Klocke 1983; Hoffman 1984).

The intracoronary

Doppler probe enables measurement of coronary blood flow selectively within the
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coronary tree, and is a suitable method for assessing the effects of angioplasty on
coronary blood flow.

Because blood flow is regulated primarily by the arteriolar bed,

abnormalities of the microcirculation may impair vasodilator capacity independently of
the degree of obstruction within the epicardial arteries.

Patients with left ventricular

hypertrophy, longstanding hypertension, impaired left ventricular function, evidence of
collateralisation or the presence of significant branches immediately proximal to the
stenosis should be excluded.

The first measurements of resting and maximum blood flow after angioplasty were
reported by Hartzler in 1980.

Basal coronary blood flow may increase following

angioplasty (Hartzler et al. 1980; Rothman et al. 1982; Canty & Klocke 1984; Kern et
al. 1989; Nanto et al. 1992) but this is not a consistent finding (Feldman et al. 1983;
Serruys et al. 1984; Hodgson et al. 1987).

For very severe lesions (>90% diameter

stenosis) compromising resting blood flow it is not surprising that resting blood flow
should rise following successful angioplasty, but whether resting flow increases beyond
the metabolic requirements of the heart is uncertain.

If resting blood flow increases,

coronary flow reserve, which is the ratio of peak hyperaemic flow to baseline flow,
will be reduced even if maximum flow returns to within the accepted normal range
(Kern et al. 1989).

Studies of coronary flow reserve at the time of angioplasty show

that angiographically successful coronary angioplasty improves, but does not necessarily
normalise, coronary flow reserve in the immediate post-angioplasty period (O’Neill et
al. 1984; Hodgson et al. 1987; Nanto et al. 1992). Indeed, reversible perfusion defects
on exercise thallium-201 scintigraphy may persist for several months after apparently
successful angioplasty (Manyari et al. 1988).

Additional factors which might account

for the apparent failure of coronary flow reserve to normalise include the presence of
diffuse atherosclerosis, residual obstruction not apparent angiographically, undetected
microvascular disease,

loss o f endothelium -dependent dilatation,
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release o f

vasoconstrictor agents from platelets and the vessel wall,
microthrombi and alterations of vasoregulatory mechanisms.

distal embolisation of
Prolonged vasodilatation

of resistance vessels distal to a stenosis may transiently impair the autoregulatory
capacity of the vascular bed.

Coronary flow reserve remains impaired 24 hours after angioplasty (Laarman et al.
1991), but gradually improves or even normalises in the absence of restenosis, possibly
due to remodelling of the lesion with further reduction in obstruction area (Bates et al.
1985; Wilson et al. 1988a; Zijlstra et al. 1988a).

In a study of selected patients with

discrete coronary artery disease coronary flow reserve improved immediately following
angioplasty in all patients but failed to normalise in just over half (Wilson et al. 1988a).
None of the angiographic variables of stenosis severity predicted flow reserve
immediately after angioplasty.

Furthermore, the mean translesional pressure gradient

and the mean distal resting coronary artery pressure were not significantly different in
vessels with normal flow reserve and in those with impaired flow reserve.

Late after

angioplasty a clear relationship emerged between coronary flow reserve and measures
of stenosis severity and translesional pressure gradient.

y

All patients with <70% area

stenosis or >2.5 mm minimal cross-sectional area had normal coronary flow reserve.
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CHAPTER 4

METHODOLOGY
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4.1 Assessment of coronary blood flow and coronary flow reserve
Coronary flow reserve is defined as the ratio of maximum hyperaemic blood flow to
baseline flow (Gould 1974).

The term reflects the ability of the myocardial bed to

lower coronary vascular resistance to a given stimulus.

Normal values for coronary

flow reserve depend upon the method for measuring blood flow and the stimulus for
inducing hyperaemia.

Coronary flow reserve will be underestimated if resting levels

are raised or if maximum hyperaemia is not induced. Flow reserve is also affected by
many factors including the presence of coronary artery disease,
hypertrophy,

prior myocardial infarction,

collateralisation,

myocardial

hypertension,

arterial

pressure and heart rate, ventricular end-diastolic pressure, the presence of vasoactive
drugs and intrinsic small vessel disease.

Although several techniques are available for the measurement of coronary flow reserve
in man, only the intracoronary Doppler flow probe fulfilled the criteria necessary for
the assessment of endothelium-dependent responses in human coronary arteries.
Continuous recordings of coronary blood flow in individual coronary arteries can be
made with the intracoronary Doppler flow probe, which is a technique ideally suited
for use in the cardiac catheterisation laboratory.

Recent advances in Doppler

technology and design during the last 10 to 15 years have resulted in the intracoronary
Doppler probe becoming one of the most frequently used methods for assessing
coronary blood flow.

The piezoelectric crystal, which is capable of emitting and

receiving acoustic signals, has been miniaturised and can be incorporated within the tip
of a 2.5-3 F probe. The incorporation of a central lumen for passage of a guide wire
enabled selective placement of the probe within the coronary tree. The probe has been
extensively validated against timed coronary sinus collections (Wilson et al.

1985),

labelled microspheres (Wangler et al. 1981) and electromagnetic flow probes (Marcus et
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al. 1981). Rapid changes in coronary blood flow are readily detected, due to the high
temporal resolution of the probe.

The method of coronary sinus thermodilution was not suitable for several reasons.
Selective measurement of circumflex or right coronary artery blood flow is not
possible, and rapid changes in flow may not be detected.

Recordings are affected by

small changes in catheter tip position, which may go unnoticed.

Measurements are

limited to the great cardiac vein flow (left ventricular anterior wall and septum) and
coronary sinus flow (the greater part of the left ventricle). The venous drainage of the
left ventricle is variable, and venous collaterals exist which may be altered in disease
states. Rossen compared simultaneous measurements of coronary flow reserve using an
intracoronary Doppler flow probe in the left anterior descending artery and great
cardiac vein thermodilution (Rossen et al. 1992).

Coronary flow reserve and

submaximal flow increases measured with the thermodilution method were consistently
smaller than Doppler measurements.

4,2 Pharmacological agents
4.2.1 Measurement of coronary flow reserve
The ideal coronary vasodilator for measuring coronary flow reserve in man should
induce maximum vasodilatation in a predictable manner,

be short-acting to allow

repeated measurement and should not alter systemic haemodynamics.

The most

frequently used drugs for measuring coronary flow reserve include papaverine,
dipyridamole and adenosine.

4.2.1.1 Papaverine
Papaverine has become one of the most extensively used drugs for the assessment of
coronary flow reserve. Papaverine is an opiate alkaloid, devoid of analgesic or narcotic
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properties,

which relaxes smooth muscle by the inhibition of cyclic 3’,5’,

phosphodiesterase activity (Triner et al. 1970).

AMP

Bolus injection of papaverine into the

circumflex coronary artery of the anaesthetised dog increased conductance (mean
flow/systemic blood pressure) nearly four-fold, equivalent to the effect of a 15 s
occlusion of the coronary artery (Bookstein & Higgins 1976).

Time to onset of

maximal conductance after injection was 15+6 s. Coronary blood flow returned to 10%
of basal flow

after 110+37 s.

In 1986 Wilson published data comparing papaverine,

dipyridamole and meglumine diatrizoate for the assessment of coronary flow reserve in
man (Wilson et al. 1986b). The increase in coronary blood flow velocity measured with
an intracoronary Doppler flow probe was comparable with dipyridamole, and both
were superior to meglumine diatrizoate. The onset of action was rapid (16+1 s) and the
duration of hyperaemic flow was brief (49+10 s).

Maximum dilatation was achieved

with 8 mg papaverine in the right coronary artery and with 12 mg in the left coronary
artery. Wilson concluded that papaverine was an ideal coronary vasodilator for studies
in the human coronary circulation. Zijlstra studied the properties of papaverine using
coronary sinus thermodilution and reached similar conclusions (Zijlstra et al. 1986).

The effects of papaverine on epicardial coronary artery dimensions must be considered
if coronary flow reserve is measured with an intracoronary Doppler flow probe.
Papaverine dilates normal and stenotic coronary arteries.

Papaverine increases the

cross-sectional area of a normal artery by up to 14% (Carlson et al. 1988) and the
cross-sectional area of a stenosis increases approximately 18% (Zijlstra et al. 1988b).
Coronary flow reserve will be underestimated using a Doppler flow probe unless
changes in coronary artery size are determined,
angiography.
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for example with quantitative

Intracoronary papaverine causes electrocardiographic changes, including transient ST
segment depression, T wave inversion and QT^ prolongation.

Ventricular arrhythmias

have been documented following papaverine administration, but their occurrence is
rare. Isolated cases of ventricular tachycardia (Wilson & White 1986b & 1988b; Vrolix
et al. 1991) and ventricular fibrillation (Bookstein & Higgins 1977) have been reported
with papaverine.

Possible predisposing factors include multiple administration,

a

prolonged QT^ interval on the resting electrocardiogram, and other factors which affect
repolarisation, for example alkalosis and hypokalaemia (Wilson & White 1988b; Vrolix
et ai. 1991).

In a review of 391 consecutive patients who received intracoronary

papaverine, polymorphous ventricular tachycardia occured in 5 patients (1.3%) (Talman
et al. 1990). In common with all isolated case reports, the arrhythmia was short-lasting
and either reverted spontaneously or sinus rhythm was restored by electrical
cardioversion.

Plasma K'*' and QT^ were determined in all patients prior to study and patients were
excluded if values were outside the normal range.

Patients were warned of the

possibility of rhythm change with papaverine and a temporary pacing wire was
positioned in the right ventricle as a precaution.
were avoided.

Multiple injections of papaverine

No significant rhythm change occured in any of the patients studied,

but ST/T wave changes and transient QT prolongation were frequently seen.

4.2.1.2 Adenosine
Adenosine is the final product of the stepwise dephosphorylation of ATP.

Many

different cell types produce adenosine, which has a half-life outside the cell of only a
few seconds.

Adenosine acts on P| purinoceptors which are located on a wide variety

of cell types, and are subdivided into Aj and A 2 subtypes.

Stimulation of Aj and A 2

receptors inhibits (A j) and stimulates (A 2 ) adenylate cyclase (Burnstock 1978).
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The

cardiac effects of adenosine are coronary vasodilatation and a negative chronotropic
and dromotropic action on the conduction tissue (Drury & Szent-Gyorgi 1929).

The

potent vasodilator action led to the suggestion that adenosine is an important
physiological mediator of coronary blood flow (Berne et al. 1963).
whereby adenosine mediates vasodilatation is not fully understood,

The mechanism
but in human

coronary arteries the A 2 receptor is involved (Ramagopal et al. 1988).

Adenosine has been evaluated as a pharmacological agent for the assessment of
coronary flow reserve in man. One of the first studies in man produced discouraging
results.

Zijlstra compared intracoronary adenosine and papaverine in 12 patients

before and/or after PTCA using a Doppler tip balloon catheter (Zijlstra et al. 1988c).
The increase in coronary blood flow was similar with both drugs but the dose of
adenosine was extremely variable, ranging from 0.05 mg to 0.80 mg.
bradyarrythmias were induced in 3 patients.
results.

Significant

Subsequent studies produced different

In normal coronary arteries, 16 ^g boluses of adenosine in the left coronary

artery and 12 fig boluses in the right coronary artery induced coronary hyperaemia
similar to that caused by papaverine (Wilson et al. 1990).

The onset of maximum

hyperaemia was rapid (11-12 s) and return to baseline flow occurred within
approximately 60 s. Intracoronary adenosine induced a small and brief fall in systemic
blood pressure with no significant change in heart rate.

No rhythm change was

observed with intracoronary adenosine but transient atrio-ventricular block developed
in some patients during intravenous infusions of adenosine. The discrepancies between
these two studies probably relate to the different patient populations studied.
Intravenous infusion of adenosine is a promising method for assessing coronary flow
reserve (Kern et al. 1991; Rossen et al. 1991).
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4.2.1.3 Dipyridamole
Dipyridamole is used extensively in the evaluation of patients with suspected or known
coronary artery disease.

Dipyridamole increases interstitial levels of adenosine by

inhibiting the cellular reuptake of adenosine and metabolism by adenosine deaminase
(Klabunde 1983).

The action of dipyridamole is competitively antagonised by

aminophylline and other theophylline derivatives (Alfonso 1970). The standard dose of
dipyridamole is 0.14 mg.kg"^.min”^ given as a slow intravenous injection (Gould
1978).

Because maximum vasodilatation is not always obtained at this dose, some

investigators recommend high-dose dipyridamole (0.84 mg.kg”^.min"^ total dose given
over 10 min) (Picano et al. 1986). In a review of 3,911 patients who received low-dose
dipyridamole, the most frequently reported side-effects were chest pain, headache,
dizziness,

ST/T changes on the electrocardiogram and ventricular extrasystoles

(Ranhosky et ai. 1990).

There were 2 non-fatal and 2 fatal myocardial infarctions; 3

of these patients had a history of unstable angina.

Data on 10,451 high-dose

dipyridamole-echocardiography tests performed on patients with known or suspected
coronary artery disease indicate that the safety profile is similar to the low-dose test
(Picano et al. 1992).

Papaverine was used for the assessment of coronary flow reserve in all patients
reported in this thesis because of its favourable pharmacokinetic profile and the
extensive experience which has been documented with the drug. The role of adenosine
is promising and it was used in patients described in chapter 8. The long duration of
action of dipyridamole is a limiting factor which prevents repeated evaluation of
coronary flow reserve.
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4.2.2 Assessment of endothelium-dependent dilatation
4.2.2.1 Acetylcholine
Acetylcholine (ACh) is the most widely used agent for the in vivo assessment of
endothelium-dependent responses.

In addition to the well-documented physiological

effects of ACh within the autonomic nervous system, receptors for ACh have been
localised on endothelial and smooth muscle cells.

Endothelial muscarinic receptor

stimulation causes the release of two distinct factors, EDRF and EDHF, which cause
smooth muscle relaxation.

Stimulation of receptors on the smooth muscle cell causes

contraction. Therefore, the overall effect of muscarinic receptor activation reflects the
sum of the two opposing mechanisms.

Intracoronary infusions of ACh in healthy subjects cause epicardial dilatation, which is
converted to a constrictor response at higher concentrations,

typically > 10“

acetylcholine. In conditions associated with endothelial dysfunction, vasoconstriction of
epicardial coronary arteries occurs at lower concentrations of ACh, but coronary blood
flow rises unless large artery constriction becomes flow-limiting.

One limitation with

ACh is that the individual dilator and constrictor contributions from the vascular wall
cannot readily be determined in vivo in man.

An attenuated response to ACh could

result from mechanisms other than impaired production of EDRF.

4.2.2.2 Substance P
Substance P is an 11 amino acid neuropeptide which is present in man in the central
and peripheral nervous system (Pernow 1983), including the heart (Dalsgaard et al.
1986) and blood vessels (Brum et al. 1986).

In 1931 Euler and Gaddum identified a

substance which contracted isolated rabbit jejunum.

They used a purified standard

preparation simply referred to as "P" on the tracings and in the protocols, and so the
new peptide was christened.

Gaddum later wrote
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”It is impossible to ju s tify the

widespread custom

......

o f calling the active principle itself substance P, but it is

probably too late to change that now" (Gaddum 1960).

Substance P, which belongs to the family of tachykinins, can be detected in human
plasma at very low levels (Nilsson et al. 1975; Powell et al. 1977). Substance P is one
of the most potent vasodilator compounds known.

Picomolar doses of substance P

cause profound dilatation of human coronary arteries (Crossman et al. 1989), which
occurs by an endothelium-dependent process (Chester et al. 1990b).
very short-lived due to a biological half-life of approximately 15 s.

The effects are
The action of

substance P on coronary blood flow has been studied in the isolated dog heart (Losay et
al. 1977). Infusions of substance P into the ascending aorta of blood perfused isolated
dog hearts increased coronary blood flow, reaching a maximum between 40 and 140 s
after the beginning of the infusion. After reaching peak flow there was a decrease in
flow, but not to baseline, despite continuing infusion, suggesting tachyphylaxis.

Substance P is tradionally regarded as a neurotransmitter, and is found in abundance in
perivascular nerves.

Endothelial cells are also potential sources of acetylcholine and

substance P (Parnavelas et al. 1985; Linnik & Moskowitz 1989).

The localisation of

these neurotransmitters in and around the vessel wall indicates that substance P and
ACh may have a physiological role in the local regulation of blood flow.

Substance P

and ACh are released following hypoxic perfusion of rat Langendorf heart preparations
(Milner et al. 1989).

Substance P is also released from endothelial cells grown on

microcarrier beads following increased flow (Milner et al. 1990b). Therefore substance
P and other neurotransmitters may contribute to flow-mediated dilatation, which is an
endothelium-dependent process.
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4.3 Derived parameters

Measurements of coronary artery size and coronary blood flow velocity were made
during resting conditions and during drug interventions. The study did not commence
until baseline blood flow velocity was stable for at least 5 minutes following
positioning of the Doppler probe, returning to baseline after injection of dye into the
coronary artery.

In studies of patients after PTCA, recordings were not made until at

least 10 minutes had elapsed following the final balloon inflation.

Studies in dogs

(Eikens et al. 1973) and in man (Serruys et al. 1988) indicate that post-inflation
hyperaemia subsides within minutes.

The duration of reactive hyperaemia was 56 s

(range 42-74) in 20 patients undergoing PTCA (Serruys et al. 1988).

The measurements recorded in clinical studies are described below:
4.3.1 Coronary blood flow velocity

Coronary blood flow velocity is the mean blood flow velocity recorded with the
intracoronary Doppler flow probe, measured in cm.s” ^. The velocity ratio is the ratio
of maximum velocity to baseline velocity.

4.3.2 Coronary artery dimensions

Non-ionic contrast media (Omnipaque) was used in all patient studies to minimise the
effects on coronary blood flow during angiography.

The same contrast medium was

also used for the preceding diagnostic cardiac catheter test.

Contrast media cause

submaximal increases in coronary blood flow, mainly attributed to direct vasodilatation
as a result of the hyperosmolarity of the solution.

Studies in man indicate that

coronary blood flow returns to baseline within approximately 1 minute (Bassan et al.
1975; Tatineni et al.

1992).

A period of approximately 20 minutes was observed

between the end of the diagnostic procedure and the start of the study in patients with
normal coronary arteries to minimise the likelihood of residual effects on coronary
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blood flow from the diagnostic procedure.

During the study drug infusions were not

commenced until at least 1 to 2 minutes after the last coronary angiogram. The effect
of radiographic contrast on coronary artery diameter has been investigated. Comparing
angiograms at 1 and 5 min with the control angiogram. Hill demonstrated a 7+7% and
6+7% diameter change, respectively (both p=NS vs control) (Hill et al. 1982).

There

was no significant difference between the 1 and 5 min angiograms (-1+7%), which is
comparable with other data (Tatineni et al. 1992).

Epicardial coronary artery diameter was measured using quantitative angiography.
Measurements were made a few millimetres distal to the tip of the Doppler probe in
patients with normal coronary arteries.

Estimates of coronary artery area were made

from measurements obtained in one view, based on the assumption that the coronary
artery is circular in cross-section.

In studies of atherosclerotic coronary arteries,

measurements of diameter were made using orthogonal views which best displayed the
stenosis.

4.3.3 Coronary blood flow
Estimates of coronary blood flow (ml.s~^) were obtained from the product of velocity
I

2

(cm.s" ) and cross-sectional area (cm ). Changes in coronary blood flow are expressed
in relative terms except in the study of patients undergoing angioplasty (chapter 10)
where comparisons of baseline and hyperaemic flow were made in individual patients
to study the effect of the procedure.

4.3.4 Coronary vascular resistance index
The administration of vasodilators may alter heart rate and systemic blood pressure.
Studies in man have shown that changes in heart rate augment resting blood flow
without altering maximum flow whereas increases in arterial blood pressure cause
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proportionally equal increases in resting and maximum flow ,

preserving the

peak/resting flow ratio (McGinn et al. 1990).

Heart rate was regulated with a

temporary pacing wire in the right ventricle.

When the effects of papaverine,

adenosine and dipyridamole were compared in individual patients, flow data were also
expressed as a ratio of coronary vascular resistance at peak flow to basal coronary
vascular resistance.

This ratio,

described in the literature as the coronary vascular

resistance index, compensates for changes in arterial pressure induced by the drugs.
The coronary vascular resistance index (CVRI), was calculated as the quotient of (mean
aortic pressure at peak flow velocity [mmHg]/peak coronary blood flow [ml.s”^]) and
(mean aortic pressure at resting flow velocity [mmHg]/resting coronary blood flow
[ml.s”^]).

CVRI = mean aortic pressure at peak velocitv x resting coronarv blood flow
peak coronary blood flow x mean aortic pressure at resting velocity

4.4 Statistics
I performed all the statistical analyses reported in this thesis using a computer
programme (Minitab Data Analysis Software, Release 7.1 - Standard version; Minitab,
Inc.. 1989).

Advice was sought on the appropriateness of statistical tests from the

Department of Epidemiology and from Professor PA Poole-Wilson.
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CHAPTER 5

VALIDATION OF THE INTRACORONARY DOPPLER FLOW PROBE
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5.1 Introduction
The first recordings of coronary artery velocity signals in patients were made by
Benchimol using continuous wave Doppler (Benchimol et al. 1971).
catheter limited measurements to the coronary ostia,

The size of the

and simultaneous pressure

measurements could not be made due to the lack of a distal lumen.

The first use of

pulsed Doppler signals for measuring coronary blood flow velocity in man was
described in 1977 (Cole & Hartley 1977). A piezoelectric crystal was placed at the tip
of a 5F Sones catheter to detect coronary blood flow velocity,

measured as the

frequency shift produced by passing blood cells in the sample volume of the Doppler
signal.

Application of the technique was hindered by the relatively large size of the

catheter and the inability to steer the catheter selectively within the coronary arterial
tree.

With the advent of percutaneous coronary angioplasty and the necessary

development of suitable guide catheters and guide wires, smaller probes were developed
which could be selectively placed within individual coronary arteries or their primary
branches. Over the years the system has been refined and the first 3F Doppler probes
were introduced for clinical use in the 1980s (Wilson et al. 1985; Sibley et al. 1986).

5.1.1 Description of the Doppler probe and yeloclmeter
A range-gated 20 MHz pulsed Doppler velocimeter connected to the proximal end of
the catheter detects the Doppler shift of returning echoes within an adjustable sample
volume 1-10 mm from the catheter tip.

The relatively high operating frequency

(20 MHz) was chosen as a compromise to maximise the energy received by the crystal
from blood cells, which is proportional to the fourth power of the frequency, while
considering that the absorption in blood is proportional to frequency raised to the
power of 1.2 (Carstensen et al. 1953).

The 20 MHz signal from the velocimeter is

divided by 320 to produce a pulse repetition frequency of 62.5 kHz. Pulses of 20 MHz
ultrasound, each containing 8 cycles, are transmitted into the bloodstream from a
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piezoelectric crystal mounted at the end or side of the catheter,
ultrasound waves when subjected to an electric current.
crystal acts as a sensor and receives ultrasound echoes.

which generates

Between pulses, the same

The transmitted and received

frequencies are compared and an electrical signal with a frequency equal to the
difference is generated. The obtained frequency, which is within the audible range, is
proportional to the velocity of the passing blood cells.

The electrical signals are

amplified and processed within the velocimeter, and transformed into analogue velocity
signals by passing them through phase-sensing zero-crossing counters and integrating
positive or negative pulses which are generated at each zero crossing.

The resulting

pulse trains are summed and averaged to produce a voltage proportional to the pulse
frequency.

Resulting phasic and mean voltage signals are displayed graphically on a

chart recorder.

An audio signal is also generated, which can be used to optimise the

catheter position and range-gating.

The polarity of the system can be reversed

depending on whether flow is towards or away from the crystal.

The system is internally calibrated for end-mounted Doppler flow probes where the
angle beween the ultrasound beam and the direction of blood flow is theoretically 0°.
Voltage output can be directly converted into velocity (1 V = 20 cm.s"^). Velocities up
to 100 cm.s”^ can be detected, although velocities rarely reach this value in epicardial
coronary arteries in man unless turbulence is encountered.

Throughout the procedure

the baseline should be intermittently checked to detect zero drift.
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Using the Doppler equation:

p£j = 2 F V COS
c

where

g

= frequency shift, F = transmitted frequency (20 MHz), V = velocity of the

target, d = angle between the transmitted ultrasound and the target, and c = velocity of
sound in blood (approximately 1500 m.s"^)

Therefore:

V (cm.s"b = 3.75 x F p (kHz^
cos 6

When 0 = 0°
cos 6 = 1
V (cm.s“^) = 3.75 x F g (kHz)

The relationship between velocity (cm.s”^), frequency shift (kHz) and output voltage
(V) when 0 = 0° is outlined below.

Velocity (cm.s**^)

Doppler Shift Frequency (kHz)

Output voltage (V)

20

5.33

1

40

10.67

2

60

16.00

3

80

21.33

4

100

26.67

5
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For side-mounted crystals the angle of the crystal in relation to the catheter must be
considered.

Some velocimeters can be modified internally to account for the angle.

Alternatively, correction is made by dividing the voltage output by the cosine of the
angle. These corrections do not take into account the effect of alterations in the angle
made between the catheter long axis and the direction of blood flow. In vivo the probe
is unlikely to align exactly with the long axis of flow,
underestimated to an extent.

and velocity will be

Provided the angle is less than 20°, the cosine of the

angle remains close to one and the error is minimal (Figure 5.1).
exceeds 20° the cosine becomes significantly less than one.
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Figure 5.1 Relationship between an angle and its cosine
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Once the angle

Two basic types of Doppler probe are commercially available and differ in the position
of the piezoelectric crystal.

The crystal is mounted either at the tip of the catheter

(Figure 5.2) or on the side of the catheter 5 mm proximal to the tip at an angle of 45°
to the catheter (Figure 5.3).

The side-mounted catheter is 3F in diameter whereas the end-mounted catheter is 4F
in diameter, tapering at the distal tip to 3F. The crystal is seated in epoxy resin and is
connected to two insulated copper wires which run the entire length of the catheter
within the wall.

The side-mounted crystal is set in more resin than the annular

end-mounted crystal, which may influence the effective angle between the emitted
ultrasound beam and the long axis of the catheter.

The catheter has a central lumen

for passage of a 0.014" guide wire, and both "over-the-wire" and "monorail" systems are
available.

Drugs can be given through an infusion port which opens at the distal end

of the catheter (end-mounted catheter) or 2.5 cm proximal to the tip (side-mounted
catheter).

Although the original aim in developing these catheters was to measure true volume
flow,

the catheters are designed to measure velocity within an adjustable sample

volume.

Even if linearity is demonstrated between the Doppler probe and another

method for estimating blood flow, the slope of the line depends on the cross-sectional
area of the vessel, the shape of the velocity profile and the position of the sample
volume within it and the angle between the emitted ultrasound and the axis of flow.
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Figure 5.2 End-mounted Doppler flow probe showing the distal tip
and crystal location (inset)
93

Figure 5.3 Side-mounted Doppler flow probe showing the distal tip
and crystal location (inset)
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5.2 Methods

There are a number of ways in which the performance of the Doppler probe can be
assessed in vitro.

For example, recorded Doppler velocities can be compared with

i) volume flow through a tube driven by a pump with a known output, ii) the velocity
of a circular trough o f liquid rotating at constant speed or iii) the velocity o f a rotating
turntable.

Although no method can perfectly simulate the in vivo situation, only the

first method provides an estimate o f volume flow rather than velocity.

Thus, an in

vitro validation was undertaken to compare the performance o f the end- and
side-mounted Doppler probes in a silastic rig using a roller pump and timed volume
collections.

5.2.1 Materials
5.2.1.1 Doppler probes (Figures 5.2 & 5.3)
The two probe designs used in the validation were also used for the in vivo studies
reported in this thesis.

The crystal on the end-mounted Doppler flow probe

(Schneider, Zurich, Switzerland) is annular in shape and points along the long axis of
the catheter.

The crystal on the side-mounted catheter (Wessex,

Hopkington NY,

Numed Inc.,

USA) is positioned 5 mm proximal to the distal tip.

The

manufacturers specify that the crystal is mounted at an angle o f 45® to the long axis o f
the catheter, but they recommend that an effective angle o f 60® is used to calculate
absolute velocities,

since the overlying epoxy resin alters the angle at which the

ultrasound beam is emitted. Both crystals are designed to operate at 20 MHz.

5.2.1.2 The velocimeter (Figure 5.4)
The two types of probe were connected to a Millar Doppler velocimeter (M DV-20,
Millar Instruments Inc.,

Texas,

USA) which is internally calibrated from 0 to

100 cm.s’ ^. The velocimeter operates at 20 MHz, with a pulse width o f 0.4 /is and a
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pulse repetition frequency of 62.5 kHz. The range gate can be altered between 1 and
10 mm from the crystal tip.

Returning Doppler shift signals are analysed by a

directional zero-crossing counter circuit which produces a voltage proportional to the
detected zero-crossing frequency.

Filtered signals of mean and phasic velocity were

displayed on a two channel chart recorder (Lectromed,

St Peter,

Jersey) and a

simultaneous recording was made onto 0.5" x 8" magnetic tape (Ampex Ltd., Reading,
Berks) using a Racal tape recorder (Racal Recorders Ltd., Southampton, Hants).

AUDIO VOLUME

o p e r tc a lib
20

*
&
P ^ ic

oTs

FILTER

'?

io

Figure 5.4 The Millar Doppler velocimeter
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5.2.1.3 The flow simulator

A length of clear silastic tubing (internal diameter 5 mm) was connected to a roller
pump (Watson-Marlow 502S, Watson Marlow, Falmouth, Cornwall) which could operate
at varying speeds.

One end o f the silastic tubing was connected to a reservoir of

heparinised human whole blood at room temperature and a graduated cylinder was used
to collect the blood at the opposite end.

A 55 cm length of straight tubing was

supported parallel to the bench surface and the Doppler probe was introduced into this
portion o f the tubing using a 6F introducer sheath (Cordis Europa NV 9301,
Netherlands).

5.2.1.4 Doppler probe positioning (Figure 5.5)
Each Doppler probe was assessed in two positions.

The end-mounted probe was

mounted in an optimal "supported" position in the centre of the silastic tubing using the
rigid portion o f a high-torque floppy 0.014" guide wire. The position was maintained
by turning the wire through 90° and passing it through the wall of the silastic tubing.
To simulate the in vivo situation the probe was also assessed in an "unsupported"
position on an intact guide wire which was not fixed in any particular position.
side-mounted Doppler probe was similarly assessed,

The

but the optimal "supported"

position was obtained by fixing the probe at the vessel edge and orientating the crystal
towards the centre of the tubing where flow velocity is maximal.

Range-gating was

adjusted in all positions to optimise the audio signal and the mean and phasic velocity
signals.
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crystal
epoxy resin

catheter

catheter
5 mm

crystal

B

End-mounted Doppler probe

Side-mounted Doppler probe

silastic tubing (internal diameter 5 mm)

Doppler probe

wire support

Doppler probe fixed In position within the silastic tubing

Figure 5.5 Diagram showing the crystal location (top) and the positioning of
the probe in the silastic tubing
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5.2.2 Timed Collections (Table 5.1)

The speed of the roller pump was altered from 99% of maximum speed down to 9% in
decrements of 10%.

Timed collections of 30 s duration were made in triplicate to

estimate actual flow at each speed.

Average Volume
(ml.min" )

Volume
(ml.30s"b

Volume
(ml.min" )

99%

257
255
257

514
510
514

512.7

89%

228
234
226

456
468
452

458.7

79%

206
203
208

412
406
416

411.3

69%

174
178
175

348
356
350

351.3

59%

152
150
152

304
300
304

302.7

49%

124
125
123

248
250
246

248.0

39%

99
98
100

198
196
200

198.0

29%

73
73
70

146
146
140

144.0

19%

47
47
47

94
94
94

94.0

9%

23
22
22

46
44
44

44.7

Pump Speed
% of total speed)

Table 5.1 Tim ed blood collections at varying pump speeds
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5.2.3 Calibration curves

Prior to generating the calibration curves the pump was set at 49% of maximum speed
and the guide wire and range gate adjusted to optimise the audio and velocity signals.
The pump was then turned up to maximum speed (99%, 512.7 ml.min"^) and phasic
and mean velocities were recorded onto a two channel chart recorder and onto
magnetic tape.

The pump speed was reduced in decrements o f 10% and velocities

recorded at each speed (Figure 5.6).
positions.

This was repeated twice for each probe in both

During and between each o f the three recordings the position of the probe

and the range-gate setting were not altered. Velocities were recorded with flow in the
forward direction and calibration was repeated several times during data acquisition.
Finally, the effect of altering the range gate from 1 to 10 mm was assessed for each
probe in its theoretically optimal position (centrally supported for the end-mounted
crystal, and supported at the edge of the tubing for the side-mounted crystal) at two
pump speeds (99% and 49%).

100

FSV=5V
100 cm /se c

Phasic

%

1

100 cm /sec
FSV=5V

Mean

:: Lil'

-9 9 %

Figure 5.6 Mean and phasic velocities with varying pump speeds
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5.2.4 Data analysis

Velocities measured with the side-mounted crystal were assessed when corrected for
the crystal angle (cos 60°) and when uncorrected. The mean velocity

at each

pump speed was determined from timed volume collections and the cross-sectional area
of the tubing (internal diameter 5 mm).

Mean velocities recorded with each probe

were averaged over three cycles to account for the phasic component of the roller
pump which was particularly evident at low flow rates.

Measured velocities were compared with expected spatial mean velocities (V^g^^) and
maximum velocities (V^^^). If the velocity profile is parabolic, which is a reasonable
assumption in this situation, the predicted maximum velocity (V^^^) is twice the mean
velocity.

In vivo the velocity profile of coronary blood flow is probably flatter and

may also be skewed towards the wall furthermost from the myocardium. Additionally,
Vmax

be affected by the position of the catheter within the tubing.

When the

catheter is positioned in the centre of the tubing the flow area is annular in
cross-section, resulting in lower values for

than when the catheter is located at

the side of the tube.

Comparisons of measured and expected velocities were made by correlation and linear
regression analysis.

The slope of the line of best fit and the value of the interception

on the axis (y) of measured velocity line were examined using Student’s paired t test.
The mean and standard deviation of the difference of the measured and true velocity
at each sample point was determined using the Bland & Altman method.

The

percentage difference between the measured and expected velocities at each pump
velocity was also calculated.
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5.3 Results
Optimum range gating was obtained at 2.5 mm and 3 mm for the end-mounted probe
and 2.75 mm and 2.5 mm for the side-mounted probe (supported and unsupported
respectively).

5.3.1 Measured velocities vs true velocities (Table 5.2, Figure 5.7)
An excellent correlation between measured and true velocities was found with both
catheters in supported and unsupported positions (r >0.98). In all cases the value of the
interception on the axis (y) of measured velocity for the line of best fit was not
significantly different from zero.

When the angle of the side-mounted crystal was

considered the slope of the line of best fit was effectively doubled, since the measured
velocity is corrected by dividing by the cosine of the angle (cos 60° = 0.5). Resulting
corrected velocities were even greater than the theoretically predicted maximum
velocities (V^^^). End-mounted velocities agreed closely with the predicted V^ean"

Probe & position

Correlation Coefficient (r)

Regression Equation

End (S)
End (U)

0.988
0.998

y = -1.14 + 0.93x
y = 0.33 + 0.87x

Side (S)
Side (S,C)

0.999
0.999

y = -0.53 + 1.17x
y = -1.06 + 2.34x

Side (U)
Side (U,C)

0.999
0.999

y = -0.49 + 1.13x
y = -0.98 + 2.26x

Table 5.2 Correlation and regression analysis for the end-mounted (End) and
side-mounted (S id e) probes in both supported (S ) and unsupported (U ) positions. The
side-mounted data is also analysed when corrected for the crystal angle (C ).
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End, supported

End, unsupported

Doppler velocity (cm.s’ )

Doppler velocity (cm.s')

36

30

30
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20
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5

0

0
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Pump velocity (cm.s')

5
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0
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Pump velocity (cm.s')
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Doppler velocity (cm.s')

Doppler velocity (cm.s')
80
- - 1 .0 6 + 2.34 X
r > 0.99
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Pump velocity (cm.s )

30
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0
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20
25
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10

30
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F igure 5.7 V elocities recorded w ith the e n d -m o u n te d and sid e-m o u n ted D oppler
flow probes m easured in both positions
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5.3.2 Bland & Altman analysis of measured vs true velocities (Table 5.3, Figure 5.8)
The mean velocity difference (measured - true velocity, cm.s”^) for the end-mounted
probe was close to zero in both positions.

The mean difference for the side-mounted

probe velocities, after correction for the crystal angle, was considerably greater than
zero, the difference increasing with the averaged velocity ([measured + true] / 2). The
slope of the regression line was significant in all cases except for the end-mounted
probe in the supported position.

Probe

r

Regression Equation

Mean difference

+ /- 2SD

End (S)

-0.38

y = -1.39 - 0.06x

-2.47, p<0.005

-5.87, 0.93

End (U)

-0.90

y =

-2.04, p<0.005

-4.98, 0.93

Side (S,C)

>0.99

y = -0.66 + 0.80x

23.66, p=0.0005

-4.68, 52.00

Side (U,C)

>0.99

y = -0.63 + 0.77x

22.26, p=0.0005

-4.40, 48.92

0.32 - 0.14x

Table 5.3 Bland & Altman analysis o f the measured velocities compared with the true
pump velocity, showing the mean difference, ± 2 standard deviations (SD ), correlation
coefficient (r) and regression analysis fo r the end-mounted (E nd) and side-mounted
(S id e) probes in both supported ( S ) and unsupported (U ) positions using the Bland &
Altman analysis. Correction (C ) was made fo r the angle o f the side crystal.

5.3.3 Percentage velocity difference between the measured and true velocities
(Figure 5.9)

Plots of the percentage difference between the measured velocities and the estimated
true pump velocities for both probes showed a similar trend. At high pump velocities
the percentage difference remained fairly constant but the lowest pump velocities were
overestimated in all cases. The side-mounted probe overestimated velocity in excess of
100% at all pump velocities.
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End-mount«d velocity [supported] - pump velocity (cm.s )

End-mounted velocity [unsupported] - pump velocity (cm.s )
+2SD
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F igure 5.8 Bland and A ltm an analysis of m easured velocities com pared
w ith true velocities

106

Percent velocity difference (measured - true)
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Es = end-mounted, supported
Eu = end-mounted, unsupported

Figure 5.9 Percentage velocity difference between measured and true velocities
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5.3.4 The effect of range gating on measured velocity (Figure 5.10)
Range gating from 1 to 10 mm from the crystal tip produced very different profiles
for the two probes suspended in their optimal positions. Near-optimum velocities were
detected between 2 and 5 mm for the end-mounted probe and between 1 and 3 mm
for the side-mounted probe.

Measurements either side of this fell sharply with the

side-mounted probe.

Velocity (cm.s’ )
40

End-mounted crystal
• Pump velocity 34.18 cm.s ^
A Pump velocity 16.53 cm.s’’

30

20

Range gate distance (mm)
Velocity (cm.s’ )
80

Side-mounted crystal

70
• Pump velocity 34.18 cm.s ’

60

A Pump veiocity 16.53 cm .s’

50
40

Range gate distance (mm)
Figure 5.10 The effect of range gating on measured velocity
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5.4 Conclusions and discussion
5.4.1 End-mounted probes
The results for the end-mounted probe showed that measured velocities agreed well
with the calculated pump velocities, but tended to underestimate true velocity.

The

probe position, whether supported or unsupported, had little effect on the measured
velocities.

The range-gating experiment showed that reasonable velocity recordings

were possible over a considerable range. Equally, the results demonstrate the need for
careful range-gating at the start of a procedure to ensure that the recorded velocity is
indeed maximal.

5.4.2 Side-mounted probes
The results for the side-mounted probes were unexpected.

Corrected velocities

markedly overestimated the true velocity. Indeed, the uncorrected velocities were much
closer to

The corrected results exceeded the theoretically-predicted maximum

velocity

in the tubing, which suggests that the angle correction factor is

erroneous. The probe performed similarly in both positions and the percentage error in
measurement increased at very low velocities.

The range-gating profile for the two

probes differed.

5.4.3 Comparison with other data
The Doppler catheter has been extensively validated in vitro and in vivo in animals and
in man. Wilson compared the performance of a side-mounted Doppler catheter in the
coronary circulation of seven anaesthetised calves (Wilson et al.

1985)

with an

epicardial suction Doppler probe, a method which shows excellent correlation with
measurements obtained using electromagnetic flow meters, radiolabelled microspheres
and timed coronary sinus venous collections (Marcus et al. 1981; Wangler et al. 1981).
The effects of reactive hyperaemia,

intravenous adenosine and haemorrhagic
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hypotension were assessed by the two methods and a high correlation was found
(r = 0.95, slope 1.04).

The correlation coefficients for individual calves ranged from

0.90 to 0.99. The extent of coronary obstruction to blood flow with the intracoronary
probe in situ was assessed during reactive hyperaemia measured by the epicardial
suction probe with the intracoronary probe in the coronary artery and when removed.
Maximum velocity responses were identical (n = 9,

r = 0.99,

slope = 1.03).

Furthermore, following intravenous heparin administration (15,000 U ) there was no
evidence of clot deposition after the catheter had been left in situ for 30 min.
Histological examination of the coronary endothelium revealed no evidence of
endothelial damage.

Sibley assessed the performance of an end-mounted catheter in vitro using 2.6 mm
diameter polyethylene tubing and a roller pump with timed volume collections of whole
blood (Sibley et al. 1986). Measurements of blood flow made with the Doppler probe
correlated highly with timed volume collections (r = 0.96).

Animal validation studies

were undertaken in eight anaesthetised mongrel dogs using an epicardial cuff-type
Doppler probe for comparison.

Reactive hyperaemia was induced by injecting

meglumine diatrizoate through the guiding catheter into the coronary artery. Coronary
blood flow velocity was altered over a wide range and the paired measurements
correlated highly (r = 0.97,

slope = 1.03).

Sixty-seven paired measurements of

peak-to-baseline velocity were obtained with both Doppler probes.

The mean value

for the external Doppler cuff was 3.15+1.50 kHz (mean+SD) and 2.81+1.19 for the
intracoronary Doppler probe.

The values were positively correlated (r = 0.72, slope

= 0.902). Twelve timed collections of coronary sinus flow correlated with resting mean
coronary blood velocity measured in the left anterior descending artery (r = 0.78, slope
= 1.15).

To assess possible obstruction to blood flow by the Doppler catheter,

measurements of resting flow were made with the epicardial probe before and
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immediately after placement of the intracoronary probe.

Resting flow velocity was

3.12+1.62 kHz before placement and 3.19+1.45 kHz after placement (p = NS, pre vs
post).

Hyperaemia-induced flow velocity ratios were 3.04+1.15 before and 3.18+1.65

after placement (p = NS, pre vs post).

Validation experiments have been undertaken by several other investigators and all
have shown excellent correlation between the Doppler probe and other established
methods for measuring blood flow. Hodgson validated the end-mounted Doppler probe
in an in vitro pulsatile system calibrated with an in-line electromagnetic flow meter
over the range 50 - 450 ml.min"^ (Hodgson et al. 1989).

The correlation between

changes in Doppler frquency shift and the electromagnetic flow was 0.99 (range 0.98 to
0.99).

Experiments in anaesthetised mongrel dogs also showed excellent correlation

between the Doppler probe and an external Doppler crystal with post-occlusive
hyperaemia and papaverine - induced hyperaemia (r = 0.72).

The intracoronary Doppler probe performs well in carefully designed experiments and
in selected in vivo situations. However, care must be taken in clinical measurements to
avoid areas of turbulence and secondary flows, for example at branch points.

High

amplitude, low frequency signals from wall motion need to be recognised and the
sample volume should be adjusted to prevent erroneous signal processing of artefactual
frequency shifts.
signal,

Many of these situations can be detected by listening to the audio

which produces characteristic patterns with turbulence and wall motion

artefacts.

5.4.4 End-mounted V5 side-mounted crystals
The discrepancies described here between the two types of Doppler probe have also
been shown by Hangiandreou et al. (1989).
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Side-mounted probe velocities corrected

for an angle of 60° agreed well with predicted values of

for forward flow, and

velocities recorded with the end-mounted probe were close to predicted values for
V mean*

The performance of the two probes may differ for several technical reasons. Recorded
velocities depend upon the size of the sample volume, which is determined by the
degree of beam divergence, the pulse repetition frequency, the beam area and the
range.

The pulse repetition frequency is the same (62.5 kHz) for both probes.

The

end-mounted ultrasound beam is cyclindrical, especially near the crystal, whereas the
side-mounted probe beam is more conical, diverging as the distance from the crystal
increases.
increases.

The beam area, and thus the sample volume, will increase as the range
Therefore,

the side-mounted probe would detect a broader range of

velocities which should result in a lower mean velocity.

The end-mounted probe consistently recorded velocities slightly lower than predicted
mean velocities, except at the lowest pump settings. Tadaoka has shown that the shape
of the velocity profile is distorted by the presence of the Doppler catheter within the
flow system (Tadaoka et al. 1990).

Using an end-mounted probe with a diameter of

1 mm in a vessel of 7 mm internal diameter he showed that the normal parabolic
velocity profile was M-shaped for up to 3 catheter diameters distal to the catheter tip
for forward flow i.e. away from the catheter.

The blunting of the velocity profile is

probably the major cause for underestimation of forward flow by the end-mounted
crystal.

The site of Doppler sampling with the side-mounted catheter may be at a point where
the effective flow area in the silastic tubing still contains the distal end of the catheter,
since the crystal is proximal to the tip.
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In contrast,

the sample site for the

end-mounted catheter is beyond the tip of the catheter.

Thus the effective flow area

within the tubing for the side-mounted probe will be reduced by the area of the
catheter itself.

Theoretically, the flow area will be reduced from 19.6 mm

(the area

of the silastic tubing) to 18.8 mm^ (i.e. 19.6 mm^ minus 0.8 mm^, the area of the
catheter). Blood flow velocity within the tube containing the catheter would therefore
be higher than that measured distal to the catheter tip by approximately 4.2%.
However, the discrepancy between the two catheters far exceeds this. Additionally the
resin coating the side-mounted crystal will alter the velocity profile and obstruct blood
flow, creating turbulence around the crystal which will reduce the effective area for
forward flow and therefore increasing velocity.

None of the above factors, acting alone or in concert, can adequately explain the
differences observed between the two probes.

The correction factor for the

side-mounted crystal effectively doubles the recorded velocities. Because of the shape
of the plot in figure 5.1, which shows how the cosine of an angle between 0° and 90°
varies between 1 and 0, a small error in the initial calculation of the correction factor
would significantly alter values for corrected velocities. The side crystal is mounted at
45° to the catheter but the manufacturers recommend that, due to the effect of the
resin on the ultrasound beam, correction is made for an effective angle of 60°. If the
effect of the resin were excluded, the correction factor would increase the velocity by
a factor of 1.41, rather than 2, since the cosine of 45° is 0.707. Velocities would still
be overestimated, but to a lesser extent.

Discussion with the distributors of the

side-mounted probe revealed that the correction factor (cos 60°) was derived from
initial experiments with the first side-mounted probes ever produced.

Since that time

the manufacturing process has been altered and the catheter size has been reduced,
together with the amount of epoxy resin overlying the crystal, but further experiments
have not been undertaken to determine the effective angle on the newer probes.
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In

summary, the effective angle for the more recently developed side-mounted probes is
unknown, and may vary from catheter to catheter.

5.4.5 Additional Data (Figures 5.11-13, tables 5.4 & 5.5)
In an attempt to understand why the side-mounted catheter overestimated blood
velocities to such a large extent, the flow experiment was repeated with 6 randomly
selected side-mounted Doppler probes, following which magnified images of the crystal
were made (Figures 5.11a-c). Photographs of the individual crystals were taken using a
camera mounted on a microscope (Zeiss Axioskop, Germany) with a x5 objective and
reflected light and a magnification factor of 12.5.

The developed negatives were

subsequently enlarged to an overall magnification factor of x80. From these images the
angle formed by a line drawn through the centre of the crystal back to the long axis of
the catheter shaft (the transmission angle) was calculated (Figure 5.12).

Advice was

sought from the Department of Medical Physics at Sheffield University regarding
possible effects of the overlying resin on the angle of the emitted ultrasound beam.
Since the epoxy is tightly bonded to the crystal, it will vibrate at the same frequency as
the crystal, acting in effect as part of the crystal.

Therefore the resin per se would

probably have no significant effect on the ultrasound beam, and the only angle of
significance is the transmission angle.

Resulting velocities for each catheter were

expressed when uncorrected, corrected for an angle of 60° and when corrected for the
calculated transmission angle (Figure 5.13, table 5.5). The mean transmission angle for
the 6 probes was 34.8+1.8°.
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Catheter

Transmission angle (degrees)

Cosine o f the transmission angle

1

35

0.590

2

37

0.567

3

42

0.508

4

30

0.694

5

34

0.667

6

31

0.676

Table 5.4 Estimated transmission angles fo r six consecutive side-mounted Doppler
flow probes. The cosine o f each transmission angle is also shown.
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Figure 5.11a Magnified images of the side-mounted crystals (#1 & 2)
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Figure 5.11b Magnified images of the side-mounted crystals (#3 & 4)
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Figure 5.11c Magnified images of the side-mounted crystals (#5 & 6)
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effective transmission angle
crystal
epoxy

copper wires

catheter

Figure 5.12 Method used for calculating the effective transmission angle
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Pump velocity (cm.s“^)
30.6

25.7

21.6

16.6

12.7

8.6

4.4

Catheter #1
Uncorrected
Corr. (60°)
Corr. (35°)

44.5
89.0
54.3

40.0
80.0
48.8

34.3
68.6
41.9

29.4
58.8
35.9

25.2
50.4
30.8

20.0
40.0
24.4

15.2
30.4
18.6

10.4
20.8
12.7

7.0
14.0
8.6

3.2
6.4
3.9

Catheter #2
Uncorrected
Corr. (60°)
Corr. (37°)

39.4
78.8
49.3

35.2
70.4
44.1

31.2
62.4
39.1

27.2
54.4
34.0

23.2
46.4
29.0

18.6
37.2
23.3

14.4
28.8
18.0

11.2
22.4
14.0

6.9
13.8
8.6

2.8
5.6
3.5

Catheter #3
Uncorrected
Corr. (60°)
Corr. (42°)

38.6
77.2
52.0

34.0
68.0
45.8

29.6
59.2
39.8

25.6
51.2
34.5

21.6
43.2
29.1

17.6
35.2
23.7

13.4
26.8
18.0

8.5
17.0
11.4

5.6
11.2
7.5

2.3
4.6
3.1

Catheter #4
Uncorrected
Corr. (60°)
Corr. (30°)

44.0
88.0
50.8

38.3
76.6
44.2

33.4
66.8
38.6

27.8
55.6
32.1

23.0
46.0
26.6

18.4
36.8
21.3

13.6
27.2
15.7

8.2
16.4
9.5

6.4
12.8
7.4

2.8
5.6
3.2

Catheter #5
Uncorrected
Corr. (60°)
Corr. (34°)

50.5
101.0
60.9

44.0
88.0
53.1

38.0
76.0
45.8

32.0
64.0
38.6

26.0
52.0
31.4

19.8
39.6
23.9

14.6
29.2
17.6

9.8
19.6
11.8

5.8
11.6
7.0

3.2
6.4
3.9

Catheter #6
Uncorrected
Corr. (60°)
Corr. (31°)

56.5
113.0
65.9

50.5 44.5
101.0 89.0
58.9 51.9

38.5
77.0
44.9

32.0
64.0
37.3

26.0
52.0
30.3

19.6
39.2
22.9

13.8
27.6
16.1

8.0
16.0
9.3

2.4
4.8
2.8

Table 5.5 Velocities recorded by 6 side-mounted Doppler probes expressed uncorrected,
corrected for 60° and corrected fo r the calculated transmission angle.
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F igure 5.13 P redicted velocities fo r 6 sid e-m o u n ted D oppier probes co rrec te d fo r
a 60° angle and corrected fo r the estim ated transm ission angle
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Using the calculated transmission angle the corrected velocities agreed more closely
with the true velocities, but still tended to overestimate true velocities (Figure 5.13).
In conclusion, the side-mounted Doppler flow probe does overestimate blood flow
velocity, but to a far lesser extent than initially suggested if the true crystal angle is
known.

To estimate the angle in each case is impractical for clinical use, and the

limitations of the probe must be acknowledged.

The magnified images of the six

crystals not only demonstrate the variation in crystal position but also in the amount of
epoxy resin covering the crystal.

For the measurement of relative changes in blood flow velocity, for example ratios,
both types of Doppler catheter perform adequately. However, since the slope may vary
from catheter to catheter, caution is required when comparisons are made between
measurements obtained using different probes.

Results expressed in absolute terms,

rather than as a ratio, will be erroneous and misleading.
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CHAPTER 6

ASSESSMENT OF CORONARY ARTERY DIMENSIONS USING
QUANTITATIVE ANGIOGRAPHY
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6.1 Introduction
Blood flow velocity is determined by the size of the artery and the flow within it. The
velocity of flowing blood can be measured with an intracoronary Doppler flow probe,
and modern techniques of quantitative angiography enable accurate measurements of
coronary artery dimensions to be made.

If the diameter of a coronary artery at the

site of velocity measurement is known, an estimate of blood flow can be obtained using
the formula:
Flow (ml.min" ) = velocity (cm.s“ ) x cross-sectional area (cm ) x 60

Continuing improvements in artériographie imaging have made accurate assessment of
coronary artery diameter possible.

Although visual assessment is acceptable for the

routine management of patients with coronary artery disease more accurate methods are
required for research purposes.

6.1.1 Methodology
The initial studies reported in this thesis were performed using conventional 35 mm
cinefilm but,

following a move of hospital site and the opening of two digital

catheterisation laboratories (with closure of the cine laboratory), data were subsequently
acquired in digital format. Consequently, the majority of patients were studied in the
digital laboratories.

The method of quantitative angiography was governed by the

medium used for data acquisition, and is described here in detail.

6.1.1.1 Coronarv aneioeraohv
To minimise radiation doses single plane acquisition was used for studies of patients
with angiographically normal coronary arteries.

Estimates of coronary artery area in

patients with normal coronary arteries were made from the diameter measured in one
plane, based on the assumption that the coronary artery is circular in cross-section.
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Orthogonal views were used in the studies of patients with coronary artery disease and
estimation of cross-sectional area (CSA) was made from measurements of diameter in
both planes (dl & d2) using the equation;

CSA = X X

2

X £d2}
2

An interval of 3 to 4 minutes was observed between interventions, or longer if any
haemodynamic parameters, especially mean coronary blood flow velocity, had not
returned to baseline.

All angiograms were performed using non-ionic contrast media (Omnipaque, Nycomed
AS, Oslo, Norway) which has an iodine content of 350mg.ml"^.

Because coronary

vasomotor tone may be altered by radiographic dyes of differing osmolarities,
omnipaque was also used for the diagnostic study, which immediately preceded the
research study.

The view(s) which best delineated the area of interest was selected,

with avoidance of streaming, vessel overlap and foreshortening.

At the start of each

study the region of interest was positioned in the isocentre to minimise magnification
errors, and the X-ray gantry position was noted and kept constant throughout.

6.1.1.2 Cinefilm and digital data acquisition
In the initial studies data were acquired in a catheterisation laboratory which utilised
standard 35 mm cinefilm (Kodak CFE).

Arteriograms were performed at a rate of

25 frames.s" ^ (dose rate 20 /iRoentgens/frame) using a 17 cm nominal input field with
a 0.8 mm focal spot. Films were developed to produce an average gradient of 1.4. In
the digital catheterisation laboratories images were acquired digitally in a 512 x 512
matrix with 10 bit depth on a real-time digital acquisition system (Digitron III VACI,
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Siemens AG, Germany) at 12.5 frames.s”^ (dose rate 25 /iRoentgens.frame”^) with gap
filling, using a 17 cm nominal input field and 0.8 mm^ focal spot.

A low-lag, 1249

line progressive scan video camera (Videomed C) was directly coupled to the image
intensifier. The analogue output of the video camera was digitised in real time using a
linear lookup table relating radiographic density to gray scale, with parallel transfer via
a solid state buffer. The digital data was stored on 4 x 740 Winchester hard disks and
copies were made on digital gigacassettes and super VHS video cassettes.

6.1.1.3 Frame selection
End-diastolic frames were selected for analysis to minimise the effect of the cardiac
cycle on artery size, estimated to cause up to 6.0+2.0% change in diameter (Hori et al.
1983).

The end-diastolic phase was recognised by eye and usually contained two or

three suitable frames.

Since it has been shown that measurements made up to three

frames either side of the selected end-diastolic frame, at a frame rate of 25 frames.s" \
are not significantly different (Reiber et al. 1989), the end-diastolic frame which best
displayed the region of interest was selected for subsequent analysis

6.1.1.4 Digitisation (Figure 6.1)
The Digitron III produces digital data which can be analysed using existing software on
the Digitron.

Back-up copies made on Super VHS videocassettes could be analysed

directly using a Kontron Cardio 500 workstation (Kontron Elektronik GMBH, Munich,
Germany).

Cinefilm data were also analysed on the Kontron workstation after prior

conversion to a video image from an IGE Cap 35B cine projector and digitisation in a
512

X

512 matrix with 8 bit depth.
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Data Source

Medium

Cine

Cinefilm

Analysis

Kontron
Super VHS Video
Digital
Gigacassette

Digitron

Figure 6.1 Methods of data acquisition and analysis

6.1.1.5 Edge definition
Analysis was undertaken using programmes for automatic edge detection on the
Kontron workstation (for cinefilm and digital video data) and on the Digitron III (for
digital data stored on gigacassettes).

The coronary segment for analysis was defined

using a mouse (Kontron) or writing tablet (Digitron).

After manually marking the

approximate centreline of the vessel, the algorithm detects the true centreline along the
defined segment,

and multiple scanlines perpendicular to the centreline are

automatically determined. Because the vessel edge is not sharply demarcated, the exact
location is defined as a function of the varying density of the edge profile.

Most

currently available methods for edge definition use a weighted combination of first and
second derivative functions.

In common with most commercially available software,

both the Kontron and Digitron determine the first and second derivatives of the
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density gradient of the vessel edge along scanlines perpendicular to the centreline.
Because the arterial border is underestimated if only the maximal values of the first
derivative function are taken,
considered,

and overestimated if only the second derivative is

the algorithm incorporates weighting of the combined 1st and 2nd

derivatives to shift the detected edge position towards the true border (Reiber et al.
1985a).

6.1.1.6 Pincushion distortion
Pincushion distortion is the term used to describe geometric magnification of objects
near the edge of the image (Brown et al. 1977). Neither the Kontron nor the Digitron
contained corrective algorithms for this effect.

However, pincushion distortion is

minimal in modern systems and both systems are relatively new.

The intensifier for

cine data was installed in 1987 and the Digitron III was installed in 1990.
X-ray gantry was not moved throughout the study,

Since the

any error due to pincushion

distortion would remain constant for arterial segments in different areas of the image.
Because the data are described in relative terms, for example as the percentage change
in cross-sectional area, errors arising from pincushion distortion would be negligible.
Furthermore,

to mimimise distortion the artery segment of interest was always

positioned in the isocentre.

6.1.1.7 Calibration
Calibration was performed by manual (Kontron) or automatic (Digitron III) edge
detection of the guiding catheter.

Because the catheter size provided by the

manufacturer is not always accurate (Reiber et al.

1985b),

the absolute internal

diameter of the guiding catheter was determined using micrometer calipers after every
study.

In many instances the catheter was out of plane with regard to the artery

segment, which would cause magnification errors, since the change in magnification
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for two objects located at different points along the X-ray beam axis is approximately
1.5% for each centimetre that separates the objects axially (Reiber et al.

1984).

Although absolute measurement of coronary artery dimension would be overestimated,
relative changes in artery size would be unaffected.

6.2 Methods (Figure 6.2)
Because data had to be acquired in more than one format, which also determined the
method of quantitative angiography, a validation study was undertaken to assess the
accuracy and precision of the various techniques. A series of wells, ranging from 1 to
4 mm diameter, was drilled in a perspex block of dimensions 9.5 x 17.8 x 1.2 cm. The
diameters of the wells were measured in the engineering department of Imperial
College, London.

To simulate X-ray absorption by the adult chest, the phantom was

imaged in the centre of a 19 cm perspex block, positioned midway between the image
intensifier and the X-ray generator tube (total distance 102 cm). Images were acquired
digitally (12.5 frames.s" \
(25 frames.s" \

magnification factor 1.6 at 75 kV) and on 35 mm cinefilm

magnification factor 2.3 at 76.5 kV) with the wells filled with

undiluted contrast (omnipaque) and with contrast diluted to 70% of the original
concentration. Digital data were stored simultaneously on gigacassettes for analysis on
the Digitron III and on Super VHS videocassettes for analysis on the Kontron.
Cinefilm images were analysed on the Kontron.
measured three times.

The middle section of each well was

Calibration was performed by measuring a known distance

between two non-adjacent wells.

The degree of intra-observer variability was also assessed.

Since the analysis of a

coronary angiogram is theoretically less reproducible than repeated phantom analysis,
six randomly-selected frames from each of six patient studies were analysed at
different time points to assess short-term (24-72 hours) and long-term (>6 months)
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intra-observer variability.

This was undertaken for digital studies only since the vast

majority of all studies reported in this thesis were performed in the digital laboratories.
Measurements of coronary artery diameter were made at the tip of the Doppler flow
probe.

102cm

20.2 cm

Image
Intensifier

X-ray generator

Perspex phantom

Perspex

Figure 6.2 Diagram illustrating the phantom position

6.2.1 Data analysis
The measurements obtained with each modality of data acquisition and quantitation
were compared with the known (true) values using correlation and linear regression
analysis, after preliminary two way analysis of variance.

The Bland and Altman

method was used to determine the mean diameter difference (measured - true) and the
standard deviation of the differences. The results of similar validations reported in the
literature are generally described in terms of the "accuracy" and "precision" of a system,
which correspond to the mean diameter difference (measured - true) and the standard
deviation of the differences respectively.
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6.3 Results

6.3.1 Measured values compared with true values for cinefilm, digital data and
digital video data (Figures 6.3-5, tables 6.1-3)
Measurements were available for wells of 1.5 to 4 mm diameter at 100% contrast and
for wells 1 to 4 mm diameter at 70% contrast. A high correlation was found (r >0.99)
between measured and true diameters for all modalities at both contrast strengths.
Measurements from cinefilm with the Kontron generally underestimated true values to
the same degree at both contrast strengths (mean diameter difference [cine-true] =
-0.07 mm (100% & 70%), p<0.0001 vs zero). The standard deviation of the differences
was greater at 70% contrast (0.04 mm [100%] vs 0.07 mm [70%]).

Measurements from

digital data stored on videotape and also analysed on the Kontron overestimated true
values at the larger well sizes with 100% contrast, and tended to slightly underestimate
true values at 70% contrast (mean difference [video-true] = 0.05 mm, (100%, p=NS vs
zero); -0.08 mm (70%, p<0.001 vs zero)).

The standard deviation of the differences

was similar at both contrast strengths (0.11 mm [100%], 0.09 mm [70%]). Digital data
analysed on the Digitron underestimated well size to a similar degree at both contrast
strengths (mean difference [digital-true] = -0.22 mm, (100%, p<0.0001 vs zero); -0.20
mm (70%, p<0.0001 vs zero)). The standard deviation of the differences was similar at
both contrast strengths (0.08 mm [100%], 0.10 mm [70%]).

Method
Cine 100%
Cine 70%

I
0.21
0.01

Regression eouation
y = -0.003 - 0.023X
y = -0.085 + 0.008x

Video 100%
Video 70%

0.67
0.00

y = -0.224 + 0.097x
y = -0.099 + O.OOôx

0.05, p=0.07
-0.08, p<0.001

-0.17, 0.26
-0.25, 0.09

Digital 100%
Digital 70%

0.50
0.00

y = -0.383 + 0.060X
y = -0.179 - 0.008X

-0.22, p<0.0001
-0.20, p<0.0001

-0.37, -0.07
-0.39, 0.00

Mean Difference fmm)
-0.07, p<0.0001
-0.07, p<0.0001

+ /- 2SD
-0.15, 0.02
-0.20, 0.07

Table 6.1 Bland & Altman analysis o f the measured diameters compared with known
diameters o f the wells at 100% & 70% contrast. SD = standard deviation
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100%

m

100%

70%

Digital data
100%
70%

4.00

3.87
3.87
3.87

3.97
3.96
3.97

4.26
4.24
4.26

3.85
3.87
3.79

3.87
3.91
3.95

3.89
3.83
3.97

3.54

3.49
3.47
3.49

3.46
3.47
3.50

3.64
3.64
3.61

3.45
3.63
3.60

3.36
3.36
3.36

3.37
3.35
3.37

3.10

3.00
3.00
3.00

3.06
3.01
3.03

3.12
3.08
3.13

3.04
3.03
3.02

2.80
2.80
2.82

2.76
2.82
2.78

2.50

2.50
2.48
2.51

2.34
2.34
2.32

2.46
2.47
2.44

2.35
2.34
2.35

2.19
2.23
2.23

2.26
2.16
2.18

2.01

2.00
1.95
1.98

1.93
2.00
2.05

1.99
2.04
2.02

1.98
1.96
2.01

1.76
1.80
1.78

1.77
1.75
1.77

1.61

1.53
1.54
1.53

1.69
1.52
1.44

1.60
1.62
1.53

1.56
1.47
1.56

1.35
1.33
1.35

1.40
1.42
1.42

Tryç
(mm)

1.02

Cinefilm data

Video data

0.87
1.01
0.98

0.99
0.96
0.75

0.95
0.99
0.97

Table 6.2 Measured values compared with known values for cinefilm, digital video data
and digital data using 100% and 70% contrast. A ll results are expressed in millimetres.
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Cine 100%
Measured - True (mm)

Measured (mm)

4

0.05 r
+ 2SD

r = 0.999

3
-0.05

-

Mean

0.10

2
-0.15

1

-

-2SD

0.20

(Measured + True [mm])/2

True (mm)

Cine 70%
Measured (mm)

Measured - True (mm)

4

0.1

-h 2SD

r = 0.998

3

2*

2

Mean
-

0.1

-

0.2

1

0

0

1

2

True (mm)

3

4

-2SD

0

2
1
3
(Measured + True [mm])/2

Figure 6.3 Correlation and Bland & Altman analysis of the phantom validation for
cinefilm data with 100% and 70% contrast
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4

Video 100%
Measured - True (mm)
0.3

Measured (mm)
4

0.2

r = 0.998

3

0.1

2
-

1

0.1

- 0 .2,

(Measured - True [mm])/2

True (mm)

Video 70%
Measured - True (mm)
0.1

Measured (mm)
4r

3

ie.2SD

r = 0.997

2

-

0.1

1

-

0.2

Mean

.-.2SD

G

G

1

2

3

4

True (mm)

(Measured - True [mm])/2

Figure 6.4 Correlation and Bland & Altman analysis of the phantom validation for
video data with 100% and 70% contrast
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Digital 100%

Measured - True (mm)

Measured (mm)

+ 2SD

0.1

-

r = 0.998

0.2

-

Mean

-0.3
-2SD

-0.4
True (mm)

(Measured + True [mm])/2

Digital 70%
Measured (mm)

Measured - True (mm)

4

3

-

0.1

-

0.2

+ 2SD

r = 0.995

2

1

-0.3

0

-0.4

0

1

2

3

4

True (mm)

Mean

-2SD

(Measured 4- True [mm])/2

Figure 6.5 Correlation and Bland & Altman analysis o f the phantom validation for
digital data with 100% and 70% contrast
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Cine 100%
Cine 70%

Precision (iim)
40
70

Accuracy (/im)
-70
-70

Video 100%
Video 70%

+50
-80

110
90

Digital 100%
Digital 70%

-220
-200

80
100

Table 6.3 Accuracy (mean difference, measured - true) and precision (standard
deviation o f the differences) fo r the 3 systems using 100% & 70% contrast

6.3,2 Intra-observer variability (Figure 6.6, tables 6.4-5)
Examination of two entire studies measured 24 hours apart showed a high correlation
for repeated measures (r >0.9).

The mean diameter differences (measured - true) for

patients 1 & 2 were 0.01 mm and 0.02 mm,

and the standard deviation of the

differences were 0.06 mm and 0.05 mm respectively.
Patient 2

Patient 1
Day 0
2.77
2.67
2.69
2.95
2.97
3.05
3.03
3.03
2.87
3.02
2.81
3.18
3.14
3.05
3.42
3.30
3.38
3.42

Day 0
3.38
3.33
3.41
3.59
3.43
3.51
3.43
3.38
3.33
3.69
3.59
3.41
3.54
3.54
3.67
3.61
3.77

Day 1
2.67
2.71
2.65
2.97
3.01
3.03
3.08
2.93
2.83
2.91
2.85
3.16
3.10
3.01
3.36
3.28
3.36
3.42

Day 1
3.35
3.41
3.41
3.69
3.35
3.48
3.41
3.33
3.28
3.69
3.69
3.41
3.46
3.56
3.69
3.61
3.67

Table 6.4 Repeated measurements o f diameter for two entire studies taken
24 hours apart. Results are expressed in millimetres.
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Table 6.5 shows the diameter measurements from six studies (6 frames per study) made
early (24-72 hours) and late (six months) after the original analysis.

There were no

significant differences between measurements made at these times compared with the
original analysis.

For measurements made up to three days apart the mean diameter

difference for each patient ranged from +30 to -30 /*m.
months apart the largest mean difference was ±40 fim .
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For measurements made six

Diameter (mm)

Day 0

Early

Late

3. 43
3. 77
3. 79
3. 69
3. 86
4 . 08

3. 40
3. 91
3. 72
3. 60
3. 77
4 . 08

3. 47
3. 79
3 . 84
3 . 74
3. 89
3. 99

Difference (mm)

Early

Pt 1

Mean D iffe r e n c e
Pt 2

4.04
4.21
2. 91
2.80
2. 76
3. 34

4.06
4. 17
2 . 91
2. 82
2. 67
3. 34

4.12
4.12
2. 82
2. 82
2.84
3. 26
Mean D iffe r e n c e

Pt 3

2. 39
2. 50
2. 63
2. 55
2. 55
2. 60

2.34
2. 50
2. 60
2. 52
2. 52
2. 57

2. 47
2. 47
2. 63
2. 60
2. 57
2. 63
Mean D iffe r e n c e

Pt 4

3. 63
3. 78
3. 47
3. 65
3. 70
3. 70

3. 72
3. 76
3. 49
3. 70
3 . 74
3. 72

3. 57
3. 76
3. 80
3. 76
3. 57
3. 70
Mean D iffe r e n c e

Late

0. 02
-0.15
0.07
0 . 09
0.11
0.00

-0.04
-0.02
-0.05
-0.05
-0.03
0 . 09

0. 0 2

-0.16

-0.02
0.04
0.00
-0.02
0.09
0.00

-0.08
0 . 09
0 . 09
-0.02
-0.08
0 . 08

0.01

0.01

0 . 05
0.00
0.03
0. 0 3
0. 0 3
0.03

-0.08
0 . 03
0.00
-0.05
-0.02
-0.03

0. 0 3

-0.03

-0.08
0. 0 2
-0.02
-0.05
-0.04
-0.02

0.06
0 . 02
-0.33
-0.11
0 . 13
0.00

-0.03

-0.04

0.04
0.04
-0.05
-0.02
0.04
-0.04

-0.09
0 . 09
0.08
-0.04
0.04
-0.06

0.00

0.00

0. 0 3
-0.03
0.00
-0.03
0.00
-0.06

-0.03
-0.03
0 . 08
0.11
0.00
0.11

-0.01

0.04

Pt 5

2. 49
2. 60
3. 51
3. 43
3. 13
2. 45

2. 45
2. 56
3. 56
3. 45
3. 09
2. 49

2. 58
2. 51
3. 43
3. 47
3. 09
2.51
Mean D iffe r e n c e

Pt 6

2. 80
2. 80
2. 91
3. 25
3. 20
3. 28

2. 77
2. 83
2. 91
3. 28
3. 20
3. 34

2. 83
2. 83
2. 83
3. 14
3. 20
3. 17
Mean D iffe r e n c e

Table 6.5 Repeated measurements o f diameter in six patients to assess short-term and
long-term intraobserver variability. All results are expressed in millimetres.
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6.4 Conclusions

The results of the phantom studies demonstrate that the three modalities of data
acquisition and the two methods of quantitation perform well, with values for accuracy
and precision similar to other commercial systems (Spears et al. 1983; Reiber et al.
1985a; Reiber 1991).

A high correlation was found between measured and true

diameters for all modalities. The accuracy (mean difference) was similar for cine and
video digital data at both contrast strengths.

The mean difference was greatest for

digital data analysed on the Digitron. The precision (pooled standard deviation of the
differences) was similar for all three methods,

ranging from 40 to 110 /tm.

Measurements of coronary artery dimensions made in vivo and reported in this thesis
are generally expressed as the percentage change in coronary artery diameter or area,
rather than as absolute measurements of dimension.

Therefore, the precision of the

measuring system is the better indicator of performance with regard to relative
measures.

The concentration of contrast had little effect on the performance of the

three systems. Short- and long-term intraobserver variability was small. These results
are similar to other reported validation studies (Spears et al. 1983; Reiber et al. 1985a;
LeFree et al. 1988).
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CHAPTER 7

ENDOTHELIUM-DEPENDENT DILATATION IN SYNDROME X
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7.1 Introduction

Many studies have demonstrated that coronary flow reserve is impaired in syndrome X.
Without evidence of structural abnormalities within the coronary vascular tree,

a

functional abnormality at the level of the resistance vessels has been proposed, which
could cause focal or regional myocardial ischaemia (Epstein & Cannon 1986; Maseri et
al. 1991).

Appreciation of the importance of the vascular endothelium in the

modulation of vessel tone has led to the suggestion that endothelium-dependent
vasodilator responses are impaired in syndrome X.

This is an attractive hypothesis

which would concur with the finding that ergonovine produces an inappropriately
elevated coronary vascular resistance in patients with microvascular angina (Cannon et
al. 1987a).

To test this hypothesis the responses to intracoronary acetylcholine and

substance P, two agents which evoke endothelium-dependent responses, were assessed
in patients with syndrome X and in control subjects.

7.2 Methods
7.2.1 Patient Classification

Syndrome X.

Ten female patients, aged 35 to 62 years (mean 50.7 years), with

anginal-type chest pain, a positive exercise stress test (>1 mm ST segment depression
from baseline 80 msec after the J point, mean 1.6 mm, range 1.0-2.5 mm) and
angiographically normal epicardial coronary arteries were studied.

Seven patients

routinely took antianginal medication (jS-blockers (5), calcium antagonists (4), nitrates
(3)).

Two patients were cigarette smokers and 1 an ex-smoker.

No patient had

evidence of hypertension (clinical, electrocardiographic or echocardiographic), diabetes
mellitus, left ventricular hypertrophy, cardiomyopathy, or valvar heart disease.

Left

ventricular mass was determined echocardiographically according to the Penn
convention (Devereux & Reichek 1977; Devereux et al. 1984).

141

Controls. Nine patients (2 men, 7 women), aged 35 to 53 years (mean 45.8 years), with
atypical chest pain, a negative exercise stress test and angiographically normal coronary
arteries were studied.
(/3-blockers (3),

Four patients routinely took anti-anginal medication

calcium antagonists (3),

nitrates (1)).

cigarette smokers and 2 were ex-smokers.

Two patients were current

No patient had hypertension, diabetes

mellitus, left ventricular hypertrophy or cardiomyopathy.

Left ventricular mass was

assessed echocardiographically to exclude previously unsuspected left ventricular
hypertrophy. After complete investigation these patients were believed to have normal
hearts and a non-cardiac cause for their chest pain.

All patients had been referred by their treating physician for diagnostic coronary
angiography.

Written informed consent was obtained prior to angiography in

accordance with guidelines established by the ethics committee of the Royal Brompton
National Heart and Lung Hospital, which approved the study.

7.2.2 Protocol
Anti-anginal therapy and other drugs which could influence coronary blood flow were
discontinued 18-24 h prior to cardiac catheterisation.

Patients arrived in the

catheterisation laboratory in the fasting state and underwent diagnostic left heart
catheterisation and coronary angiography using a standard percutaneous femoral
approach.

The coronary angiograms were reviewed to confirm patient classification,

and the study vessel and suitable angiographic view were determined.

A bipolar temporary pacing wire was positioned in the right ventricle and set on
demand at 10 bpm less than the patient’s resting heart rate. Full anticoagulation was
achieved with intravenous heparin.

An 8F guiding catheter (Medtronic, Minneapolis,

USA) was positioned in the left or right coronary ostium and a 3F 20 MHz Schneider
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Doppler flow probe (Schneider, Zurich, Switzerland) was passed over a 0.014" guide
wire into the proximal coronary artery. In 2 patients a Wessex Doppler probe was used
(Numed Inc, Hopkington NY, USA), and correction made for the side-mounted crystal
angle. The Doppler catheter was connected to a Millar velocimeter (Millar Instruments
Inc, Texas,

USA) for continuous recordings of mean and phasic coronary artery

velocities onto a chart recorder (Lectromed, St Peter, Jersey). The catheter was zeroed
and calibrated on a 0 to 40 cm.s~^ scale and the position and range gating adjusted to
optimise the audio velocity signal and the phasic flow velocity waveform. The Doppler
position was maintained throughout the study protocol and checked at regular intervals.
The electrocardiogram,

heart rate,

mean and phasic arterial blood pressure were

measured continuously.

Acetylcholine (Miochol, Cooper-Vision Ltd, Southampton, UK) was diluted in 5%
dextrose under sterile conditions to give an estimated intracoronary concentration of
10"^M and 10"^M at an infusion rate of 1 ml.min"^ (Ganz et al. 1971).

Substance P

(Sigma Chemical Co, Poole, UK) was reconstituted under strict aseptic conditions in
10% acetic acid to a concentration of 0,1 mg.ml”^ and stored at -80°C.

Aliquots of

the solution were sent for assay strength confirmation, sterility and pyrogen testing.
Subsequent dilutions were made with 0.9% sodium chloride solution to provide
concentrations of 5, 10 and 25 pmol.ml"^.

The final concentrations were made just

prior to the study and separate infusion tubing was used for each drug.

All solutions

were infused through the Doppler probe using an infusion pump (Becton Dickinson
UK Ltd, Oxford, UK) at a rate of 1 ml.min"^ for 2 minutes.
in random order, but in increasing order of concentration.
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Either drug was given

7.2.3 Quantitative coronary angiography
Single plane coronary angiograms were taken at the start of the protocol and at peak
mean velocity response during the drug infusion, or at the end of the infusion if no
change in velocity was detected.

A period of 3 to 4 minutes was observed between

infusions or until all measured parameters had returned to baseline.
were performed using non-ionic contrast media (Omnipaque,

All angiograms

Nycomed AS,

Norway; iodine content 350 mg.ml”^) at an injection rate of 5-8 ml.s”^.

Oslo,

The view

which best displayed the coronary artery segment for analysis in the isocenter was
selected, and the X-ray gantry position was maintained throughout the study.

A 10

mm length of vessel was measured in up to 3 consecutive end-diastolic frames at the
tip of the doppler probe and the results averaged.

In 7 patients angiograms were acquired on 35 mm cinefilm (Kodak CFE) at 25
frames.s”^ (dose rate 20 /iRoentgens.frame”^) using a 17 cm nominal input field with a
0.8 mm^ focal spot.

Films were developed to produce an average gradient of 1.4.

End-diastolic frames were analysed on a Kontron Cardio 500 workstation (Kontron
Elektronik GMBH,

Munich,

Germany) using computer-assisted automatic edge

detection (microMipron software) of the digitised video image (512 x 512 bit matrix, 8
bit depth) from an IGE Cap 35B cine projector.

In the remaining patients

angiographic data was acquired digitally in a 512 x 512 matrix with 10 bit depth on a
real-time digital image acquisition and analysis system (Digitron III VACI, Siemens
AG, Munich, Germany) at 12.5 frames.s"^ (dose rate 25 /iRoentgen.frame”^) with gap
filling, using a 17 cm nominal input field and 0.8 mm

focal spot.

A low-lag, 1249

line progressive scan video camera (Videomed C) was directly coupled to the image
intensifier. The analogue output of the video camera was digitised in real time using
a linear lookup table relating radiographic density to gray level, with parallel transfer
via a solid state buffer, and stored on 4 x 740 Winchester hard disks.
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To correct for geometric magnification, calibration was determined from the diameter
of the guiding catheter, which was measured using hand-held micrometer calipers after
each study.

Both algorithms for automatic edge detection of digital data (directly

acquired or from the digitised cinefilm image) used the weighted sum of the first and
second derivatives to detect the vessel edge. In 1 patient the digital data was analysed
using the videotape image of the digital data.

7.2.4 Area, velocity and flow measurements
Area measurements were calculated from the mean luminal diameter on the assumption
that the artery is circular in cross-section. Measurements were made prior to infusion
(control area) and at peak velocity change (intervention area). Percent area change was
calculated as ([intervention area - control area] / control area) x 100%.

The velocity

ratio was calculated as the ratio of peak mean velocity (cm.s“^) during infusion to
baseline mean velocity (cm.s"^) immediately prior to infusion.

Estimates of coronary

flow were derived from the product of cross-sectional area and velocity at baseline and
at peak response, and were expressed in ml.min”^. This allowed calculation of a flow
ratio as the quotient (peak flow)/(baseline flow).

7.2.5 Statistical analysis
All data are expressed as mean+standard error of the mean (SEM).

Statistical analysis

was performed on the data using analysis of variance and the Wilcoxon matched pairs
signed rank sum test for paired data and the Mann-Whitney test for unpaired data.
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7.3 Results
7.3.1 Patient characteristics (Table 7.1)

A total of 19 patients were studied, 10 syndrome X and 9 controls.

There was no

significant difference with regard to age, serum lipids and blood glucose between the
two groups.

Although systolic blood pressure was higher in syndrome X patients

(131+5 vs 118+2 mmHg, p=0.04), diastolic blood pressure was similar (73+2 vs 71+2
mmHg, p=NS syndrome X vs controls respectively).

No patient possessed electrical

criteria for left ventricular hypertrophy and left ventricular mass was within the
normal range (syndrome X: 89+5 g.m"

controls: 74+7 g.m” ).

Left ventricular

end-diastolic pressure at cardiac catheterisation prior to ventriculography was 12+2
mmHg (syndrome X) and 11+2 mmHg (controls).

Variable

Syndrome X

Controls

Number (M:F)

10 (0:10)

9 (2:7)

Age (years)

50.7+3.0

45.8±1.9

Systolic BP (mmHg)

131±5*

118±2

Diastolic BP (mmHg)

73±2

71±2

Glucose (mmol.r^)

5.0±0.2

5.1±0.3

Cholesterol (mmol.r^)

6.4+0.3

6.1±0.4

HDL-C (m m ol.rb

1.4±0.1

1.1±0.1

Triglycerides (mmol.l”^)

1.1±0.1

1.6±0.4

12±2

11±2

LVEDP (mmHg)

Table 7.1 Patient characteristics. A ll values are expressed
as mean ± SEM where appropriate. BP=blood pressure, F=female,
HDL-C=high density lipoprotein cholesterol, LVEDP=left ventricular
end-diastolic pressure, M=male. (*) p=0.04 vs controls.
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The choice of coronary artery studied depended on the ability to obtain suitable
angiographic views without vessel overlap,

since there is no evidence that

endothelium-dependent responses differ in individual coronary arteries. Non-dominant
arteries were not selected. The right coronary artery was selected in 4 syndrome X and
5 control patients, the circumflex in 3 syndrome X and 3 control patients and the left
anterior descending artery in 3 syndrome X patients and 1 control. Nine syndrome X
and 8 control subjects received acetylcholine.

Substance P 5 pmol.min"^ was infused

in 18 patients, 9 in each group; 12 patients (6 in each group) received the higher doses.

7.3.2 Effects of acetylcholine and substance P on coronary artery area (Figure 7.1,
table 7.2)
Infusions of intracoronary acetylcholine 1 0 " and 10"^M caused a non-significant
increase in epicardial cross-sectional area from baseline in both patient groups by
10.2+8.5% and 10.5+10.4% (syndrome X), and by 23.9+11.7% and 16.2+8.0% (controls),
respectively.

There was no significant difference between the two groups (10"^M,

p=0.36; 10"^M, p=0.67). Substance P at 5, 10 and 25 pmol.min"^ caused a significant
increase in epicardial coronary artery area from baseline in both patient groups.
Cross-sectional area increased by 48.2+12.7% (p=0.005 vs baseline), 51.2+17.3% (p<0.05)
and 44.1+2.4% (p<0.0001) in syndrome X,

and by 24.3+9.0% (p<0.05),

50.0+7.9%

(p<0.005) and 56.0+4.1% (p<0.0001) in controls, respectively. There were no significant
differences between the patient groups. One patient showed marked dilatation (122.5%
area increase) with substance P 5 pm ol.m in"\

In another patient maximum dilatation

(131.3% area increase) was seen with 10 pmol.min”^ substance P, which fell to 39.2%
with 25 pmol.min"^ substance P, suggesting that tachyphylaxis developed.
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SP5

SPIO

SP25

5.6
76.7
122.5
39.0
38.7
80.4
5.8
32.3
32.6

49.2
37.8
131.7
5.8
48.3
34.6

41.5
38.7
39.2
44.2
46.8
54.2

10.5±10.4

48.2±12.7

51.2±17.3

44.1±2.4

14.5
78.6
-9.1
20.5
33.3
64.8
-7.3
-4.2

-9.7
44.6
1.8
20.5
33.3
41.7
12.1
-14.7

27.4
-23.2
-4.5
51.3
25.4
48.3
24.8
9.3
59.5

47.4
38.1
62.5
45.3
25.5
81.0

52.6
52.4
73.6
47.6
47.8
62.0

23.9±11.7

16.2+8.0

24.3±9.0

A7

A6

-29.8
-18.1
30.0
15.0
50.0
32.8
2.0
-3.8
13.3

-23.4
-12.5
25.0
40.0
42.4
40.3
31.4
-13.5
-34.9

10.2±8.5

Syndrome X

Controls

50.0±7.9

56.0±4.1

Table 7.2 Percentage area change in epicardial coronary artery area. A l & A6
acetylcholine 10~^M & lO '^M ; SP5, 10 & 25 = substance P 5, 10 & 25 pmol.min~^.
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P erc en tag e area ch ange

H Controls

40 r

■ Syndrome X

A6

A7

P erc en tag e area chan ge

P < 0.05
0 = 0.06

70
P = 0.21

SP5

SP 10

SP 25

Figure 7.1 P ercentage area change w ith acetylcholine and substance P
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7.3.3 Velocity ratios (Table 7.3)
Acetylcholine 10“^M and 10“^M increased intracoronary blood flow velocity in both
groups of patients.

Velocity ratios (peak/baseline) were 1.4+0.1 (p<0.01 vs 1) and

2.5+0.2 (p<0.0001) in syndrome X,
controls.

and 2.0+Q.4 (p<0.05) and 2.5+0.3 (p<0.005) in

There were no significant differences between the two groups with either

concentration of acetylcholine. Velocity ratios increased with substance P (5, 10 & 25
pmol.min"^), but to a lesser extent than with acetylcholine.

Velocity ratios were

1.1+0.1 (p=NS vs 1), 1.2+0.1 (p=NS) and 1.3+0.1 (p<0.01) in syndrome X, and 1.3+0.2
(p=NS), 1.4+0.1 (p<0.05) and 1.8+0.2 (p<0.05) in controls, respectively.

There were no

significant differences between the two groups.

Controls

A7
1.1
1.1
1.6
1.8
1.8
1.2
1.1
1.2
1.3

A6
2.8
2.5
3.2
2.8
2.6
2.2
1.4
2.9
1.9

SP5

SPIO

SP]

1.0
1.6
0.7
1.3
1.3
0.8
1.1
1.0
0.9

1.7
1.4
0.9
1.2
1.0
1.0

1.6
1.5
1.1
1.3
1.1
1.4

4.0
1.6
2.4
1.3
1.4
1.1
3.2
1.2

4.0
3.6
2.5
1.9
2.0
1.6
3.3
1.5

1.0
2.8
0.8
1.2
1.1
0.9
1.3
1.6
1.1

1.0
1.1
1.6
1.5
1.9
1.6

1.0
1.5
2.3
1.6
2.1
2.1

Table 7.3 Velocity ratios with acetylcholine and substance P.
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7.3.4 Flow ratios (Figure 7.2, table 7.4)

ACh 10" M and 10" M increased coronary flow in both groups. Flow ratios with ACh
10"^M were 1.5+0.2 vs 2.4+0.4 (p=0.07, syndrome X vs controls) and with ACh 10"^M
were 2.7+0.3 vs 2.9+0.4 (p=NS). Analysis of variance revealed a significant difference
between the responses to substance P in syndrome X patients and control subjects
(p=0.001). Flow ratios with substance P 5, 10 and 25 pmol.min"^ in syndrome X and
controls were 1.6+0.2 vs 1.5+0.1 (p=NS),
2.8+0.4 (p=0.04) respectively.

1.7+0.2 vs 2.2+0.2 (p=NS) and 1.9+0.1 vs

Maximum flows were achieved with 25 pmol.min"^

substance P in the control group and with 10 pmol.min"^ in syndrome X.

Mean+SEM
Controls

A7
X 0.8
0.9
2.1
2.0
2.7
1.6
1.1
1.1
1.5

A6
2.2
2.2
3.9
3.9
3.7
3.1
1.8
2.5
1.2

1.5±0.2

2.7+0.3

4.6
2.8
2.2
1.6
1.9
1.9
3.0
1.1

2.4±0.4

3.6
5.2
2.5
2.3
2.7
2.2
3.6
1.3

2.9±0.4

SP5

SPIO

SP25

1.1
2.9
1.5
1.7
1.7
1.4
1.1
1.3
1.2

2.5
1.9
1.8
1.3
1.5
1.4

2.2
2.1
1.4
1.9
1.6
2.1

1.6±0.2
1.3
2.1
0.7
1.8
1.4
1.3
1.6
1.7
1.7
1.5±0.1

1.7±0.2

1.9±0.1

1.5
1.5
2.7
2.1
2.3
2.8
2.2+0.2

1.6
2.3
4.1
2.3
3.1
3.4
2.8±0.4

Table 7.4 Flow ratios with acetylcholine and substance P.
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Coronary flow ratio
Q Controls

4r

■ Syndrome X
P = 0.01
P = 0.07

Coronary flow ratio
4r

p = 0.04

p = NS

p = NS

SP5

SP 10

SP 25

F igure 7.2 Flow ratios w ith acetylcholine and substance P
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7.4 Conclusions

These data show that large coronary artery responses to acetylcholine and substance P
in syndrome X are not significantly different from a control group.

The lower flow

responses, particularly to substance P, suggest that endothelium-dependent responses in
the resistance vessels of syndrome X may be impaired in some patients.

The term microvascular angina is frequently applied to such patients (Epstein &
Cannon 1986), and may be an appropriate term, since it implies an abnormality in the
small vessels of the myocardium.

Since the discovery that the vascular endothelium

produces substances capable of eliciting underlying smooth muscle relaxation, it has
been suggested that an endothelial abnormality might account for some of the features
of syndrome X.

This readily fits with existing findings and could give rise to

impairment of coronary artery blood flow and hence cause myocardial ischaemia in the
absence of structural large or small vessel abnormality. This is an attractive hypothesis,
and would fit well with the observed more generalised abnormalities of smooth muscle
tone (Sax et al. 1987).

Furthermore it would explain the heightened constrictor

response seen with ergonovine in some patients (Cannon et al. 1987a), since ergonovine
may cause

endothelium -dependent

vasodilatation

vasoconstrictor effect (Griffith et al. 1984b).

in

addition

to

its

direct

These ideas led to the present study,

since the integrity of the vascular endothelium in syndrome X has not been fully
investigated.

7.4.1 Responses of large coronary arteries
Acetylcholine causes both endothelium-dependent vasodilatation and endotheliumindependent vasoconstriction. At higher doses the vasoconstrictor effect predominates.
Acetylcholine acts similarly to ergonovine, and has been proposed as an alternative to
ergonovine for the induction of coronary artery spasm in patients with suspected
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variant angina (Okumara et al. 1988).

Intracoronary infusion of acetylcholine caused

non-significant dilatation of epicardial coronary arteries in syndrome X and control
patients, of a similar magnitude to that reported in studies of patients with normal
coronary arteries (Nabel et al. 1990; Drexler et al. 1991b; Zeiher et al. 1991b).

No

patient developed coronary artery spasm during acetylcholine infusion.

Substance P causes endothelium-dependent vasodilatation in the coronary and other
vascular beds.

The degree of epicardial coronary artery dilatation with substance P is

of a similar magnitude to that seen with intracoronary isosorbide dinitrate (Crossman et
al. 1989). The data presented here are in agreement with these findings.

At doses as

low as 10 pmol.min"^, substance P increased epicardial coronary artery area by more
than 50% in both patient groups.

Kaski demonstrated that proximal and distal epicardial coronary arteries in syndrome X
respond normally to the endothelium-independent vasodilator,
(K aski et al.

1991).

The results reported

in

this

isosorbide dinitrate

th esis

in d ica te

that

endothelium-dependent dilator responses of epicardial coronary arteries to acetylcholine
and substance P are also preserved in syndrome X.

These findings differ from other

reports of abnormal epicardial coronary artery reactivity in syndrome X (Bortone et al.
1989; Montorsi et al. 1989; Vrints et al. 1992).

Bortone reported a subgroup of 6

patients who developed epicardial coronary artery constriction during exercise.
However,

only 4 of the 6 patients had positive exercise tests.

In addition,

no

information was available regarding patient lipid profiles which, if adverse, may impair
flow-mediated dilator responses (Zeiher et al. 1991b).

Montorsi reported that

nifedipine induced less epicardial coronary artery dilatation in syndrome X than in
patients with variant angina. However, no control group was studied as a comparison.
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Vrints infused acetylcholine into the left anterior descending artery of patients with
angina pectoris and normal coronary arteries and patients with atypical chest pain and
normal coronary arteries, and compared epicardial coronary artery diameter changes
with a group of patients with documented coronary artery disease.

Intracoronary

acetylcholine 10”^M did not significantly alter coronary artery diameter in either
group, which is in keeping with the data reported here. In patients with atypical chest
pain and normal coronary arteries 1 0 " acetylcholine induced mild dilatation of the
mid-segment of the coronary artery (10±4% diameter change) whereas there was no
significant change with 10"^M acetylcholine.

Patients with typical angina and normal

coronary arteries showed vasoconstriction at these two higher doses,

which was

comparable with that observed in patients with documented coronary artery disease.
However, these data cannot be extrapolated to patients with syndrome X.

Patients

were classified on the basis of a history suggestive of typical angina pectoris and not
on the basis of exercise testing, in contrast to the classical definition of syndrome X.
Because 2 of 12 patients with atypical chest pain and 9 of 12 patients with typical
angina had positive bicycle exercise tests, neither group represented either a control
group or syndrome X.

7.4.2 Coronary flow responses In the microvasculature
Coronary blood flow responses to endothelium-dependent agents have been little
investigated in syndrome X ,

but there are preliminary reports which suggest that

endothelium-dependent flow responses to acetylcholine are impaired (Fujino et al.
1991; Quyyumi et al. 1992). Endothelium-dependent responses to substance P have not
been reported.
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Although epicardial vessels responded normally to acetylcholine and substance P, flow
responses were lower in syndrome X compared to the control group.

The flow ratio

was lower (p=0.07) at 10”^M acetylcholine but similar at 10”^M acetylcholine,
suggesting a rightward shift of the dose-response curve.

Whereas acetylcholine has

both dilator and constrictor effects, which make interpretation of the overall result
difficult, substance P is a pure endothelium-dependent vasodilator. Although substance
P caused marked dilatation of the epicardial arteries which was of a similar magnitude
in syndrome X and control patients, flow responses were lower in syndrome X (p=0.04
vs controls) at 25 pmol.min substance P.

In summary, the responses elicited with acetylcholine and substance P in the large
coronary arteries of patients with syndrome X were similar to a control group,
suggesting normal endothelium-dependent relaxation.

The lower flow responses,

particularly to substance P, suggest that a proportion of patients with syndrome X may
have impaired endothelium-dependent responses within the coronary micro vasculature.
This may account for some of the manifestations of the syndrome.
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CHAPTER 8

CORONARY FLOW RESERVE IN SYNDROME X
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8.1 Introduction

Many studies have demonstrated an impairment of coronary flow reserve in patients
with syndrome X.

Several different methods have been used for measuring coronary

blood flow and flow reserve but almost all studies have used dipyridamole as the
pharmacological agent for eliciting maximum coronary vasodilatation (Opherk et al.
1981 & 1983a; Cannon et al. 1987a; Bortone et al. 1989; Neumann et al. 1989; Geltman
et al. 1990; Galassi et al. 1991; Kaski et al. 1991; Sutsch et al. 1992).

Possibly these

studies reflect an abnormal response to dipyridamole which is specific to patients with
syndrome X ,
vasodilate.

rather than an inability of the coronary vascular bed to maximally

If true, other agents commonly used for the assessment of coronary flow

reserve should give normal values.

The aim of this study was to assess coronary flow reserve in response to intracoronary
papaverine,

intracoronary adenosine and intravenous dipyridamole,

different biochemical mechanisms of action.

which have

Dipyridamole, a widely used drug for

assessing coronary flow reserve, inhibits adenosine uptake by erythrocytes and other
cells,

resulting in a higher intravascular concentration of adenosine (Kubler &

Bretschneider 1964).

Adenosine binds to A 2 purinoceptors on the vascular smooth

muscle cell membrane of coronary resistance vessels, stimulating adenylate cyclase and
increasing intracellular cyclic AMP levels (Burnstock 1980).
results and vascular resistance falls.

Smooth muscle relaxation

Papaverine, an opiate alkaloid, is a non-specific

smooth muscle relaxant which is thought to act predominantly by inhibiting cyclic
AMP phosphodiesterase (Triner et al. 1970).

8.2 Methods
8.2.1 Patient classification

Sixteen patients, including 1 male, age 31 to 65 yrs with anginal-type chest pain, a
positive exercise test (>1 mm ST segment depression from baseline 80 msec after the J
point, range 1-2.5 mm) and angiographically normal coronary arteries were studied. In
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seven patients endothelium-dependent responses were assessed, and the results are
reported in chapter 7.

No patient had left bundle branch block on the

electrocardiogram, either at rest or with exercise.

Twelve patients regularly took

anti-anginal medication (j@-blockers (7), calcium antagonists (8), long-acting nitrates
(2)) which was stopped at least 18 h prior to the study.
smokers, and 2 were ex-smokers.
cardiomyopathy,
associated

Two patients were cigarette

No patient had evidence of diabetes mellitus,

hypertension or left ventricular hypertrophy,

w ith an altered coronary flo w

or other conditions

reserve d etectab le

electrocardiographic, radiographic or echocardiographic criteria.

by c lin ica l,

Left ventricular mass

was determined echocardiographically according to the Penn convention (Devereux &
Reichek 1977; Devereux et al. 1984).

Mean blood glucose, cholesterol (including

HDL-cholesterol) and triglycerides were within the normal range and were not
significantly different from the control group.

The control group comprised patients

with atypical chest pain and a negative exercise test, reported in chapter 7, in whom
coronary flow reserve with papaverine was also assessed.

All patients had been referred for diagnostic coronary arteriography, and prior written
informed consent was obtained in accordance with guidelines established by the ethics
committee of the Royal Brompton National Heart & Lung Hospital, which approved
the study.

8.2.2 Protocol
Anti-anginal therapy and other drugs which might affect measurement of coronary
blood flow

were discontinued at least 18 h prior to cardiac catheterisation.

Caffeine-containing beverages and nicotine were forbidden for at least 12 h prior to
the study.

After standard coronary angiography from the femoral approach, the

coronary angiograms were reviewed to confirm patient classification, and the study
vessel and appropriate angiographic view determined. A bipolar temporary pacing wire
was positioned in the right ventricle and set on demand at 10 beats.min"^ less than the
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patient's resting heart rate.

Positioning of the Doppler probe, calibration and the

method of velocity recording have been described in chapter 7.

Papaverine hydrochloride (Macarthy Medical Ltd., Romford, UK) was diluted in sterile
water to a concentration of 4 m g .m U \ and was administered as a bolus of 8 mg over
5 s via the Doppler catheter selectively into the coronary artery.

This dose has been

previously shown to elicit maximum vasodilatation when injected selectively into the
coronary artery (Wilson et al.

1986b;

Drexler et al.

1989).

Plasma potassium

concentration and QT^ were within normal limits prior to study to minimise the small,
but well-documented, risk of rhythm change with papaverine.

Adenosine (Sigma

Chemical Co, Poole, UK) was diluted in 0.9% sodium chloride to concentrations of 6,
20 & 60 ng in 2 ml aliquots for intracoronary bolus injection through the Doppler
probe.

Dipyridamole 0.84 mg.kg”^ (Boehringer Ingelheim,

Germany) was given

intravenously (0.56 mg.kg"^ over 4 min, followed 4 min later by an additional 0.28
mg.kg"^ over 2 min) using an infusion pump (Becton Dickenson, UK).

The blood

flow responses to intracoronary papaverine 8 mg were assessed in 8 syndrome X
patients and 9 controls.

The effects of increasing doses of intracoronary papaverine,

intracoronary adenosine and intravenous dipyridamole on coronary blood flow and
coronary vascular resistance were compared in an additional 8 syndrome X patients.

8.2.3 Quantitative coronary angiography

The method of quantitative angiography has been previously described.

Single plane

arteriograms were taken under basal conditions and at peak velocity change after drug
administration. A period of at least 20 min was allowed to elapse following diagnostic
arteriography prior to the study.

Angiograms were acquired on 35 mm cinefilm in 7

patients, and in digital format in the remainder.

In one patient the digital data was

analysed using the videotape image of the digital data.

Calibration was determined

from the guiding catheter to correct for geometric magnification.
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8.2.4 Area, velocity and flow measurements
Measurements of epicardial area, coronary blood flow velocity and flow were made as
described in chapter 4 & 7. The coronary vascular resistance index (CVRI) is the ratio
of coronary vascular resistance at peak flow to basal coronary vascular resistance.

8.2.5 Statistical analysis
All data are expressed as mean + standard error of the mean (SEM). Statistical analysis
was performed on the data using analysis of variance and the Wilcoxon matched pairs
signed rank sum test for paired data and the Mann-Whitney test for unpaired data.

8.3 Results
8.3.1 Intracoronary papaverine in syndrome X and controls
8.3.1.1 Patient characteristics (Table 8.1)
Coronary flow reserve with intracoronary papaverine 8 mg was compared in 8
syndrome X patients (group 1) and 9 controls.

The groups were age-matched, and

there was no significant difference with regard to blood pressure, blood glucose or
lipid profile.

No patient had evidence of left ventricular hypertrophy on the

electrocardiogram.

In echogenic subjects (7 syndrome X patients and 6 controls) left

ventricular mass was determined and was within the normal range (syndrome X: range
61 - 109 g.m"^; controls: range 53 - 85 g.m"^ (females), 94 g.m"^ (1 male)).
ventricular end-diastolic pressure at cardiac catheterisation was
syndrome X and 11+2 mmHg in controls.

Left

13+2 mmHg in

Since coronary flow reserve is similar in

vessels supplying the right and left ventricles (Marcus et al. 1981), the coronary artery
selected for study depended on the ability to obtain suitable angiographic views
without overlap and foreshortening. Non-dominant coronary arteries were not selected.
In 3 syndrome X patients and 5 controls the right coronary artery was selected, in 3
syndrome X patients and 1 control the left anterior descending artery was selected, and
the circumflex was chosen in 2 syndrome X patients and 3 controls.
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No rhythm

change was seen after papaverine injection but transient ST-T changes and QT^
prolongation were observed in most patients.

Variable

Number (M:F)
Females
Mean age (years)
Glucose (mmol.r^)
Cholesterol (mmol.l"^)
HDL-C (m m ol.rb
Triglycerides(mmol.r-1 )
Systolic BP (mmHg)
Diastolic BP (mmHg)
LYEDP (mmHg)
LV mass (g.m"^)

Syndrome X
(Group 1)
(Group 2)
8
8
49.1 (35-65)

8
7
49.8 (31-65)

Controls

9
7
45.8 (35-53)

5.2+0.3
6.2±0.4
1.4±q.l
1.2±0.2

5.3+0.2
6.2+0.4
1.3±0.1
1.3±0.2

5.1±0.3
6.1±0.4
1.1±0.1
1.6±0.4

131±6
75±2
13±2
61 - 109

126±5
77±2
13±2
48 - 94

118±2
71±2
11±2
53 - 94

Table 8.1 Patient Characteristics. All values are expressed as mean ± SE M where
appropriate. Group 1 patients and controls received papaverine 8 mg. Group 2 received
papaverine, adenosine and dipyridamole. BP=blood pressure, HDL-C=high density
lipoprotein cholesterol, LVEDP=left ventricular end-diastolic pressure. There were no
significant differences between syndrome X and controls.

162

8.3.1.2 Effects of papaverine on epicardial coronary artery dimensions (Table 8.2)
Intracoronary papaverine administration increased epicardial coronary artery area in
syndrome X patients from a mean of 7.3+1.1 mm

to 9.9+1.4 mm , percentage area

increase 41.3+14.3% (p<0.05 vs baseline). Coronary artery area increased in the control
group from 7.9+1.0 mm^ to 8.7+1.3 mm^, percentage area increase 12.1+6.8% (p=0.11).
There was no significant difference between the two groups.

Baseline area
(mm^)

Area with papaverine
(mm )

Percentage area change

Syndrome X

Mean+SEM

7.2
4.8
6.0
11.8
4.0
11.9
5.2
7.4

8.1
10.4
7.0
17.0
7.6
15.0
6.2
7.8

12.5
116.7
16.7
44.1
90.0
26.1
19.2
5.6

7.3+1.1

9.9+1.4

41.3+14.3*

6.2
5.6
11.0
7.9
7.8
6.3
14.5
6.1
5.3

7.6
5.4
7.3
8.9
9.6
8.4
18.4
7.4
5.6

22.6
-3.6
-33.6
12.7
23.1
33.3
27.1
20.5
7.3

7.9+1.0

8.7+1.3

12.1+6.8

Controls

Mean±SEM

Table 8.2 Change in epicardial coronary artery area with papaverine 8 mg.
(*) p<0.05 vs baseline.
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8.3.1.3 Velocity ratios and coronary flow reserve (Table 8.3)

Coronary blood flow velocity increased in all patients with papaverine. Mean velocity
ratio was 2.8+0.3 in syndrome X and 3.4+0.4 in controls (p=NS,
controls).

syndrome X vs

Coronary flow reserve, which takes into account both velocity change and

the effects on epicardial artery dimension, was 4.0+0.6 in syndrome X and 3.6+0.4 in
controls (p=NS, syndrome X vs controls).

Velocity ratios
Syndrome X Controls
2.7
2.4
3.4
5.8
3.5
4.9
3.8
2.3
2.1
1.9
5.0
3.1
2.0
3.9
1.6
3.5
2.2
8±0.3

Coronary flow reserve
Syndrome X
Controls
3.0
3.0
7.4
5.6
4.1
3.3
2.6
5.5
2.6
3.5
4.1
4.2
2.4
4.9
4.2
1.7
2.3

3.4±0.4

4.0±0.6

3.6±0.4

Table 8.3 Velocity and flow ratios with papaverine 8 mg.

8.3.2 Papaverine, adenosine and dipyridamole in syndrome X
8.3.2.1 Patient characteristics (Table 8.1)
The effects of papaverine, adenosine and dipyridamole on coronary blood flow and
coronary vascular index (CVRI) were assessed in an additional 8 patients with
syndrome X.

Blood glucose and lipid profile were within the normal range.

patient had evidence of left ventricular hypertrophy on the electrocardiogram.

No
Left

ventricular mass was determined echocardiographically in 7 patients and was within the
normal range.

L eft ventricular en d -d iastolic

pressure measured prior to

ventriculography was 13+2 mmHg. The left anterior descending artery was cannulated
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in 4 patients, the right coronary artery in 2 patients and the circumflex artery in 2
patients. Papaverine (8 & 10 mg bolus ic) and adenosine (6, 20 & 60 fig bolus ic) were
given in random order, but in increasing order of concentration.
always given last because of its long duration of action.

Dipyridamole was

Six patients received 0.84

mg.kg"^ dipyridamole which was infused intravenously as 0.56 mg.kg“^ over 4 min,
followed 4 min later by 0.28 mg.kg”^ over 2 min.

Two patients only received 0.56

mg.kg"^ dipyridamole due to flushing and headache.

At the end of the study 100 -

200 mg aminophylline was given by slow intravenous injection to reverse the effects of
dipyridamole.

An interval of 3 to 5 min was observed between each drug

administration, or longer if any measured haemodynamic parameters had not returned
to baseline.

Coronary angiography was performed prior to drug administration and at

peak velocity change.

All the drugs were well tolerated other than flushing and

headache with dipyridamole in 2 patients.

8 3.2.2 Heart rate and blood pressure responses (Figure 8.1)
Heart rate did not change significantly with either intracoronary papaverine or
adenosine (-0.3+2.5 vs -1.3+2.2 bpm respectively).

Intravenous dipyridamole increased

heart rate (25.5+3.9 bpm, p<0.0005 vs baseline) significantly more than papaverine
(p=0.002 vs dipyridamole) or adenosine (p=0.002 vs dipyridamole).
non-significant fall in blood pressure with all three drugs.
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There was a

Heart rate change

p = 0.002
P = 0.002

30
25
20
15
10

5
0
5
Adenosine

Papaverine

Dipyridamole

Blood pressure change
5 r

p = NS

p = NS

Papaverine

Adenosine

Dipyridamole

Figure 8.1 H eart rate and blood pressure changes w ith p ap av erin e,
adenosine and dipyridam ole. (*) p<0.0005 V5 baseline.
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8 3.2.3 C oronary artery dim ensions w ith p apaverine, adenosine and dip y rid am o le
(F igure 8.2, table 8.4)
C oronary arte ry area m easured at the D oppler probe tip increased sig n ifican tly w ith
papaverine (22.0+7.4%, p=0.02 vs baseline).

T here was a n o n -sig n ific a n t increase in

coronary artery area w ith dipyridam ole (16.7+8.1%, p=0.08) and adenosine (5.4+2.6%,
p=0.08).
P apaverine
8.8
4.2
17.1
7.3
68.2
33.6
16.4
20.4
M ean+SEM

22.0±7.4

♦

A denosine
-4.1
5.2
8.4

D ipyridai

12.6
-7.2
7.9
6.0
13.9

-1.6
36.2
11.8
23.9
60.7

5.4±2.6

16.7±8.1

-7.0
-1.3
11.2

T ab le 8.4 Percentage area change with papaverine, adenosine and dipyridam ole. The
maximum change induced with each drug is indicated.
The change in area with
papaverine was significant from baseline (( *) p=0.02), but was not significantly
different between the three drugs.

Percentage area change

30 r

Papaverine
F igure 8.2

Adenosine

Dipyridamole

P ercentage area change w ith p apaverine, adenosine and dipyridam ole
(*) p<0.05 vs baseline
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S.3.2.4 Velocity ratios (Table 8.5)

Velocity ratios with dipyridamole were significantly less than with either papaverine or
adenosine. Maximum velocity ratios were 4.2+0.3 (papaverine), 4.6+0.3 (adenosine) and
2.8+0.2 (dipyridamole, p=0.04 vs papaverine, p=0.04 vs adenosine). Velocity ratios with
8 mg and 10 mg papaverine were not significantly different.

Velocity ratios were

significantly higher with adenosine 60 /xg than with either the 20 f i g or 6 f i g dose.

Papaverine
8mg
6.0
3.4
4.5
3.6
3.1
3.0
2.6
4.6

lOmg
4.9
3.3
5.6
3.9
3.9
4.0
3.2
4.8

8±0.4 4.2±0.3

Dipyridamole

Adenosine
ÛU&.
3.7
2.9
4.1
4.1
3.3
3.5
1.5
2.4

20fig
4.4
3.6
4.8
3.9
3.7
4.0
3.0
4.4

60fig
4.9
3.6
4.8
4.0
4.5
6.2
3.9
4.6

3.2±0.3+ 4.0±0.2~ 4.6±0.3

0.56mg.kg”^ 0.84mg. .-1
0.6
3.1
1.4
2.4
2.1
2.9
3.0
3.9
2.8
2.1
«
3.1
3.1
3.3
2.4+0.4

2.8±0.2’

Table 8.5 Velocity ratios with papaverine, adenosine and dipyridamole. Two patients
only received low-dose dipyridamole. (*) this patient received 0.28 mg.kg~^ followed by
0.56 mg.kg~^. (+) p<0.05 vj adenosine 20 f i g , p<0.05 vs adenosine 60 f i g . (~ ) p<0.05 vs
adenosine 60 f i g . (# ) p<0.05 vs adenosine 60f i g , p<0.05 vs papaverine 10 mg.
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8.3.2.5 Coronary flow reserve and vascular resistance index (Figure 8.3, table 8.6)
Analysis of variance revealed a difference between the values for coronary flow
reserve with the three drugs (p=0.046).

Coronary flow reserve was similar with

papaverine and adenosine (4.5+0.3 vs 4.8+0.3 respectively,

p=NS) but lower with

dipyridamole (3.5+0.4, p=0.08 vs papaverine, p=0.08 vs adenosine).

Coronary flow

reserve with 10 mg papaverine was compared with values obtained with 8 mg
papaverine in the 8 syndrome X patients who did not receive adenosine or
dipyridamole,

and the results were not significantly different (4.5+0.3 vs 4.0+0.6

respectively, p=0.50). The coronary vascular resistance index (CVRI) was similar with
papaverine and adenosine (0.22+0.01 vs 0.21+0.02 respectively, p=NS).
dipyridamole was significantly higher (0.29+0.03,

p=0.04 vs papaverine,

CVRI with
p=0.08 vs

adenosine), and was >0.3 in 3 patients (0.35, 0.42, 0.42), all of whom received high
dose dipyridamole (0.84 mg.kg"^). CVRI in 2 patients who only received 0.56 mg.kg”^
dipyridamole was 0.29 and 0.18.

Coronary Flow Reserve

CVRI

Papaverine Adenosine Dipyridamole
5.4
4.5
2.9
2.8
4.2
2.4
5.3
5.2
3.2
*
4.4
4.8
3.0
*
4.7
3.9
5.3
3.9
6.7
2.4
3.2
3.8
3.8
5.4
5.2
5.4
5±0.3

4.8±0.3

3.5±0.4

Papaverine Adenosine Dipyridamole
0.24
0.20
0.35
0.32
0.42
0.25
0.17
0.19
0.25
*
0.21
0.29
0.23
*
0.22
0.25
0.18
0.27
0.14
0.42
0.26
0.26
0.23
0.17
0.16
0.20
0.22±0.01

0.21±Q.02 0.29±0.03

+SEM

Table 8.6 Coronary flow reserve and C V R I in syndrome X. (*) 0.56 m g.kg -1
dipyridamole: (+) p<0.05 vs papaverine, p=0.08 vs adenosine.
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Coronary flow reserve
P

= 0.08
P

■ 0.08

7
6
5
4
3
2
1

Papaverine
Mean +/- SEM 4.5 +/- 0.3

Dipyridamoie
3.5 +/- 0.4

Adenosine
4.8 +/- 0.3

Coronary vascuiar resistance index
0.5
p < 0.05
p ■ 0.08

0.4

0.3

0.2

Papaverine
Mean +/- SEM

0.22 +/- 0.01

Adenosine
0.21 +/- 0.02

Dipyridamoie
0.29 +/- 0.03

Figure 8.3 Coronary flow reserve and CVRI in syndrome X
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8.4 Conclusions

There are several points which emerge from this study.

Coronary flow reserve with

intracoronary papaverine is not impaired compared with a control group, and a dose of
8 mg given selectively into the coronary artery is sufficient to elicit maximal
hyperaemic flow.

Coronary flow reserve is normal in syndrome X when measured

with intracoronary adenosine, which is as effective as papaverine in lowering coronary
vascular resistance.

If dipyridamole is used to measure coronary flow reserve and

CVRI in syndrome X, values below the accepted normal range may be obtained even
when a high-dose regime is used.
adenosine in syndrome X.

Normal values are achieved with papaverine and

In view of their different biochemical mechanisms of

action, the reduced response with dipyridamole suggests an abnormality of adenosine
production within the coronary vascular bed.

These results show that coronary flow reserve is normal in syndrome X when either
papaverine or adenosine is the pharmacological stimulus, which contrasts with many
studies of coronary flow reserve with dipyridamole.
dipyridamole were lower in syndrome X patients.

The values obtained with

Therefore, patients with syndrome

X can increase coronary flow appropriately, but this appears to be critically dependent
upon the stimulus.

There is one other report in the literature where papaverine was

used in the assessment of coronary flow reserve in syndrome X (Simonetti et al. 1990).
Coronary flow reserve, measured with an intracoronary Doppler flow probe and a
maximally vasodilating dose of intracoronary papaverine, was 4.1+0.3 in syndrome X
and 4.1+0.2 in controls, similar to the data presented here.

Impaired responses with dipyridamole might be caused by an inadequate dose of the
drug.

However, other investigators have shown that intracoronary papaverine and

intravenous dipyridamole in doses similar to this study produce changes in coronary
blood flow and vascular resistance within the expected normal range (Wilson et al. 1985
& 1986b).

In a study of 10 patients with atypical chest pain and normal coronary
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arteries Wilson measured coronary blood flow velocity with an intracoronary Doppler
probe in response to incremental doses of papaverine injected into the coronary ostium
and in response to intravenous dipyridamole 0.56 mg.kg" ^ (Wilson et al. 1986b).
Coronary flow reserve with papaverine was 4.8+0.4 and CVRI fell to 0.21+0.01, which
is the same as the data presented here.

Coronary flow reserve with dipyridamole was

4.8+0.6 and CVRI fell to 0.21+0.02, which is identical to the papaverine responses
measured in the same patients. Seven patients in Wilson's study received an additional
0.28 mg.kg" ^ which did not increase velocity further in 6 patients, indicating maximal
vasodilatation at 0.56 mg.kg" \

In another study of patients with atypical chest pain,

CVRI fell with 0.56 mg.kg" ^ dipyridamole to 0.17 of baseline resistance, indicating
maximum dilatation with the lower dose of dipyridamole (Wilson et al. 1985).
coronary flow reserve was 5.0, and was >3.8 in 9 of the 10 patients.

Mean

In the tenth

patient an additional 0.4 mg.kg" ^ increased coronary flow reserve to 4.2.

However, there are comparative studies of intracoronary papaverine and intravenous
dipyridamole which demonstrate impaired responses with dipyridamole (Rossen et al.
1989 & 1991)

These studies are not strictly comparable for several reasons.

In one

study coronary flow reserve was measured in patients with coronary artery disease
(Rossen et al. 1991).

Although unobstructed arteries were cannulated the results may

not be applicable to patients with normal coronary arteries.
low-dose dipyridamole was given.

In both studies only

All patients reported in this chapter received

high-dose dipyridamole, except for 2 who experienced headache and flushing with the
lower dose. Of these 2 patients, maximal dilatation was certainly achieved in 1 patient,
in whom coronary flow reserve was 5.3 and CVRI was 0.18.

It is not possible to say

whether or not the other patient, in whom coronary flow reserve was 3.0 and CVRI
was 0.29,

would have demonstrated further vasodilatation at the higher dose of

dipyridamole.
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If the apparent impairment with dipyridamoie is not due to an inadequate dose, other
mechanisms must be considered.

Since dipyridamole, adenosine and papaverine act

differently within the cell, it is conceivable that some features of syndrome X might
result from an abnormality of adenosine metabolism.
atrial pacing and dipyridamole,

Manoeuvres such as exercise,

all of which increase intravascular adenosine

concentration, fail to increase coronary flow in syndrome X to the extent seen in
controls (Table 3.3).

With intracoronary adenosine, coronary flow reserve and CVRI

in syndrome X were within the normal range and were similar to results obtained in
patients with atypical chest pain (Wilson et al. 1990), suggesting that adenosine receptor
(A 2 ) function is normal.

Conceivably, adenosine production is impaired in syndrome

X , which would not only explain why dipyridamole was a less effective vasodilator
than exogenously-administered adenosine but also why exercise and atrial pacing
increase coronary blood flow less than in control subjects.
hypothesis,

According to the Berne

locally produced adenosine is an important physiological regulator of

coronary vascular resistance (Berne 1980).

If adenosine production from myocardial

and endothelial cells is impaired in syndrome X the effects of dipyridamole, which
depends on adenosine production, would be attenuated.

8.4.1 Potential errors In assessing coronary flow reserve
Coronary flow reserve is underestimated if resting coronary flow is not truly basal.
Geltman (1990) and Galassi (1991) have each described syndrome X patients with an
elevated basal coronary flow,

which will result in a lower coronary flow reserve

(maximum flow/basal flow) whether or not maximum blood flow is reduced.

No

attempt was made to assess basal coronary artery flow because the number of patients
studied per coronary artery was small.

Furthermore, in one patient from each group,

coronary artery velocity was measured using a side-m ounted crystal which
overestimates blood velocity.

Although relative measures will be unaffected,

example velocity ratio, absolute values will be erroneously high.
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for

Coronary flow reserve was <3.0 in 2 syndrome X patients and 3 controls who only
received papaverine 8 mg (group 1).

Because a dose-response curve was not

determined in this part of the study one cannot be certain that maximum vasodilatation
was induced with the single 8 mg dose of papaverine. In the second part of the study,
patients received both 8 and 10 mg papaverine and only one patient had a coronary
flow reserve <3.0 at the higher dose.

This suggests that 8 mg papaverine may be

submaximal in a minority of patients, although there was no significant difference
between values of coronary flow reserve with 8 and 10 mg papaverine.

Others have

demonstrated that maximum vasodilatation is achieved with the lower dose (Wilson et
al. 1986b; Drexler et al. 1989).

Finally, although the groups were not sex-matched,

there is no evidence that coronary flow reserve differs in males and females (Marcus
1983).

The results of this study show that coronary flow reserve measured with papaverine or
adenosine, is not impaired in syndrome X. The frequently documented abnormality of
coronary flow reserve seen with dipyridamole may be due to an abnormality of
adenosine metabolism within the coronary bed.
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CHAPTER 9

ENDOTHELIUM-DEPENDENT RESPONSES AND CORONARY FLOW RESERVE
IN IDIOPATHIC DILATED CARDIOMYOPATHY
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9.1 Introduction
Heart failure is characterised by distinct changes in vasomotor tone which contribute
towards the symptoms and signs that are characteristic of the condition. In addition to
activation of the sympathetic nervous system and the renin-angiotensin system in
patients with heart failure, other vasoactive agents are released, for example atrial
natriuretic peptide, vasopressin and endothelin (Cody et al. 1986; Creager et al. 1986;
Margulies et al. 1990). Endothelin levels rise in proportion to the severity of the heart
failure (Hiroe et al. 1991). The function of the vascular endothelium, which plays an
important role in the local control of blood flow, has been investigated in heart failure.
There is evidence from in vitro and in vivo studies of patients with heart failure and
animal models that ACh-induced increases in blood flow are attenuated in the
peripheral vasculature (Kaiser et al. 1989; Kubo et al. 1991; Ontkean et al. 1991;
Drexler & Lu 1992a; Katz et al. 1992) and in the coronary circulation, even in the
absence of angiographic coronary artery disease (Forstermann et al. 1988; Treasure et
al. 1990). To determine whether this represents a specific muscarinic defect or is part
of a more generalised impairment of endothelium-dependent dilatation, the effects of
intracoronary substance P were measured in patients with idiopathic dilated
cardiomyopathy.

9.2 Methods
9.2.1 Patient Classification
Nine patients (7 men, 2 women), aged 43 to 57 yrs (mean 48.8 yrs), with impaired
ventricular function (NYHA class II (8), NYHA class III (1)) and angiographically
normal coronary arteries were studied. No patient gave a history suggestive of cardiac
chest pain, and none had clinical or electrocardiographic features of hypertension. The
cause of heart failure was unknown, but 2 patients gave a history of heavy alcohol
consumption. In 2 patients the onset of symptoms was preceded by a viral-type illness.
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The duration of symptoms compatible with ventricular dysfunction ranged from 2 to
60 months.

Eight patients were taking cardiac drugs (oral diuretics (8),

angiotensin-converting enzyme inhibitors (4), digoxin (2), long-acting nitrates (1)).
Five patients were ex-cigarette smokers.
53 yrs (mean 45.8 yrs),

Nine patients (2 men, 7 women), aged 35 to

with atypical chest pain, a negative exercise stress test and

angiographically normal coronary arteries served as a control group.

Their

characteristics are described in chapter 7.

All patients had been referred for diagnostic coronary angiography.

Written informed

consent was obtained prior to angiography in accordance with guidelines established by
the ethics committee of the Royal Brompton National Heart and Lung Hospital, which
approved the study.

9.2.2 Protocol
Calcium antagonists, jS-blockers and nitrates were discontinued 18-24 h prior to cardiac
catheterisation. Diuretics, digoxin and angiotensin-converting enzyme inhibitors were
continued.
study.

Caffeine-containing beverages and nicotine were forbidden on the day of

Patients arrived in the catheterisation laboratory in the fasting state and

underwent diagnostic right and left heart catheterisation and coronary angiography
using a standard percutaneous femoral approach.

The coronary angiograms were

reviewed to exclude angiographically detectable coronary artery disease, and the study
vessel and suitable angiographic view were determined.

Full anticoagulation was obtained with intravenous heparin.

A bipolar temporary

pacing wire was positioned in the right ventricle and set on demand at 10 bpm less
than the patient’s resting heart rate. The methods of intracoronary Doppler cannulation
and recording of coronary blood flow velocity have been described earlier.
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The

preparation of substance P is outlined in chapter 7. Subsequent dilutions of substance
P were made with 0.9% sodium chloride solution to provide concentrations of 5, 10 and
25 pmol.ml"^.

Substance P was infused through the Doppler probe in increasing

concentration at a rate of 1 ml.min'^.

The duration of each infusion was 2 min.

Papaverine hydrochloride was diluted in sterile water to a concentration of 4 m g.m l"\
and was administered as a bolus of 8 mg over 5 s via the Doppler catheter selectively
into the coronary artery.

9.2.3 Quantitative coronary angiography
The method of quantitative angiography has been described in earlier chapters. Single
plane coronary angiograms were taken at the start of the protocol and at peak mean
velocity response during each drug infusion, or at the end of the infusion if no change
in velocity was detected.

A period of 3 to 4 min was observed between infusions or

until all measured parameters had returned to baseline. The view which best displayed
the coronary artery segment for analysis in the isocenter was selected, and the X-ray
gantry position was maintained throughout the study.

A 10 mm length of vessel was

measured in up to 3 consecutive end-diastolic frames at the tip of the doppler probe
and the results averaged.

In 4 patients angiograms were acquired on 35 mm cinefilm

and subsequently analysed on a Kontron Cardio 500 workstation.
patients angiographic data were acquired digitally.

In the remaining

To correct for geometric

magnification, calibration was determined from the diameter of the guiding catheter.

9.2.4 Area, velocity and flow measurements
Measurements of epicardial coronary artery area and coronary blood flow velocity are
described in chapter 7.
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9.2.5 Statistical analysis

All data are expressed as mean+standard error of the mean (SEM).

Non-parametric

statistical analysis was performed on the data, using the Wilcoxon matched pairs signed
rank sum test for paired data and the Mann-Whitney test for unpaired data.

9.3 Results
9.3.1 Patient characteristics (Tables 9.1-2)
Eighteen patients, including 9 control subjects, were studied. There was no significant
difference with regard to age, systolic and diastolic blood pressure, plasma glucose or
lipid profile between the groups.

None of the control subjects had changes on the

electrocardiogram suggestive of left ventricular hypertrophy, and all were in sinus
rhythm.

Three DCM patients were in controlled atrial fibrillation.

Left ventricular

mass was 195+37 g.m"^ (DCM, range 95 to 413 g.m“^) and 74+7 g.m”^ (controls, range
53 to 94 g.m"^) (p=0.01, DCM vs controls).

The cardiothoracic ratio estimated from

the chest X-ray ranged from 0.51 to 0.65 (mean 0.58) in DCM patients, and was <0.5
in all control subjects.

The mean daily dose of diuretic was 60 mg frusemide.

Radionuclide left ventricular ejection fraction was 14+2% (range 6 to 24%) and
maximum oxygen consumption during treadmill exercise was 16.7+1.7 ml.min'^.kg"^
(range 12.7 to 27.9 ml.min"^.kg”^) in heart failure patients.

Left ventricular

end-diastolic pressure at cardiac catheterisation prior to ventriculography was
significantly higher in DCM patients (21+3 V5 11+2 mmHg, p<0.01, DCM vs controls).

The choice of coronary artery studied depended on the ability to obtain suitable
angiographic views without vessel overlap,

since there is no evidence that

endothelium-dependent responses differ in individual coronary arteries. Non-dominant
arteries were not selected.

The right coronary artery was studied in 4 DCM patients
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and 5 control patients, the circumflex in 2 DCM patients and 3 control patients and the
left anterior descending artery in the remainder.

Substance P 5 pmol.min"^ was

infused in all patients; 8 DCM patients and 6 controls received the higher doses.

Variable

DCM

Number
MalesiFemales

Controls

9

9

7:2

2:7

48.8±1.5

45.8±1.9

Systolic BP (mmHg)

125±7

118±2

Diastolic BP (mmHg)

73±3

71±2

Glucose (mmol.r^)

6.2±0.7

5.1±0.3

Cholesterol (mmol.l"^)

5.4±0.5

5.9±0.4

HDL-C (m m ol.rb

0.9±0.2

1.1±0.1

Triglycerides (mmol.l"^)

1.1±P.3

1.6±0.4

LVEDP (mmHg)

21±3

11±2

Age (yrs)

Table 9.1 Patient characteristics. A ll values are expressed as mean ± SEM
where appropriate. BP=blood pressure, DCM=idiopathic dilated cardiomyopathy,
HDL-C=high density lipoprotein cholesterol, LVEDP=left ventricular end-diastolic
pressure.

180

Patient NYHA

CTR

LV mass (g.m" ) VO 2 max (ml.min.kg" )

LVEF

1

II

0.52

413

27.9

13

2

II

0.65

196

14.1

10

3

III

0.60

171

4

II

0.51

95

15.3

5

II

0.63

143

16.6

24

6

II

0.61

350

15.0

6

7

II

0.54

131

12.7

23

8

II

0.55

138

13.9

16

9

II

0.60

122

18.3

12

7

Table 9.2 Parameters o f ventricular function in heart failure patients. NYHA = New
York Heart Association functional class, CTR = cardiothoracic ratio, L V mass = le ft
ventricular mass, VO 2 rnax = maximum oxygen consumption with treadm ill exercise,
LVEF = radionuclide le ft ventricular ejection fraction.

9.3.2 Coronary flow reserve with papaverine (Table 9.3)
Coronary flow reserve was measured in all patients.

The percentage change in

epicardial coronary artery area with papaverine was similar in DCM patients and
controls (18.9+8.2% vs 12.1+6.8% respectively, p=NS, DCM vs controls). Coronary flow
reserve was 3.3+0.5 (DCM) and 3.6+0.4 (controls, p=NS vs DCM).
coronary flow reserve was >5.0.
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In 2 DCM patients

Coronary flow reserve

Percentage area chance

DCM

Controls

DCM

Controls

15.6

22.6

2.3

3.0

64.9

-3.6

3.7

5.6

18.2

-33.6

2.3

3.3

10.9

12.7

2.2

2.6

-1.1

23.1

1.7

2.6

22.8

33.3

3.0

4.1

-10.4

27.1

2.8

4.9

-0.8

20.5

5.2

4.2

50.0

7.2

6.4

2.3

18.9±8.2

12.1+6.8

3.3±0.5

*

3.6±0.4

*

Table 9.3 Percentage change in epicardial coronary artery area and coronary flow
reserve measured with papaverine. DCM=idiopathic dilated cardiomyopathy. (*) p<0.01
vs baseline.

9.3.3 Large coronary artery responses to substance P (Figure 9.1, table 9.4)
Epicardial coronary arteries dilated at all doses of substance P.

Thepercentage

increase in epicardial coronary artery area with 5, 10 and 25 pmol.min"^ substance P
in DCM and controls was 29.2+8.7% V5 24.3+9.0%,

37.7+14.0% vs 50.0+7.9% and

43.7+12.0% vs 56.0+4.1% respectively (p=NS, DCM vs controls).

Compared with the

control group there was greater variability in the response to substance P in DCM
patients.

Two patients (#7 & #8) showed little response, even at the highest dose of

substance P (14.5 & 13.8% area increase, respectively), whereas coronary artery area
more than doubled in 1 patient (#5, 129.2% area increase).
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SPIO

SP25

63.6

57.7

55.3

46.7

15.7

27.3

19.2

13.2

26.0

74.8

129.2

113.9

13.4

34.5

53.3

12.2

14.0

14.5

-0.4

7.4

13.8

14.8

29.9

45.3

29.2+8.7

37.7+14.0

SP5
DCM

18.6

Mean+SEM

43.7+12.0

Controls

27.4
-23.2
-4.5

Mean+SEM

59.5

81.0

62.0

51.3

47.4

52.6

25.4

38.1

52.4

48.2

62.5

73.6

24.8

45.3

47.6

9.3

25.5

47.8

24.3+9.0

50.0+7.9

56.0+4.1

Table 9.4 Percentage area change in epicardial coronary artery area with substance P.
DCM = idiopathic dilated cardiomyopathy, SP5, 10 & 25 = substance P 5, ID & 25
pm ol.m in'K

All responses in both patient groups were significant (p<0.05) from

baseline. There were no significant differences between the patient groups.
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■

Percentage area change

Dilated cardiom yopathy

IZ] Controls
B
D = NS
B

r

60

= N§

50
P

40

= N?

30
20
10

SP10

SP5

SP25

F igure 9.1 Large coronary a rte ry responses to substance P. SP5, 10 & 25
= substance P 5, 10 & 25 pm ol.m in"^. (*) p<0.05 vs baseline.

9 .3 .4

E ffects of substance P in th e m icrovasculature (F igure 9.2, tables 9 .5-6)

V elocity ratios increased sim ilarly in both p atien t groups w ith increasing doses of
substance P (1.2+0.1 V5 1.3+0.2,
controls, p=NS).

1.4+0.2 vs 1.4+0.1 and 1.5±0.2 vs 1.8+0.2, D CM vs

Flow ratios, w hich take into account changes in co ronary a rte ry area

and blood flow velocity, increased significantly in D CM p atients and control subjects.
Flow ratios w ith substance P 5, 10 & 25 pm ol.m in” ^ in DCM w ere 1.5+0.1 (p<0.01 V5
baseline), 1.8+0.2 (p<0.01 vs baseline) an d 2.1+0.2 (p<0.01 vs baseline).
control subects w ith 5,

10 & 25 pm ol.m in"^ substance P w ere 1.5+0.1 (p<0.05

baseline), 2.2+0.2 (p<0.05 vs baseline) and 2.8+0.4 (p<0.05 vs baseline).
sig n ifican t d iffe re n c e betw een the p atien t groups.
w ith

Flow ratios in
vs

T h ere was no

M axim um flow ratios w ere obtained

10 pm o l.m in ” ^ substance P in the control su b jects and w ith 25 pm ol.m in"^
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substance P in DCM patients.

There was no correlation between any

parameters of left ventricular function (oxygen consumption,
ventricular ejection fraction,

Mean+SEM

SP5
1.2
1.0
1.1
1.0
0.6
1.5
1.4
1.6
1.4

SPIO

SP25

1.2
1.0
1.7
0.6
2.4
1.5
1.5
1.3

0.7
1.3
2.5
0.9
1.6
1.4
2.1
1.7

1.2±0.1

1.4±0.2

1.5±0.2

1.0
2.8
0.8
1.1
1.2
1.1
0.9
1.3
1.6

1.6
1.0
1.1
1.6
1.5
1.9

2.1
1.0
1.5
2.3
1.6
2.1

1.3±0.2

1.4±0.1

1.8±0.2

Controls

Mean+SEM

radionuclide left

left ventricular end-diastolic pressure) and the flow

response with substance P.

Dilated cardiomyopathy

of the

Table 9.5 Velocity ratios with substance P.
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Dilated cardiomyopathy

Mean+SEM

SP5
1.4
1.6
1.6
1.2
1.0
1.7
1.6
1.6
1.6

SPIO

SP25

1.9
1.2
1.9
1.3
3.2
1.7
1.6
1.7

1.1
1.7
3.2
1.9
2.5
1.6
2.4
2.5

1.5+0.1*

1.8±0.2*

2

.I+O.2 '

Controls
1.3
2.1
0.7
1.7
1.8
1.4
1.3
1.6
1.7
Mean+SEM

2.8
1.5
1.5
2.7
2.1
2.3

1.5±0.2+

2.2+0.2+

3.4
1.5
2.3
4.1
2.3
3.1
2.8±0.4

Table 9.6 Flow ratios with substance P. (*) p<0.01, (+) p<0.05 vs baseline.
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Coronary flow ratio
3.5

■

Dilated cardiom yopathy

0

Controls
p = NS

p < 0.05

p < 0.05

2.5

p = NS

1.5

F igure 9.2 Flow ratios w ith substance P. (*) p<0.01, (+) p<0.05 vs baseline.
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9.4 Conclusions

The results from this study show that endothelium-dependent vasodilatation of large
and small coronary arteries can be demonstrated in response to substance P in patients
with idiopathic dilated cardiomyopathy. The magnitude of the response was similar to
a control group of subjects. Coronary flow reserve measured with papaverine was not
significantly different in the heart failure group compared with control subjects, but
examination of individual responses revealed considerable variation.

Heart failure is associated with haemodynamic changes and neuroendocrine adaptive
responses which alter blood flow in the coronary circulation and in the periphery. The
myocardium hypertrophies, and the resulting effects on coronary flow reserve are
complex. Resting coronary blood flow per 100 g myocardium may be normal (Opherk
et al. 1983b; Nitenberg et al. 1985) or reduced (Weiss et al. 1976) in heart failure. In
some patients with dilated cardiomyopathy raised extravascular compressive forces
impair maximum hyperaemic flow (Opherk et al. 1983b).

In this study there was no

difference in coronary flow reserve between the patient groups, but coronary flow
reserve was <3.0 in 6 DCM patients.

Two patients mounted a considerable flow

response with papaverine. There was no correlation between coronary flow reserve and
various parameters of ventricular function,
pressure,

including left ventricular end-diastolic

maximum oxygen consumption with exercise and radionuclide ejection

fraction.

A low coronary flow reserve may explain why some patients with idiopathic dilated
cardiomyopathy experience anginal-type pain in the absence of epicardial coronary
artery disease (Pasternac et al. 1982).

Cannon found that atrial pacing after

intravenous ergonovine precipitated chest pain more frequently in heart failure patients
who had a history of anginal-type pain compared with those patients who did not
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(Cannon et al. 1987b).

The angina group also had a significantly lower great cardiac

vein flow after dipyridamole and during pacing after ergonovine. None of the patients
reported here gave a history suggestive of cardiac pain.

Histological examination of biopsy specimens has not shown evidence of small vessel
disease in patients with idiopathic dilated cardiomyopathy (Olsen et al. 1979; Shirey et
al. 1980; Opherk et al. 1983b), which raises the possibility of a functional abnormality
within the microvasculature. Microvascular spasm may be important in the development
of heart failure.

Examination of the microcirculation in the cardiomyopathic Syrian

hamster reveals multiple areas of microvascular constriction (Factor et al. 1982).

The

spastic changes appear before the development of overt necrosis,

suggesting that

vasospasm is a cause rather than an effect of the myopathic process.

Pretreatment of

young animals with vasodilators prevents microvascular spasm as well as myocyte
necrosis (Factor & Sonnenblick 1985; Figulla et al. 1987).

Attenuation of endothelium-dependent vasodilation predisposes towards vascular spasm,
and may contribute towards the progression of heart failure.

Endothelium-dependent

responses to ACh are impaired in animal models of heart failure. Similar results have
been demonstrated in patients with heart failure in the coronary circulation (Treasure
et al. 1990) and in the periphery (Kubo et al. 1991; Katz et al. 1992). The preserved
responses to substance P reported in this thesis are in contrast with these studies but
are consistent with in vitro data. Attenuation of ACh-induced endothelium-dependent
responses with preservation of substance P-induced vasodilatation has been described in
coronary arterial strips from patients with idiopathic dilated cardiomyopathy
undergoing cardiac transplantation (Forstermann et al. 1988).

Selective impairment of

receptor-mediated responses has also been demonstrated in vascular strips from a rat
model of heart failure (Ontkean et al. 1991).
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Responses to the calcium ionophore

A23187 were preserved despite impaired receptor-mediated endothelium-dependent
responses to ACh and ADP.

Substance P-induced coronary artery dilatation despite

impaired ACh-induced responses has also been demonstrated in vivo in patients with
moderate coronary artery disease (Bossaller et al. 1989).

The results of these studies

suggest that altered receptor properties or signal transduction mechanisms develop in
chronic heart failure, and that the endothelial cell muscarinic receptor is particularly
vulnerable.

There is evidence that basal production of EDRF is preserved in heart

failure even though acetylcholine-induced EDRF production is impaired (Drexler et al.
1992b). This finding is supported by a recent study in which nitric oxide levels were
assayed from the plasma of patients with heart failure, and were found to be higher
than in healthy controls (Fonarow et al. 1992).

Due to the relatively small patient numbers the possibility that endothelium-dependent
responses to substance P are impaired in some patients with idiopathic dilated
cardiomyopathy cannot be excluded.

Although there were no statistically significant

differences between the patient groups,

the responses to substance P were more

heterogeneous in heart failure patients compared with control subjects.

To limit the

duration of the study the effects of acetylcholine were not determined. Whether or not
ACh-mediated responses are intact in these patients is unknown, but the results of
other studies suggest that ACh responses are abnormal.
failure were not stopped prior to the study.

Drugs prescribed for heart

Endothelium-dependent dilator responses

to bradykinin are enhanced by ACE inhibition due to inhibition of the enzyme
responsible for the breakdown of bradykinin (Mombouli et al. 1992), but there is no
evidence that substance P-mediated responses are enhanced in the presence of an ACE
inhibitor. Indeed, the effects of substance P may have been reduced in the presence of
ACE inhibition, since acute administration of an ACE inhibitor to patients with heart
failure causes coronary vasodilatation and increases coronary blood flow (De Marco et
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al. 1987). Although digitalis-like drugs inhibit ACh-induced endothelium-dependent
relaxation in experimental conditions (Rapoport et al. 1985),

interactions between

digoxin and substance P have not been reported.

In summary, endothelium-dependent responses to substance P can be demonstrated in
the

large and small coronary arteries o f

cardiomyopathy.

patients

with

idiopathic

dilated

Impaired dilator responses to ACh have been demonstrated in this

condition, but it should not be assumed that the endothelium is incapable of producing
EDRF. Because muscarinic receptors on underlying vascular smooth muscle mediate
vasoconstriction,

the effect of endothelial cell muscarinic dysfunction on the

microvascular bed may be analogous to the Syrian hamster model of heart failure.
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CHAPTER 10

CORONARY FLOW RESERVE AND ENDOTHELIUM-DEPENDENT DILATATION
IN CORONARY ARTERY DISEASE MEASURED AT THE
TIME OF ANGIOPLASTY
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10.1 Introduction

Endothelium-dependent responses are impaired in atherosclerosis and are further
altered by the physical effect of balloon angioplasty on the vessel wall.

Balloon

angioplasty causes endothelial denudation (Bates et al. 1987; Shimokawa et al. 1987b).
Damage to the vessel wall is associated with platelet adhesion, the release of constrictor
agents and local thrombus formation (Steele et al. 1985).

These adverse

effects on

vasomotion at the site of vessel wall injury might explain why the angiographic result
following apparently successful angioplasty (PTCA) is not always matched in functional
terms.

A proportion of patients after angiographically successful PTCA develop

features suggestive of myocardial ischaemia in the absence of restenosis.

Studies of

coronary flow reserve at the time of PTCA indicate that balloon angioplasty improves,
but does not necessarily normalise, coronary flow reserve in the immediate post-PTCA
period (O’Neill et al. 1984; Hodgson et al.
might
1984),

1987; Nanto et al. 1992).

Factors which

account for this include the presence of diffuse atherosclerosis (O’Neill et al.
undetected microvascular disease (E l-Tam im i et al. 1991b),

loss o f

endothelium-dependent dilatation (Fischell & Ginsburg 1987), release of vasoconstrictor
agents from platelets and the vessel wall (Bing et al. 1985), distal embolisation of
m icrothrom bi (W ilson et al.

1989),

the stim ulation o f stretch -d ep en d en t

endothelium-independent myogenic tone (Bevan 1985), altered arichidonate metabolism
(Cragg et al. 1983) and adrenergic nerve dysfunction (Cohen et al. 1983).

Prolonged

vasodilatation of resistance vessels distal to a stenosis may transiently impair the
autoregulatory capacity of the vascular bed (Kern et al. 1989).

The aim of this study was to explore the vasomotor responses to papaverine and
substance P, two drugs which increase coronary blood flow by different mechanisms,
in a group of patients studied at the time of elective PTCA.
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10.2 Methods
10.2.1 Patient Selection

The effects of papaverine and substance P on coronary artery dimensions and coronary
blood flow velocity were examined in 15 consecutive patients undergoing PTCA who
met the following selection criteria: (1) single discrete stenosis in a major epicardial
coronary artery suitable for angioplasty and for Doppler probe cannulation, (2) stable
anginal symptoms, (3) no features (clinical, electrocardiographic or echocardiographic)
of hypertension or left ventricular hypertrophy,

(4) no angiographic evidence of

collateral vessels to or from the study vessel, (5) no significant branch vessel arising
immediately proximal to the lesion, (6) no angiographic evidence of intracoronary
thrombus and (7) orthogonal views of the stenosis could be obtained.

All patients had been referred for elective coronary angioplasty of a disrete coronary
stenosis considered to be haemodynamically significant. Written informed consent was
obtained prior to angiography in accordance with guidelines established by the ethics
committee of the Royal Brompton National Heart and Lung Hospital, which approved
the study.

10.2.2 Protocol

Anti-anginal drugs were not stopped prior to angioplasty, except for nitrates which
were discontinued at least 24 h before the study.

Instead, attempts were made to

standardise treatment according to routine hospital practice. At the time of PTCA, 13
patients took a calcium antagonist and 4 patients took a jS-blocker (of whom 2 also
took a calcium antagonist).
the fasting state.

Patients arrived in the cardiac catheterisation laboratory in

Full anticoagulation was obtained with intravenous heparin.

A

bipolar temporary pacing wire was positioned in the right ventricle and set on demand
at 10 bpm less than the patient’s resting heart rate.
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An 8F guiding catheter was

positioned in the left or right coronary ostium and a 0.014” guide wire was manipulated
across the stenosis.

Thirteen patients underwent Doppler flow studies using a 3F

20 MHz Schneider Doppler flow probe which was passed over the guide wire into the
coronary artery proximal to the lesion.

Pharmacological coronary flow reserve was measured before and after PTCA with
papaverine hydrochloride which was injected as a bolus of 8 mg via the Doppler
catheter selectively into the coronary artery.

Endothelium-dependent responses to 2

min infusions of substance P 10 and 15 pmol.min"^ were measured prior to PTCA. All
patients received the lower dose of substance P, which has been shown to elicit
maximum vasodilatation (Crossman et al. 1989 & 1991). Ten patients also received the
higher dose of substance P.

After the effects of papaverine and substance P on

coronary blood flow and coronary artery dimensions had been determined, the Doppler
probe was withdrawn and angioplasty performed.

Approximately 10 to 15 minutes

after successful PTCA the Doppler probe was repositioned in the coronary artery to
mimic the pre-angioplasty position.
established,

Once a stable velocity tracing had been

the effect of PTCA on coronary flow reserve was reassessed with

papaverine.

10.2.3 Quantitative coronary angiography

The X-ray gantry was positioned so that orthogonal views could be obtained using
biplane angiography.

The stenotic segment was positioned in the isocentre and the

X-ray gantry was not moved after this point. Biplane coronary angiograms were taken
at the start of the protocol and at peak mean velocity response with papaverine and
substance P 10 & 15 pmol.min”^.

After successful PTCA repeat control angiograms

were taken and the effect of PTCA on coronary flow reserve was determined with
papaverine.

All angiograms were performed using non-ionic contrast media.
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Angiographie data were acquired digitally on a real-time digital image acquisition and
analysis system.

To correct for geometric magnification, calibration was determined

from the diameter of the guiding catheter, which was measured using hand-held
micrometer calipers after each study.

10.2.4 Area, velocity and flow measurements

Measurements of vessel diameter were made at three points (proximal and distal to the
lesion and at the stenotic site) along the artery in both planes. The proximal and distal
sites corresponded with angiographically normal arterial segments.

The proximal site

was located 2-4 mm distal to the tip of the Doppler flow probe.

The distal site

corresponded with an arterial segment distal to the stenotic site which could be readily
identified by vessel side-branches in both angiographic views.

Area measurements were calculated from the mean luminal diameter measured in
orthogonal views, using the following equation:
Cross-sectional area = tt x (rj) x {r-2 )
where rj and

1 2

are the radii calculated from the diameters measured in the two views.

Measurements of coronary blood flow velocity and coronary flow reserve are described
in chapter 7.

Coronary artery dimensions following PTCA were compared with the

control angiograms taken after completion of the angioplasty procedure.

10.2.5 Statistical analysis
All data are expressed as mean+standard error of the mean (SEM).

Non-parametric

statistical analysis was performed on the data, using the Wilcoxon matched pairs signed
rank sum test for paired data and the Mann-Whitney test for unpaired data. Relation
between different variables was assessed using Pearson’s correlation coefficient.
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10,3 Results
10.3.1 Patient Characteristics (Table 10.1)

15 patients, including 2 females, undergoing elective PTCA of a discrete stenosis who
fulfilled the selection criteria and gave prior written informed consent were studied.
Mean age was 57.0+1.4 yrs.

No patient had clinical,

electrocardiographic or

echocardiographic evidence of hypertension or left ventricular hypertrophy.
ventricular mass,

Left

measured in echogenic subjects (n=12) according to the Penn

convention, was 90+8 g.m“^.

No patient had diabetes mellitus.

Ten patients had a

family history of ischaemic heart disease. Eight patients were ex-cigarette smokers and
1 patient was a current smoker.

Four patients had a history of myocardial infarction

and pathological Q waves on the resting electrocardiogram (3 inferior, 1 anterior). No
patient had symptoms suggestive of left ventricular dysfunction and no patient took
diuretics or angiotensin-converting enzyme inhibitors.

Left ventricular dimensions

measured echocardiographically were within normal limits and the cardiothoracic ratio
estimated from the postero-anterior chest X-ray was <0.5 in all cases.

The mean left

ventricular end-diastolic pressure was 13.6+1.3 mmHg. Six patients took nitrates which
were stopped at least 24 hours prior to angioplasty.
continued in accordance with our hospital practice,
standardise the anti-anginal regime.

Other anti-anginal therapy was
but an attempt was made to

At the time of PTCA 13 patients took a calcium

antagonist and 4 patients took a jS-blocker (of whom 2 also took a calcium antagonist).
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Pt

Age

Sex

Dur” AP

MI

Smoker BPsyst
mmHg

mo

yrs

BPdiast Cholesterol
mmHg

mmol.r^

Glucose
mmol.r^

1

51.2

M

24

0

20/d

130

80

6.5

4.2

2

59.8

M

12

Inf

Ex

120

70

7.8

5.5

3

59.9

M

12

Inf

Ex

130

70

5.6

4.7

4

55.8

M

0*

Ant

0

110

70

6.3

5.2

5

60.9

M

12

0

0

130

70

5.5

5.1

6

64.8

M

36

0

Ex

110

70

4.9

6.2

7

64.3

M

24

0

0

165

80

7.0

6.8

8

53.3

M

20

0

Ex

130

70

5.6

5.2

9

52.8

M

14

Inf

Ex

110

70

7.1

4.2

10

50.6

M

9

0

Ex

125

75

5.9

6.7

11

49.8

M

18

0

0

115

75

12

65.3

M

60

0

0

140

85

5.9

5.1

13

56.6

F

14

0

0

140

80

5.2

5.6

14

53.9

M

7

0

Ex

165

85

15

56.3

F

22

0

Ex

140

85

6.6

4.1

Table 10.1 Patient characteristics. Dur^ AP=duration o f angina pectoris in months,
MI=previous myocardial infarction, BPsyst & diast=systolic and diastolic blood pressure.
(*) angioplasty was performed for exercise-related ventricular tachycardia thought to be
ischaemic in origin.

Seven patients had single vessel coronary artery disease and the remainder had two
vessel disease.

The lesion for angioplasty was in the left anterior descending artery in

6 patients, in the right coronary artery in 6 patients and in the circumflex coronary
artery in the remainder. The angioplasty balloon size ranged from 2.5 to 3.5 mm. The
mean number of balloon inflations during the study was 1.8 (range 1 - 3), and mean
total inflation time was 123 s (range 30 - 210 s).
was 7.5 Bar (range 4 - 1 2 Bar).
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Mean maximum inflation pressure

10.3.2 Effects of angioplasty on minimum luminal area and coronary flow reserve
(Figures 10.1-2, table 10.2)
Following PTCA resting coronary artery area increased significantly at distal sites
(4.7+0.5 mm^ before vs 5.5+0.4

after PTCA, p<0.05).

area at proximal sites (8.5+0.7 mm

before vs 8.6+0.7 mm

There was no change in
after angioplasty, p=NS).

Percentage area stenosis was significantly reduced by angioplasty from 75+3% to 53+4%
(p<0.05).

Minimum luminal area at the site of stenosis increased significantly from

2.3+0.3 mm^ to 3.9+0.4 mm^ (p<0.01).

Pt

1
2
3
4
5
6
7
8
9
10
11
12
13

Prior to Angioplasty
MLA Flow (B) Flow (P) CFR
2
mm
ml.min"^ ml.min" 1

Following Angioplasty
MLA Flow (B) Flow (? )
CFR
mm2
ml.min
ml.min -1

1.8
-

3.8
1.7
3.5
2.7
3.0
4.1
6.3
4.3
5.4
4.7
1.8
5.2
-

-

2.1
1.9
2.1
3.8
1.9
2.4
3.9
1.1
-

Mean 2.3+0.3
+SEM

22
9
13

23
18
30

-

-

39
16
53
48
38
33
25
53
84

90
54
100
46
117
167
79
52
85

2.3
3.3
1.9
0.9
3.1
5.0
3.1
1.0
1.0

36±6

72±13

2.3±0.4

1.1
2.0
2.4
-

76
56
25
127
56
18
43
44
36
36
25
47
178

3.9+0.4+ 59±13

120
133
53
213
322
70
72
85
143
161
135
120
256
145±22*

1.6
2.4
2.1
1.7
5.8
3.9
1.7
1.9
4.0
4.5
5.4
2.5
1.4
3 .0+ 0.4

Table 10.2 Coronary blood flow and minimum luminal area before and after
angioplasty. Patients 14 & 15 did not have Doppler flow measurements, (-)angiographic
measurements could not be made for technical reasons (poor opacification or vessel
overlap). CFR = coronary flow reserve, Flow (B ) & ( ? ) = baseline and peak flow , MLA
= minimum luminal area at the stenotic site. (*)p<0.05 vs pre-PTCA value, (+)p<0.01 vs
pre-PTCA value.
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Coronary flow reserve measured with papaverine increased from 2.3+0.4 to 3.0+0.4
(p<0.05 pre vs post-PTCA).

There was no correlation between coronary flow reserve

and minimum luminal area before or after PTC A.

Coronary flow reserve

p < 0.05

6
5
4
3
2
1

0
Pre-PTCA

Post-PTCA

Figure 10.1 The effect of angioplasty on coronary flow reserve

Baseline flow did not rise following the procedure (36+6 ml.min"^ pre-PTCA vs
59+13 ml.min”^ post-PTCA, p=0.2 pre- vs post-PTCA) but there was a significant
increase in peak blood flow with papaverine (72+13 ml.min“^ pre-PTCA vs 145+22
ml.min"^ post-PTCA, p=0.01 pre- vs post-PTCA). There was a significant correlation
between peak coronary blood flow and minimum luminal area prior to PTCA (r=0.75,
p<0.05) which was not seen following angioplasty.

There was a weak correlation

between basal flow and minimum luminal area (r=0.63, p=0.07) prior to PTCA.
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Baseline flow (ml.miri )
180

150

120

Pre-PTCA

Post-PTCA

Peak flow (ml.miri^)
350

D = 0.01

300
250
200
150
100

Pre-PTCA

Post-PTCA

Figure 10.2 The effect o f angioplasty on baseline and peak coronary blood flow
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10.3.3 Effects of papaverine on luminal dimensions (Figures 10.3-4)
T he e ffe c t o f papaverine on coronary arte ry area varied according to the site and
w h eth er or not PTCA had been perfo rm ed .

P rior to PTC A

p apaverine dilated

proxim al (5.4+4.6% area increase, p=NS vs baseline) and distal sites (13.5+8.1% area
increase, p=NS V5 baseline).

P apaverine caused sig n ifican t d ilatatio n at the stenotic site

(17.7+6.9% area increase, p<0.05 V5 baseline) p rio r to PTC A w hich was not seen afte r
PTCA (F igure 10.4).

S ignificant vasoconstriction was produced w ith p apaverine at the

stenotic site follow ing PTCA (-13.6+4.3% area change, p<0.05 vs baseline).
PTCA

papaverine did not significantly alter lum inal dim ensions at the

(0.9+3.3% area change, p=NS vs baseline) or distal site

Follow ing
proxim al

(-3.5+4.0% area change, p=NS

vs baseline). T here was a negative correlation betw een the percentage area change w ith
pap av erine before and a fte r PTCA at the stenotic site (r= -0 .6 8 , p<0.05).

Those lesions

w hich dilated m ost w ith papaverine p rio r to PTCA tended to show greater co n stricto r
responses w ith papaverine follow ing PTCA .

Percentage area change with papaverine
30 r

P

< 0.05

20
10

-10

■20'-

Proximal

Distal
■ Pre-PTCA

Stenosis

0 Post-PTCA

Figure 10.3 T he e ffe c t o f papaverine on coronary arte ry area
{*) p<0.05 vs baseline
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Percentage area change with papaverine at the stenotic site
_______ P ’^.QiQS--------------

40
20

-20

-40
-60
Pre-PTCA

Post-PTCA

Figure 10.4 Individual responses to papaverine at the stenotic site.

10.3.4 The effects of substance P (Figure 10.5, table 10.3)
Significant coronary artery dilatation occurred at all three sites but there was
considerable variation between patients (Table 10.3).

Stenotic and proximal sites

dilated significantly with substance P (16.8±5.7% area increase vs 14.3+5.4% area
increase, respectively). Distal sites showed the greatest dilator response (41.7+9.3% area
increase, p<0.005 vs baseline).

The effects of substance P on coronary blood flow

velocity and coronary artery area were measured prior to PTCA. Coronary blood flow
increased with substance P 10 pmol.min"^ (flow ratio 1.8+0.4, n=10, p=0.01 vs baseline)
and 15 pmol.min”^ (flow ratio 2.0+0.4, n=8, p=0.01 vs baseline).
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Patient
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Mean+SEM

Distal
89.2
66.3
34.2
14.3
69.7
-2.3
-14.2
94.9
33.9
45.5
14.7
39.7
56.3

Stenoi
42.9
0.0

41.7+9.3**

16.8±5

Proximal
-4.2
-

19.0
-16.2
39.0
11.0
49.8
14.4
44.7
8.7
6.2
2.6
2.1
8.1
14.3±5.4*

-

17.8
15.5
20.4
40.2
-4.1
-1.3
20.0

Table 10.3 Percentage change in epicardial coronary artery area with substance P.
Patients 2 & 4-7 received 10 pmol.min~^ substance P, the remainder received 10 & 15
pm ol.m in"^, (*)p<0.05 vj baseline, (**)p<0.005 vs baseline.
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P e rc e n ta g e a re a c h a n g e with s u b s ta n c e P
p=0.05

20

Proximal

Distal

Stenosis

Figure 10.5 C oronary arte ry dim ensions w ith substance P
(*) p<0.05 vs baseline, (+) p<0.005 vs baseline
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10.4 Conclusions

The beneficial effect of PTCA on myocardial perfusion cannot necessarily be predicted
from the immediate post-procedural angiogram. Despite an improvement in anatomical
measures of stenosis severity, coronary flow reserve with papaverine remained <3.5 in
8/13 patients.

The presence of a dilator response to substance P in the majority of

patients suggests that endothelium -dependent dilatation could be elicited in
atherosclerotic coronary arteries, even at stenotic sites.

The vasodilator response to

papaverine at the stenotic site was converted to a vasoconstrictor action following
PTCA.

PTCA

causes endothelial denudation

and the

release o f powerful

vasoconstrictors which may contribute towards the paradoxical response to papaverine
after PTCA.

The mechanisms(s) underlying vasoconstriction with papaverine may also

give rise to impaired coronary perfusion during physical manoeuvres, for example
exercise, which increase myocardial oxygen demand.

Coronary flow reserve improved following PTCA but did not normalise.
flow reserve was <3.5 in all patients except 1 prior to PTCA.
coronary flow reserve was >3.5 in 5/13 patients.

Coronary

Following PTCA

Coronary flow reserve did not

correlate with minimum luminal area or percentage area stenosis before or after PTCA,
indicating that additional factors influence peak blood flow with papaverine following
PTCA.

Basal and peak flow pre-PTCA correlated with minimum luminal area,

although the association was weaker for basal flow. Following PTCA basal blood flow
did not increase, a phenomenon which has been observed in some (Hartzler et al. 1980;
Rothman et al. 1982; Canty et al. 1984; Kern et al. 1989; Nanto et al. 1992) but not all
(Feldman et al. 1983; Serruys et al. 1984; Hodgson et al. 1987) studies.

Resting blood

flow may rise following successful angioplasty of severe lesions which compromise
blood flow at rest,

but whether resting flow increases beyond the metabolic
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requirements of the heart is uncertain. None of the patients reported here had unstable
symptoms, suggesting that basal blood flow was not compromised by the stenosis.

In normal coronary arteries papaverine increases epicardial coronary artery area by
approximately 14% (Carlson et al. 1988). Zijlstra showed that papaverine also dilates
stenotic coronary arteries (Zijlstra et al. 1988b). Angiographically normal proximal and
distal segments dilated with papaverine (area increase 5+2%) and stenotic segment area
increased 18+7%, which is similar to the data presented here. The constrictor response
to papaverine at the stenotic site following PTCA has not been previously reported.
There is one study in which translesional pressure gradients were measured before and
after PTCA during papaverine-induced hyperaemia (De Bruyne et al. 1991).

Despite

satisfactory angiographic results after PTCA a translesional pressure gradient of > 10
mmHg was induced by intracoronary papaverine in 6/12 patients, which suggest that
vasoconstriction occurred at the stenotic site following papaverine administration. The
mechanisms that impair coronary flow reserve following PTCA may contribute towards
the paradoxical response seen with papaverine.

Additionally flow-m ediated

vasoconstriction may occur as a result of the rapid release of endothelin during
increased flow (Milner et al. 1990b).

Although the endothelium shows widespread abnormalities in atherosclerotic vessels,
endothelium-dependent responses to substance P were elicited in a large proprortion of
patients. Distal sites showed the most consistent responses, similar to data obtained in
angiographically normal coronary arteries (Crossman et al. 1989).

Less dilatation was

seen in proximal and stenotic segments and in some patients there was no response,
which is in keeping with Crossman’s work in atheromatous human coronary arteries
(Crossman et al. 1991).

Crossman has demonstrated by autoradiography that binding

sites for substance P are present on the luminal cell surface of atherosclerotic coronary
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arteries.

Endothelial denudation as a result of balloon angioplasty would abolish the

endothelium-dependent dilator responses to substance P at the stenotic site, and may
contribute to vasoconstriction after PTCA. Whereas angiographically diseased coronary
arteries uniformly constrict to acetylcholine, 6/9 patients mounted a dilator response to
substance P at the stenotic site.

These results indicate that endothelium-dependent

dilator responses are not invariably lost in coronary artery disease.

A constrictor

response to acetylcholine does not necessarily imply that the endothelium cannot
produce endothelium-derived relaxing factor.

Coronary artery dilatation with papaverine probably has two components, a direct
relaxant effect on underlying smooth muscle (Triner et al. 1970) and an indirect
flow-mediated action which is endothelium-dependent.

Several groups have described

impairment of flow-mediated dilatation in atherosclerotic coronary arteries (Cox et al.
1989; Drexler et al. 1989; Vita et al. 1989; Nabel et al. 1990) which would be abolished
by endothelial denudation.

The preserved dilator responses to substance P in the

majority of the patients reported here indicate that some endothelial function is
retained in atherosclerotic coronary arteries, even in stenotic segments.

The presence

of endothelium-dependent flow-mediated dilatation cannot be inferred from these data.

Vasomotor responses elicited in these patients may have been affected by concomitant
anti-anginal therapy.

Other than nitrates, anti-anginal medication was not stopped.

Instead, attempts were made to standardise treatment according to hospital practice so
that most patients were maintained on a calcium antagonist at the time of PTCA.
Release of EDRF is a calcium-dependent process, but it is not inhibited by calcium
antagonists (Vanhoutte et al. 1988).

Calcium antagonists inhibit voltage-operated

calcium channels whereas the increase in intracellular calcium associated with EDRF
release is caused by other mechanisms.
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CHAPTER 11

CONCLUSIONS
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Conclusions

A system for measuring coronary blood flow in vivo in man has been reported and
validated.

Endothelium-dependent vasomotor responses and coronary flow reserve

have been measured in syndrome X, in patients with idiopathic dilated cardiomyopathy
and in patients with coronary artery disease undergoing elective angioplasty.

1. The establishment and validation of a method for the in vivo measurement of
coronary blood flow in man.
The results of the Doppler validation study indicate that relative changes in coronary
blood flow velocity can be accurately measured in vitro using either the side-mounted
or the end-mounted Doppler flow probe.

End-mounted probes underestimated true

velocity whereas the side-mounted probe significantly overestimated true velocity.
Blunting of the velocity profile is probably the major cause for underestimation of
forward flow

using the end-mounted

probe.

Velocities

recorded with the

side-mounted probe exceeded the maximum predicted velocity, suggesting that the
correction factor for the mounting angle of the crystal was erroneous.

Velocities

uncorrected for the crystal angle were close to predicted values for mean velocity.
Discussions with the manufacturers and distributors of the side-mounted probe
revealed that the recommended correction factor was based on studies with the first
side-mounted probes ever produced.
been altered.

Since that time some of the specifications have

Additional experiments confirmed that the crystal angle was not 45° to

the catheter long axis and that there was considerable variability between probes in the
mounting angle.

The overestimate was markedly reduced when velocities were

corrected for the true mounting angle.

For the measurement of relative changes in

blood flow velocity both types of probe perform adequately.
will be overestimated using the side-mounted probe.
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Absolute measurements

A validation study was undertaken to compare the different methods of angiographic
data acquisition and quantitative angiography.

The results of the phantom validation

indicate that the three methods of data acquisition and the two methods of quantitation
perform well.
systems.

Values for accuracy and precision were similar to other commercial

There was a high correlation between measured and true diameters for all

modalities. Short- and long-term intraobserver variability were comparable with other
systems.

2. Assessment of coronary arterial endothelium-dependent responses and coronary flow
reserve in syndrome X.
In recent years it has been suggested that there is a functional abnormality of the
coronary resistance vessels in patients with syndrome X.

Endothelium-dependent

responses to acetylcholine and substance P were measured in patients with syndrome X
and compared with a control group.

The responses of large coronary arteries were

similar in syndrome X patients and a control group whereas coronary flow responses
were lower in syndrome X patients.

The data suggest that a proportion of patients

with syndrome X may have impaired endothelium-dependent responses within the
coronary micro vasculature, which may account for some of the manifestations of the
syndrome.

Many studies have shown that coronary flow reserve, measured as the response to
dipyridamole, is impaired in syndrome X.

Coronary flow reserve was measured in

syndrome X patients reported in this thesis in response to three different vasodilators.
Coronary flow reserve with intracoronary papaverine was not impaired in syndrome X
compared with a control group. Intracoronary adenosine increased coronary blood flow
and lowered coronary vascular resistance to the same degree as intracoronary
papaverine.

Values for coronary flow reserve and coronary vascular resistance were
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lower when dipyridamole was the pharmacological stimulus.
biochemical mechanisms of action of the three drugs,

In view of the different

the reduced response with

dipyridamole suggests an abnormality of adenosine production within the coronary
vascular bed. Altered adenosine metabolism would also explain why exercise and atrial
pacing increase coronary blood flow less in syndrome X patients compared with control
subjects.

3. Assessment of coronary arterial endothelium-dependent responses and coronary flow
reserve In Idiopathic dilated cardiomyopathy.
The results of several studies indicate that endothelium-dependent responses to
acetylcholine are impaired in patients with heart failure and in animal models in the
peripheral vasculature and in the coronary circulation.

To determine whether this

represents a specific muscarinic defect or is part of a more generalised abnormality of
endothelium-dependent dilatation,

the responses to intracoronary substance P were

assessed in patients with idiopathic dilated cardiomyopathy. Coronary flow reserve was
measured with papaverine.

Coronary flow reserve was not significantly different in

heart failure patients compared with a control group,
variability between individual patients.
flow

but there was considerable

There was no correlation between coronary

reserve and various parameters of left ventricular function,

including

left-ventricular end-diastolic pressure, maximum oxygen consumption with exercise
and radionuclide left ventricular ejection fraction.

Endothelium-dependent responses

to substance P were demonstrated in the large and small coronary arteries of patients
with idiopathic dilated cardiomyopathy.
determined,

Although responses to acetylcholine were not

several in vitro studies have demonstrated selective attenuation of

acetylcholine-induced dilatation with preservation of substance P responses.

These

results suggest that the muscarinic receptor and/or transduction mechanism is
particularly vulnerable in chronic heart failure.
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4. Assessment of coronary arterial endothelium-dependent responses and coronary flow
reserve in patients with coronary artery disease, and the effects of percutaneous
transluminal coronary angioplasty on these responses
Endothelium-dependent responses are impaired in atherosclerosis and a vasoconstrictor
response to acetylcholine is frequently seen.

Vasomotor responses may also be altered

by the physical action of balloon angioplasty on the vessel wall.

The effects of

papaverine and substance P were examined in a group of patients undergoing elective
angioplasty of a discrete stenosis.

Coronary flow reserve improved, but did not

normalise, following angioplasty despite an improvement in anatomical measures of
stenosis severity.

The presence of a dilator response to substance P in the majority of

patients suggests that endothelium -dependent dilatation could be elicited in
atherosclerotic coronary arteries, even at stenotic sites.

The vasodilator response to

papaverine at the stenotic site was converted to a vasoconstrictor action following
PTCA.

Loss o f endothelium -dependent dilatation follow ing balloon-m ediated

endothelial denudation presumably contributes towards the vasoconstrictor response to
papaverine following PTCA.

The paradoxical response to an increase in flow with

papaverine may explain why a proportion of patients develop features suggestive of
myocardial ischaemia following angioplasty in the absence of angiographic restenosis.
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In this thesis I have measured coronary blood flow in vivo in man in specific conditions
in which they may be altered.

The contribution of endothelium-dependent dilatation

to coronary blood flow has also been examined.

The validation of the intracoronary

Doppler flow probe proved to be a salutary lesson, demonstrating that established
methods of measurement are not without limitations.

When the hospital opted for

digital cardiac catheterisation laboratories with closure o f the cinefilm -based
laboratories, I viewed the changes with considerable apprehension.

As a result of the

changing technologies I had to familiarise myself with the complexities of quantitative
angiography using different methods of data acquisition.

The issue of validation of

these techniques became increasingly important, and resulted in a series of experiments
addressing the problem.

Opinion is divided with regard to the importance, or even the existence, of the
phenomenon,

syndrome X.

Irrespective of one’s views,

syndrome X highlight certain fundamental issues.

the chapters concerning

Anyone who has attempted to

measure coronary flow reserve in man will appreciate the difficulties inherent in the
technique. Every attempt must be made to ensure that recordings are made in both the
true basal state and when coronary vascular resistance is minimal, particularly when
results are expressed in relative terms.

I have examined coronary flow reserve in

response to different pharmacological mediators of coronary vasodilatation. The results
indicate that, in syndrome X, values for coronary flow reserve are dependent upon the
pharmacological stimulus. Whether this finding is specific to syndrome X is unknown,
but it highlights the need to specify the stimulus used for the measurement of coronary
flow reserve. The findings suggest an abnormality within the resistance vessels, which
may give

rise

to certain features o f the syndrom e.

endothelium-dependent vasodilators accord with this suggestion.
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The responses to

The demonstration of coronary vasodilatation to substance P in patients with idiopathic
dilated cardiomyopathy was thought-provoking.

Vasoconstrictor responses to

acetylcholine in heart failure patients have been interpreted as an impairment of
endothelium-dependent dilatation.
vasoconstriction and vasodilatation,
should be made with caution.

However,

because acetylcholine causes both

interpretation of the response is difficult and

Vasoconstriction with acetylcholine may signify either

impaired endothelium-dependent dilatation, enhanced smooth muscle contraction by a
direct action on the smooth muscle cell muscarinic receptor, or a combination of the
two mechanisms.

Only by the infusion of specific inhibitors of EDRF, or by direct

measurement of EDRF production, can the mechanism be elucidated with any degree
of certainty.

Although the effects of acetylcholine and substance P have not been

assessed in the same patients, the results of in vitro and animal studies suggest that the
endothelial muscarinic receptor is particularly vulnerable in heart failure.

A

vasoconstrictor response to acetylcholine may indicate early endothelial cell damage but
it does not necessarily imply that EDRF production cannot occur by other mechanisms.

To continue this line of thought, the studies in patients undergoing angioplasty indicate
that endothelium-dependent responses to substance P are present in coronary arteries
with significant atheroma.

Numerous studies in vitro, in animals and in man have

demonstrated vasoconstrictor responses with acetylcholine in concentrations which
normally elicit vasodilatation.

These results suggest that the muscarinic receptor is

possibly one of the earliest to be damaged in disease processes which cause progressive
endothelial cell dysfunction.

The observed paradoxical response to papaverine at the

site of balloon angioplasty highlights the complex local control of coronary blood flow.
Whether or not vasoconstriction in response to an increase in blood flow is of
physiological significance is unknown, but the observation highlights the potential for
changes in vasomotor tone to alter coronary blood flow.
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