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ABSTRACT

Coronary blood flow is determined by both upstream aortic events and downstream
coronary microcirculatory events. Wave intensity analysis, which separates upstream
from downstream events and defines their interaction, has been used to investigate: 1)
the mechanisms by which coronary blood flow decreases during systole while
coronary pressure increases; and 2) the effects of contractility and coronary tone on
the coronary systolic flow impediment. We measured left circumflex coronary,
aortic, and left ventricular pressure and left circumflex coronary flow velocity. Wave
intensity analysis was applied to identify the determinants of coronary pressure and
velocity. During left ventricular isovolumic contraction, coronary pressure is higher
than aortic pressure. Increasing left ventricular contractility by paired pacing
increases the pressure difference between coronary pressure and aortic pressure.
During this time, wave intensity analysis identified a backward-travelling
compression wave that increased coronary pressure and decreased coronary flow
velocity. This backward-travelling compression wave was augmented by paired
pacing. Coronary flow was governed by the interaction between upstream and
downstream events. LV ejection caused a forward-travelling compression wave.
When it became dominant, it caused coronary flow velocity to increase, despite LV
pressure and elastance continuing to increase. Coronary tone was modulated by
intracoronary infusion of vasodilators (adenosine, nitroglycerin) and a vasoconstrictor
(phenylephrine). At constant contractility, decreasing coronary tone by vasodilators

increased the coronary systolic flow impediment and when coronary tone was

i



increased by the vasoconstrictor, the coronary systolic flow impediment was
decreased. Thus changes in the coronary systolic flow impediment were inversely
related to the changes of coronary tone. At a constant level of coronary tone,
increasing LV contractility increased the coronary systolic flow impediment. When
both LV contractility and coronary tone were changed, the largest coronary systolic
flow impediment was reached at the highest level of contractility and the lowest level
of coronary tone. The energy carried by the backward-travelling compression wave

is proportional to the reduction in coronary flow during systole.
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INTRODUCTION
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The heart, as a pump, moves oxygenated blood through the vascular system to
supply nutrition to the body as well as to itself by each beat. Coronary blood flow
makes it possible for the heart to contract. The coronary circulation is a complicated
system because it passes through the beating heart.

Although coronary pressure is similar to aortic pressure, coronary flow differs

48,62 . . . .
** and right coronary blood flow in which maximum flow occurs

from aortic flow
during systole. Factors contributing to decreased left coronary blood flow during
systole have been studied for years. It has been widely accepted that cardiac
contraction impedes coronary blood flow, so that systolic arterial flow is small

compared to diastolic arterial flow '>26°287.90

However, for decades, investigators
have attempted to understand the exact mechanism behind this systolic coronary flow
reduction. Today, researchers are still struggling to find an adequate explanation for
coronary systolic flow impediment (CSFI). It also remains unclear how coronary
blood flow changes in response to this systolic flow impediment with vasomotor tone
change.

To understand the effects of left ventricular contractility and coronary tone on
coronary flow dynamics, the structural aspects and characteristics of coronary
circulation must be understood. After brief descriptions of the anatomy and the

regulation of coronary blood flow, the historical development of our understanding of

the effects of left ventricular contraction on coronary blood flow will be reviewed.
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1.1 Characteristics of the Coronary Circulation

1.1.1 Structure of the Coronary Network

Coronary arteries, arising from the coronary sinuses immediately beyond the
aortic valve, supply blood to the highly non-uniform heart with a variable range of
demands. There are two major coronary arteries: the left coronary and the right
coronary artery. They mainly perfuse the left ventricle, septum and right ventncle
respectively (The posterior descending branch of the right coronary supplies the
posterior septum). The two main branches of left coronary artery are the left anterior
descending artery (LAD) and the left circumflex (LCx ). The coronary veins drain
blood out of the heart.

The arterial tree of coronary circulation consists of larger arteries, smaller
arteries and arterioles. In general, all the arteries with diameters larger than 400um

are referred as larger arteries and those with diameters smaller than 400um but larger

than 100um are considered as small arteries. Arterioles are very small arteries with
only one to three layers of smooth muscle cells and their diameters tend to be smaller
than 100um, as illustrated in Figure 1.1 >, However, it is the arteries smaller than
400um in diameter, which includes small arteries and arterioles that are responsible
for the control function.

Coronary arteries start from the epicardium, travel deeply through the
cyclically contracting myocardial fibers, and reach the endocardium. Then, blood

returns back to the epicardium by the veins. Figure 1.2 shows transmural arteries
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from the epicardial into the myocardial wall *. From the transmural arteries, small

arteries and arterioles branch off to perfuse the capillary bed. The density of the

arteries in the endocardium is higher than that in the epicardium 2>,

1.1.2 Structure of Left Ventricular wall

The left ventricle is modeled as a thick-walled cylinder composed of
concentric cylinder shells. According to Laplace’s law, tangential stresses in the wall
generate left ventricular pressure. The ventricular wall consists of three myocardial
layers: the endocardium, the myocardium, and the epicardium. Myocardial fiber
orientation is different in various parts of the wall. The myocardial muscle sheet is
arranged into superficial and deep layers. The superficial fibers start from the base of
the ventricles to the apex, where they pass deeply to terminate in the papillary
muscles. Fibers of the deep layer run a circular course around the ventricle, with
some fibers following an S-shaped pattern when they pass from one ventricle to the
other. Regional cardiac mechanics are determined by local fiber stress, velocity of
sarcomere shortening, generated mechanical power per unit of tissue volume, or
intramyocardial pressure. Intramyocardial pressure, determined by fiber stress, fiber
onentation and left ventricular geometry, influences coronary flow during cardiac
contraction. The degree of myocardial fiber shortening varies in each layer;

shortening is greater near the endocardium and less near the epicardium "%’
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1.1.3 The Coronary Circulation

Many investigators have reported that during cardiac contraction, coronary
inflow decreases while coronary outflow increases and stress near the endocardium is
higher than it is near the epicardium '*****. Both subepicardial and subendocardial
microvessels flow is reversed in early systole **"*°; Throughout the myocardial wall,
there is an intramyocardial pressure gradient which is related to left ventricular
pressure ***78%7  This intramyocardial pressure is higher in the subendocardium and
lower in the subepicardium. During systole, large blood vessels change less in
diameter than small blood vessels . As well, the flow in the subendocardium is
lower than in the subepicardium. The endocardial-to-epicardial flow ratio is equal to

1 in diastole, but is 1.5 during systole. The amplitude of the phasic coronary inflow is

related to the inotropy of the ventricle™.

1.2 Regulation of Coronary Blood Flow

The smooth muscle cells in the vessel wall mediate regulation of coronary
blood flow. Regulation of coronary circulation consists of all the mechanisms that
play a role in feedback between cardiac function and coronary flow. In the normal
heart, there are three dominant mechanisms that regulate coronary blood flow: (1)
metabolic regulation, (2) autoregulation, (3) extravascular compression. In addition,
neurohumoral, and myogenic controls also contribute to regulate coronary blood

flow. In the last decade, it has been clear that the function of coronary endothelium
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plays a critical role in coronary flow regulation, particularly in pathological

conditions 23.41.53;99.

1.2.1 Metabolic Regulation

A number of substances involved in tissue metabolism affect smooth muscle
tone, thus changing coronary blood flow, the most important being oxygen,
adenosine, carbon dioxide, pH, and potassium.  There is a close link between

coronary blood flow and myocardial oxygen consumption *'217°

Oxygen
consumption is an index of metabolic rate. Coronary blood flow varies to meet
myocardial oxygen demand. The partial pressure of oxygen influences the contractile

activity of coronary vascular smooth muscle. Decreased partial pressure of oxygen

causes vasodilatation. A number of studies have shown that increased oxygen

106,115

consumption, such as with exercise, increases coronary blood flow Studies

have shown that adenosine and K'arp channels play an important role in regulating

coronary blood flow 3283100114,

Adenosine causes significant increases in coronary
blood flow, and, with K 41p channel blockade, coronary vasodilatation is inhibited.
In recent years, endothelium-derived factors, especially nitric oxide (NO), have
proven to be important substances in regulating coronary blood flow®>*%30-9.3%69.70
They are involved in flow-mediated dilatation and shear-stress induced vasomotor

change ***°. NO-mediated coronary vasodilatation may be an important mechanism

of metabolic coronary flow regulation.
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1.2.2 Autoregulation and Myogenic Controls

The coronary circulation exhibits an autoregulatory response. In the range of
80-150 mmHg, increased perfusion pressure will raise coronary resistance and makes
the increase in coronary flow smaller than would otherwise be expected. The range
of this regulation is not the same throughout the ventricular wall; it is 40-150 mmHg
in the epicardial regions and only 70-150 mmHg in the endocardial regio. Myogenic
tone is altered by changing pressure alone. It has been shown that coronary resistance
vessels have the intrinsic ability to change coronary blood flow such that

autoregulation may be achieved.

1.2.3 Extravascular Compression
Extravascular force increases coronary resistance by compressing coronary
vessels. Extravascular compression is directly related to intramyocardial pressure

which is determined by ventricular contraction '™,

1.2.4 Neural and Humoral Control

Neurohumoral control also contributes to coronary flow regulation. Coronary
arteries are well supplied with both sympathetic and parasympathetic nerve fibers.
Neural control of coronary vessels mainly affects coronary blood flow, coronary
vascular resistance, and large coronary diameter. Reflex effects of natural stimuli act
through baroreceptors, chemoreceptors or cardiopulmonary receptors.  Sympathetic
stimulation causes coronary vasoconstriction, and vagal stimulation causes a mild

22,65

dilation Both f;- and f:-adrenergic receptors are present in the coronary
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circulation and can be activated to produce vasodilatation. The ratio of B;: f2
adrenergic receptors in large vessels is approximately 1.5-2:1, but in the resistance
vessels P, receptors are dominant °*'®. There appears to be a functional distribution
of both - and ap-adrenergic receptors in coronary resistance vessels >, When the
perfusion pressure was maintained below physiologic levels, autoregulatory
responses to pressure change were eliminated and both ;- and a»-adrenergic
vasoconstriction were unmasked >. The endothelium plays an important role in the
humoral control of the coronary circulation. Vasoconstrictor responses to o;- and az-

adrenergic agonists were attenuated by endothelium-dependent release of nitric oxide

40

1.3 Historical Development of our Understanding of the Effects of

Left Ventricular Contraction on Coronary Blood Flow

The effects of myocardial contraction on coronary blood flow have received
much attention in the last century. A number of studies have been conducted in this
area. In trying to understand the mechanisms by which coronary flow is reduced

during systole, several models have proposed.

1.3.1 Models of Coronary Systolic Flow Impediment
Based on the original observations of Sabiston and Gregg, many experiments

have been conducted to understand the effects of cardiac contraction on coronary
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flow. Several models have been proposed to explain what happens to coronary blood
vessels and to predict coronary blood flow during contraction. The best-known
models are the vascular waterfall and the intramyocardial pump. Recently, a time-
varying elastance model proposed by the Westerhof group has attracted the attention
of researchers.
1.3.1.1 Waterfall model
1.3.1.1.1 Concept

The first model describing the effect of cardiac contraction on coronary blood
flow was based on the vascular waterfall mechanism originally introduced by Permutt
and Riley and first proposed by Downey and Kirk *’. Figure 1.3 illustrates the basic
principles of this model. The top panel shows a collapsible walled vessel surrounded
by a pressure, Pr. The middle panel graphically shows the flow in this system, in
which the flow is proportional to perfusion pressure, P4. If Pt is greater than zero,
the flow stops until P exceeds Pr. This is because the greater pressure outside the
vessel causes it to collapse. When P is between P4 and Py, the vessel collapse
occurs at the point where the pressure within the vessel falls below Pr. The high
resistance of the partially collapsed vascular segment causes the pressure to decrease
from Prto Py. Flow becomes a linear function of P, - Pt with the same slope as it
has when Py is equal to zero. The bottom panel shows an electrical analogy of this
system. Current flow is prevented by the battery and the diode until Va (analogous to
P4) exceeds the battery voltage Vt (analogous to Pr).

Downey and Kirk proposed a more complex model as shown in Figure 1.4 ¥,

This model represented parallel legs in the coronary vessels at different depths in the
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heart wall. “A” is near the endocardium and “D” is near the epicardium. Increased
battery voltage indicates increasing intramyocardial pressure across the heart wall
with myocardial depth. The bottom of Figure 1.4 illustrates that when V4 exceeds the
highest battery voltage (90v), the function is linear below 90 v the line curves toward
the left. The broken line shows the results when all of the battery voltages are
reduced to zero. Animal experiment results match the theoretical model prediction as
shown in Fig. 1.5. The waterfall model demonstrates that tissue pressure varies with
depth and shows that the deeper the myocardial layer, the less the current at the same
perfusion pressure. The effect of cardiac contraction is to shift the pressure-flow
curve to the right. The basic mechanism is the creation of vascular waterfalls where
the segments downstream are partially collapsed by local tissue pressure. As we
know, coronary arteries start over epicardial surfaces, sending branches
perpendicularly into the underlying myocardium. The deeper the arteries go, the
higher the pressure surrounding them. Arteries reach their deepest point at the
capillaries in the endocardial layer, where the highest intramyocardial pressure

6097105 The main feature of the waterfall mechanism is that cardiac

occurs
contraction creates an intramyocardial pressure gradient in the ventricular wall. This
intramyocardial pressure partially collapses the distal coronary artery and then forms
a vascular waterfall which decreases coronary systolic inflow.
1.3.1.1.2 Model evaluation
The waterfall model was proposed to describe the non-autoregulatory

coronary bed. In this model, the only variable related to cardiac contraction is

intramyocardial pressure which is proportional to left ventricular pressure and
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determines the driving pressure, as described by others "°,

The model correctly
predicts the mean pressure-mean flow graph for the coronary bed (maximally dilated)
of the beating and arrested heart. The advantage of the waterfall model is that it
explains the decrease in time-averaged flow due to contraction of the ventricle.
However, it does not predict the magnitude of the systolic-diastolic change in
coronary arterial flow. In addition, the waterfall model cannot explain that systolic
coronary flow can be zero or even retrograde when the coronaries are perfused at

38738 and that coronary sinus flow is largest in systole ®'. The

constant pressure
waterfall model cannot explain these facts because it also assumes that in the
epicardial layers the tissue pressure is small. Therefore, the waterfall model always
produces significant forward flow, even when flow in the subendocardium has
stopped.

1.3.1.2. Intramyocardial Pump Model

1.3.1.2.1. Concept

On the basis of observations that negative systolic flow occurs when perfusion
pressures are less than 65 mmHg and the largest venous flow occurs during systole,
Spaan °° proposed the intramyocardial pump model. Fig. 1.6 shows the principle of
this concept. It is clear that a change in the tissue pressure is transmitted to the blood
contained in the tube. When corks are removed, blood will flow out of both ends
because of a blood pressure gradient. This blood flow causes a decreased blood

volume in the vessel and is also impeded by viscous forces that form a resistance.

Tissue pressure created by cardiac contraction is the driving force for this flow, and
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the respective resistances opposing the flow at each end determine the flow
amplitudes.

Figure. 1.7 shows the electrical analogy that demonstrates the intramyocardial
pump model **. Pp represents perfusion pressure and Rs represents stenosis
resistance. Coronary resistance Rc = Ra + Rv, in which Ra and Rv are the coronary
resistances impeding phasic flow in the arterial and venous sides of the coronary
system. Autoregulation may change Ra and Rv. Displacement of blood out of the
vessel will result in a decrease in pressure related to vascular compliance. “In this
model capacitance has been included as an expression of the fact that volume which
can be expelled is limited, and cannot deliver a dc flow”.

The intramyocardial pump model considers systolic compression not only as
simply impeding flow but also as pumping blood from the myocardium. This
displacement of blood volume contributes transiently to the coronary arterial and
venous flow. Then, in systole, coronary arterial flow is decreased and coronary
venous flow is increased. Spaan points out that the systole flow impediment is not
caused by high coronary resistance but by the pressurized intramyocardial blood
compartment due to systolic compression (pumped volume or capacity discharge)
cyclically charging and discharging. Intramyocardial capacitance plays a
fundamental role in determining the timing and direction of blood flow in coronary
microvessels. The model also predicts that diastolic coronary flow is determined by
the mean flow plus what was pumped in systole.

The intramyocardial pump model was further modified by Arts and Spaan as a

non-linear intramyocardial pump model”®. The difference is that the vascular volume
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changes are assumed to be so large that they affect the resistance of the vascular bed.
In this model, resistance is determined in a nonlinear way, by vascular volume (law of
Poiseuille). In addition, volume is related to transmural pressure though the
transmural pressure-volume curve, according to the nonlinear intramyocardial pump
model. Cardiac contraction affects coronary arterial and venous flow in two ways.
The first transient effect is caused by displacement of volume from the vascular space
remains; this is the same as the linear model. The second effect is the increased
resistance caused by decreased vascular volume.
1.3.1.2.2. Model evaluation

The intramyocardial pump model corrects three inconsistencies of the
waterfall model: (1) perfusion flow can reverse for small perfusion pressure, (2)
when perfusion flow is stopped perfusion pressure still oscillates, and (3) coronary
sinus flow is largest in systole. However, because coronary blood flow variations
during cardiac contraction result from a capacitive flow, only linear models cannot
predict the flow reduction during static contractions as proposed by Bouma ! Ina
nonlinear model, in which cardiac contraction also affects the vascular diameters and
then resistance, flow reduction in dynamic contractions is both capacitive and
resistive. Since reduction of flow during sustained contractions is only resistive, this
model predicts a smaller reduction during sustained contraction than during dynamic
contraction.

1.3.1.3. Time-Varying Elastance Model

Both the waterfall and intramyocardial pump models have explained the

coronary systolic flow impediment based on the direct and unique coupling of left
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ventricular pressure and intramyocardial pressure.  Therefore, intramyocardial
pressure is related to the coronary flow impediment. Whether left ventricular
pressure is changed by volume loading (Frank-Starling mechanism) or by changes in
contractility appears to be irrelevant. It has been reported that changes in contractility
in the maximally vasodilated coronary bed affect arterial inflow and flow velocity in

. . . . . 5,63
small subepicardial arteries and veins reversed in early systole ™.

These vessels
perfuse the subepicardium only and since the effect of cardiac contraction on the
subepicardium is small, the effect of intramyocardial pressure should be negligible.
Phasic septal artenal inflow was shown to decrease before left ventricular pressure
increased ''. During systolic perfusion, endocardial vessels are more dilated than
epicardial vessels >. According to other models without left ventricular pressure
development in systole, the endocardial-to-epicardial flow ratio should be close to the

one observed in diastole, which is about 1 *'"?

. However, the endo-to-epi flow ratio
is reported equal to 1.5 % None of these results can be explained by intramyocardial
pressure change. This suggests that factors other than extravascular pressure should
be taken into account when explaining systolic coronary flow impediment.
Westerhof et al. observed that there is a poor relation between left ventricular and
intramyocardial pressure 53, therefore, they hypothesized that properties of the muscle
surrounding the coronary vasculature should be taken into consideration.
1.3.1.3.1 Concept
The concept of time-varying elastance has been proposed by Suga et al. '™ as

a time-varying ventricular pressure-volume relation. It states that the elastance

changes from a low diastolic value to a high systolic value along a fixed course
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independently of preload and afterload However, elastance depends on the
contractility of the muscle. Time-varying elastance, E(t), defined as the ratio of
pressure to volume, results from the time-varying stiffness of the cardiac muscle. The
E(t) concept is described by E(t)=P(t)/[V(t)-V4] where P is pressure and V is volume.
Westerhof et al. proposed that the time-varying elastance concept not only predicts
the ventricular pressure-volume relation but also predicts the pressure-volume

relation in the coronary circulation ***

. The left ventricle is thought to be composed
of two compartments, the ventricular lumen compartment and the (lumped) vascular
compartment. Both compartments are surrounded by myocardial fibers. The time-
varying elastance is an index of the actively changing elastic properties of the muscle
fiber and affects both the ventricular lumen and the vascular compartment. Figure 1.8
and Figure 1.9 demonstrate the time-varying elastance concept as it applies to both
the left ventricle lumen and the vascular compartment. As shown in Figure. 8A &
8C, for an isovolumic beat and an isobaric beat (low-afterload), end-systolic pressure-
volume ratio (Emax) 1S the same. Tt indicates that in the isovolumic beat the wall
deformation (strain) 1s minimal while wall stress is maximal. On the other hand, in
the isobaric beat, wall deformation (strain) is maximal but wall stress is minimal.
However, the stiffness varies in an identical way during the cardiac cycle because it
depends on both stress and strain.

In the intramyocardial lumped vascular compartment, cardiac contraction
increases the stiffness of the myocardial fibers surrounding the intramyocardial

vessels. Then, the elastance of the vascular compartment increases because it is

determined by the vessel wall and the surrounding myocardium. Increasing elastance
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causes increasing pressure and decreasing volume, E = P/V. Furthermore, it increases
resistance because vascular resistance is inversely related to the vascular volume
squared (law of Poiseuille). The magnitude of the coronary elastance in systole
(CEmax) is determined by the volume of the vascular compartment. Thus, for the total
coronary bed, vascular elastance and resistance are increased by cardiac contraction.
When the coronary perfusion and venous pressure are kept constant, the resistance
and compliance changes result in a variance in coronary systolic flow. As shown in
Figure 1.8, during isovolumic and isobaric cardiac contractions the pressure-volume
trajectories are the same. According to this concept, the systolic flow is the same in
isovolumic and isobaric beats. Changing cardiac contractility will change the
elastance and thus the systolic flow impediment. As shown in Figure 1.9, an increase
in contractility increases the Epax (from Epax 1 10 Eqax 2) and then systolic volume is
decreased. The larger Enax reflects a small systolic vascular compliance, and the
smaller volume reflects a higher systolic resistance.  Therefore, increasing

contractility causes a more impeded systolic coronary flow.

1.3.1.3.2. Model evaluation
The time-varying elastance model considers the coronary systolic flow
impediment to be determined by the elastance of the surrounding myocardium, not
left ventricular pressure *°. The model, strictly speaking, is an intramyocardial pump
model; however, the driving force for the pump action is time-varying elastance
instead of varying intramyocardial pressure, and intramyocardial blood space is

considered as a chamber of the heart. With the time-varying elastance concept,
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changes in blood pressure and blood displacement are explained by the analogy of the
well-known pressure volume relations of the left ventricle. As in the nonlinear
intramyocardial pump model, increased resistance, caused by decreased vascular
volume, matches the blood displacement.

According to the time-varying elastance concept, contractility affects the
elastance; therefore, it affects coronary systolic impediment. Westerhof et al.

356 Results

conducted a series of experiments and proved the elastance concept
showed that with increased or decreased contractility, the slope of the end-systolic
pressure-volume relation increases or decreases, the CEm.x line increases or
decreases, and thus the coronary blood flow impediment increases or decreases
(systolic flow impediment decreases or increases). With a constant contractile state,
changing systolic left ventricular pressure does not cause changes in normalized flow
amplitude.

The time-varying elastance concept explains phenomena which cannot be
explained by the waterfall and intramyocardial pump models such as: (1) pacing the
left ventricle at different sites changes coronary inflow '! because the moment the
time-varying elastance starts to change varies with different pacing locations '* and
(2) subepicardial microvessel flow is reversed in the early systole ” because increased
elastance surrounding the vessels causes increasing coronary resistance and displaced
blood. The time-varying elastance model is adequate to explain the impeding effect

of cardiac contraction on coronary flow. However, the model still comes up short in

some aspects. It is not clear why the pulsation of the right coronary artery flow is
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much less than the left coronary artery, while at the microscopic level the interaction

between the myocytes and microvessels is much the same.

1.3.2 Model Evaluation

In summary, the waterfall model and intramyocardial pump model predict a
strong effect of left ventricular pressure on coronary systolic flow impediment and no
effect of perfusion pressure as shown by many investigators. On the other hand, the
time-varying elastance model predicts that perfusion pressure and contractility
determine the coronary systolic flow impediment, with no effect from lefi ventricular
pressure. It seems that there is no “perfect” model. The waterfall model was
designed to interpret the cardiac-impeding effect on time- and space-averaged
coronary flow through the myocardial wall, but fell short for the explanation of the
magnitude of phasic flow. The intramyocardial pump model was designed to explain
the phasic coronary arterial flow signal but proved inadequate in interpreting the
time-averaged flow. The time-varying elastance model provides a relationship
between myocardial contractility and coronary flow, but it still cannot explain all the
phenomena. It is important to know the limitations and predictive power of the
different models, and carefully analyze whether the results can be explained by the

model under study.
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1.4 Description of Chapters in Dissertation

In the following chapter (Chapter 2), a detailed description of wave intensity
analysis will be presented. Wave intensity analysis, a new method of analysis, is used
to understand coronary flow dynamics in present study. In Chapter 2, the concept of
the wave and wave intensity analysis will be described. In addition, the limitations of
wave intensity analysis and the advantages of using wave intensity analysis in
studying coronary flow dynamic will be discussed.

Chapter 3 will provide the experimental methods utilized in this dissertation in
terms of animal preparation, data collection, Doppler delay measurement, data
analysis, and statistics.

Chapter 4 describes the adaptation of wave intensity analysis in coronary
circulation. In addition, the mechanism of coronary systolic flow impediment is
discussed using wave intensity analysis.

Chapter 5 focuses on discussion of the effects of coronary tone and
contractility on coronary flow dynamics. First, the results of the effects of changing
coronary tone with constant contractility on coronary dynamics will be provided.
Then, the effects of changing coronary tone and contractility on coronary flow
dynamics will be discussed in terms of wave intensity analysis.

Chapter 6 summarizes the findings of previous chapters. The final chapter
discusses suggestions for future research directions using wave intensity analysis to

understand coronary flow dynamics in both experimental and clinical investigations.
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Figure 1.1 Illustration of coronary artery branching patterns.
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Figure 1.1 Illustration of coronary artery branching patterns. 1° indicate a primary
branch; 2° indicate the secondary branch, and so forth. “*” indicate terminal
arterioles which are 30um or less in diameter. Reproduced from “Coronary blood

flow” by Spaan'®.
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Figure 1.2 Angiogram of a slice of dog myocardium with the arterial tree filled with
barium-gelatin mixture. Illustrates coronary transmural arteries that started from the
epicardium and reached the endocardium as arterioles. Reproduced from “Coronary

blood flow” by Spaan'®.
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Figure 1.3 Tllustration the concept of Waterfall model.
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Figure 1.3 Illustration the concept of waterfall model.

Top: A collapsible tube surrounded by pressure Pr. When Pr is greater than outflow
pressure Py but smaller than inflow pressure Py, a partial regional collapse occurs at
the outflow end. Middle: Graph of flow as a function of P4 in this system. The line
at the left results from P1=0,and the line at the right results from P1=1. Bottom:
Electrical analogue of waterfall model. The voltage V is analogous to P4, and V7 is

analogous to Pr. Current in the circuit is analogous to fluid flow in the model 0
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Figure 1.4 A model shows tissue pressure changes with depth.

Top: Parallel circuit elements, each with a different battery voltage, representing
coronary vessels at different depths in the ventricular wall. Middle: Individual leg
currents as a function of V5. Bottom: The solid line is the total current for the

network as a function of V,, and the broken line shows the current that would occur if

the battery voltage were set to zero (represent the state of minimal tissue pressure) 2.
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Figure 1.5 Coronary pressure-flow relation in beating and arrested state.
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Figure 1.5 Coronary pressure-flow relation in beating and arrested state.
Coronary blood flow plotted against perfusion pressure for the beating state and the

arrested state’.
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Figure 1.6 Principle of the intramyocardial pump. Top: The pressure within a
closed elastic tube, P; is in equilibrium with the pressure outside, P, Enlarging P, by

AP leads to and increase in Pi also by AP. Bottom: When the flexible tube is open,

AP also will be transmitted now causing a flow which is impeded by viscous forces

31
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Electrical analog showing the intramyocardial pump function.
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Figure 1.7 Electrical analog depicting the intramyocardial pump function. Pim =
intramyocardial tissue pressure, which can be described by the superposition of a d.c.
component, Pin and an a.c. component, pin. Cim = intramyocardial capacitance: R,
and R, are the coronary resistances impeding phasic flow in the arterial and veous
sides of the cornonary system, respectively. Both R, and R, may vary due to
autoregulation. P;, = intramyocardial blood pressure, which can be described by the
superposition of a d.c. component, P;, and an a.c. component, P;,. Since Cin is large,
pib = pim- Pp = perfusion pressure and R = left main coronary artery pressure. The

combination of L and C., causes contamination of Pic and coronary blood flow signal
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Figure 1.8 Qualitative representation of the left ventricular lumen compartment and
(lumped) vascular compartment (inset). Both lumen and vasculature are contained in
the myocardium (represented as a cylinder). Lumen is drawn as ellipsoidal, the
vasculature as a branching vessel. Top inset shows concept as applied to left
ventricular lumen. Bottom inset shows concept as applied to vascular compartment.
Diastolic {E4) and end-systolic (E.n.x) elastance are drawn as straight lines and pertain
to the ventricular lumen. Eg4 and CE,,,, refer to elastance of coronary system. A:
pressure-volume trajectory of left ventricle during isovolumic conditions. B:
hypothetical pressure-volume trajectory of coronary intramyocardial vasculature
during (ventricular} insovolumic conditions. C: same as A during isobaric conditions.
D: same as B during isobaric conditions. B and D are same {see text), i.e., for
isovolumic and isobaric beats (left and right, respectively) vasculature is subjected to

53
the same changes™.
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Figure 1.9  Ventricular pressure-volume relation in diastole and systole.
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Figure 1.9 Ventricular pressure-volume relation in diastole (Eq) and systole (Emax1).
For an isovolumic beat (no volume change) the pressure-volume trajectory followed
is given by a. For an isobaric beat (no pressure development, large volume change)
trajectory b is followed. For both contractions the systolic pressure-volume relations
of the vascular compartment is diastole (Eq) and systole (Emax.1). For a (lumen )
isovolumic and (lumen) isobaric beat the trajectory of the vascular compartment is the
same since elastance behaves the same and coronary perfusion pressure and venous
pressure are the same. An increase in contractility increases the Enax (from Epax 1 to
Emax2) and therefore systolic volume is decreased. The larger Enax corresponds to a
smaller systolic vascular compliance, the smaller volume corresponds to a higher
systolic resistance. Thus with increased contractility coronary inflow is more

impeded.
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2.1 The Concept of Wave

! For example, as the left ventricle

A wave is a propagated disturbance
contracts, it ejects and accelerates its stroke volume into the arterial system, generating

a propagated wave, which changes arterial pressure and blood flow velocity.

2.1.1 Types of Wave

Waves can be either forward or backward travelling. A wave that runs from
the heart {proximal) towards the periphery (distal) is called a “forward-travelling
wave”, while a wave that runs from the periphery (distal) towards the heart
(proximal) is called a “backward-travelling wave”. In general, forward-travelling
waves are generated by the heart’s contraction and backward-travelling waves are
generated by wave reflection.

Waves can be either compression or expansion waves. Regardless of
the direction of travel, a wave that increases pressure is called a “compression wave”
(there is a greater pressure behind the wave than in front of it, dP+ >0). A wave that
decreases pressure is called an “expansion wave” (there is a greater pressure in front
of the wave than the pressure behind the wave, dP+ <0). Compression waves act as if
blowing or pushing; expansion waves act as if sucking or pulling.

There are 4 possible combinations: forward compression, forward
expansion, backward compression and backward expansion waves. The effects of a
wave on pressure are simple: compression waves always increase pressure and

expansion waves always decrease pressure. The effects of compression and expansion
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waves on velocity are more complicated: forward-travelling compression waves cause
velocity to increase (acceleration, dU+ >0) in the forward direction, while forward-
travelling expansion waves cause deceleration (dU+ <0). Oppositely, backward-
travelling compression waves cause deceleration (in the forward direction, dU- <0)
and expansion waves cause acceleration (dU- >0)*™. The effects of four types of
waves on the pressure and flow velocity are summarized in Table 2.1 and an

illustration of four types of waves is showed in Figure 2.1.

2.1.2 Physiologic and Familiar Examples

Physiologic and familiar examples of waves are summarized in Table
2.2. A physiologic example of a forward-travelling compression wave is that
generated by the contracting heart which accelerates aortic blood at the beginning of
ejection . For better understanding, we can think of forward-travelling compression
wave as those that are produced by blowing through a straw. A physiologic example
of a forward-travelling expansion wave is that generated by the relaxing heart which
decelerates aortic blood at the end of ejection. We can think of forward-travelling
expansion waves as those that are produced by sucking though a straw. The most
familiar physiologic example of backward-travelling compression wave is the aortic
reflection wave that generates an anacrotic wave in an older individual. Tt may be
helpful to consider backward-travelling compression waves as those that are produced
by a green-to-yellow traffic light change. A physiologic examples of backward-

travelling expansion waves are those which are generated by the relaxing left ventricle
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and have been identified with left ventricular diastolic suction '°. The familiar

phenomenon is that which is produced by a red-to-green light change.

2.1.3 Wave Speed

The wave speed is how fast the wave travels in a medium. It is the
speed by which the change in velocity or pressure propagates along a given segment of
vessel. Sir Isaac Newton determined the wave speed to be dependent upon the
elasticity and the density of that medium. Further on, Young defined the pulse wave
speed as the change in pressure and distensibility of a given arterial vessel 8 Later

Kortweg proposed the well-known equation for wave speed in an elastic tube:

C = ol (2.1)

where E is Young’s modulus, h is wall thickness, D is the internal diameter and p is
blood density. Three assumptions are applied to this equation:

1. his very small with respect to D

2. The tube is distensible

3. The fluid is incompressible

The systemic arterial system meets these three assumptions reasonably well. Thus,
wave speed in arterial vessels is mainly determined by the properties of the local

arterial wall.
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2.2. The Concept of Wave Intensity Analysis

2.2.1 Theoretical Base

The theory of wave intensity analysis is based on the idea that each wave causes a
change in pressure, dP, and a change in velocity, dU. Wave intensity analysis is based
on the method of characteristics, through which the energy transported by a wave can
be quantitated by measuring the differences in pressure and velocity across the
wavefront®’. Because the wave is propagating in space and time, this pressure and
velocity difference produce both spatial gradients and temporal changes at a fixed

location.

2.2.2 Separation of Waves

At any location, the measured pressure or velocity depends upon the
contributions of any forward or the backward-travelling waves. If we assume that the
waves intersect in a linear fashion, the change of pressure and velocity at the point of
intersection is the algebraic sum of the change of pressure and velocity due to the
forward wave, and the change of pressure and velocity due to the backward wave. In
other words, in a one-dimensional wave system, the instantaneous values of pressure
and velocity at any time and location are determined by the interaction of forward and

backward-travelling waves. Thus,

dP = dP, + dP- (2.2)

dU =dU, + dU- (2.3)
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Where “+” refers to the forward and “-” refers to backward running waves.

An example of the integration of aortic dP+ and dP- is shown in Figure 2.2. Thus,
each measured wave is the result of forward- and backward-travelling waves and
actually represents wave interaction.

When the wave speed is known, the effect of a pressure pulse on the blood’s

velocity is described as:

dPi=tpcdUs (2.4)

When the wave speed is known, the pressure and velocity differences across the

forward and backward waves can be calculated as:

dP, =% (dP + p c dU) (2.5)
dP.= Y% (dP - p ¢ dU) (2.6)
dU, = % (dU + dP/p ¢) (2.7)
dU. =% (dU-dP/p ¢) (2.8)

where p is the density of blood, c is the wave speed, dP is the incremental difference in

measured pressure and dU is the incremental difference in measured velocity.
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2.2.3 Wave Intensity Analysis

WIA was first used by Parker and Jones to study ventriculo-arterial interactions in
1990 ™. WIA was developed by solving non-linear one-dimensional equations of
motion and is based on the concept that “waves” (i.e., propagated disturbances) travel
through the vasculature and are manifested by changes in pressure and velocity “
Wave intensity is the rate of energy (per unit area) transported by the wave. It is

calculated as:

dly = (dP.” - dP*)/pe (2.9)

The mks unit of wave intensity is W/m?
In terms of measured pressure and velocity, (net) wave intensity also can be calculated
by multiplying the incremental change in measured pressure times the incremental

change in measured velocity.

dIy = dP*dU (2.10)

Intensity of forward-travelling and backward-travelling waves is calculated from

measured pressure and velocity changes:

dIws = Y (dP + pedU)? (2.11)

dIw. = Y% (dP - pedU)? (2.12)
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Thus, from equations 2.10, 2.11 and 2.12 we will see that the relationship between
wave intensity (dlw, net wave intensity) with forward-travelling wave intensity

{dlw.) and backward-travelling wave intensity (dlw.) is described as:

de = dlw+ + de. ( 2.13 )

Wave intensity has two components: the intensities of the forward-travelling (dIw- )
and the backward-travelling waves (diw.). dlw. and dlw_ directly represent the
respective upstream and the downstream effects at any location, while the net
intensity (dTw) reflects the net effects of the forward- and backward-travelling waves.
In fact, when backward- and forward-travelling waves interact each other, the
measured wave intensity (dIw) is the algebraic sum of the intensities of two waves
interacting. When dIW is positive (dlw > 0), the forward-travelling wave is
dominant; when dlw is negative (dlw < 0), the backward-travelling wave is dominant.
If dlw 1s very small, it may either mean that there is little wave movement or that the
value of the intensities of the forward- and backward-travelling waves are similar at
that time and position.

To determine whether a wave is compression or expansion, the pressure
differences across the forward-travelling waves (dP.) and across the backward-
travelling waves (dP-) are calculated using equation 2.5 and 2.6. When dP. > 0, the
forward-travelling wave is a compression wave. Oppositely, dP. < 0 indicates a
forward-travelling wave expansion wave. When dP. > 0, the backward-travelling

wave 1s a compression wave. Oppositely, dP- < 0 indicates a forward-travelling wave
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expansion wave. Figure 2.3 demonstrates how net wave intensity (dPdU) is calculated
from aortic pressure and flow.
The energy of the wave, Iw. (forward) or Iw_ (backward), can be obtained by

integrating the area under the respective intensity waveform.

Iwt = [ (dlw.) dt (2.14)

Iv—=[ (dIw.) dt (2.15)

The unit of Ty is J/m?

WIA can calculate wave speed (c) from measured pressure and velocity:

C = 1/p( dP/dU) (2.16)

This equation is only valid for unidirectional waves. Therefore, it should be used
when there is little likelihood that opposite waves exists (e.g., very early in systolic

ejection).

2.3 The Advantage of Using Wave Intensity Analysis in Studying

Coronary Flow Dynamics

WIA provides information regarding the direction, intensity, and type of

travelling waves present at any given moment and location in a blood vessel “>"*7,
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Because WIA is a time-domain analysis, wave intensity can be related temporally to
hemodynamic parameters and beat-to-beat analyses can be performed **’*, Net wave
intensity can be calculated relatively easily from real time data, requiring no
assumption of periodicity or knowledge of the wave speed. Furthermore, the
transient events can be studied. WIA has the convenient property that it is positive
for all forward-travelling waves and negative for all backward-travelling waves.
Coronary pressure and flow velocity are determined by both upstream aortic
effects, which are related to left ventricular function and the properties of systemic
circulation, and by downstream microcirculatory effects, which are related to left
ventricular function and coronary vascular properties. WIA discriminates upstream
events from downstream and represents their interaction. In addition, WIA is a very
sensitive tool that provides further information whether the forward- or backward-
travelling wave is a compression or expansion wave. For example, it might have
been shown that the reflected waves were expansive rather than compressive when
the caliber of proximal conducting arteries was increased. Thus, we believed that

WIA would be a suitable and helpful tool for studying coronary flow dynamics.

2.4 Limitations of Wave Intensity Analysis

Wave intensity analysis is a useful method to studying flow dynamics.
However, there are some limitations.
1. Wave speed depends on the properties of arteries wall. It varies in different
conditions and at different locations. When separated wave intensity is

calculated, using the appropriate wave speed value is very important. Although
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net intensity can be determined without wave speed, so much more information is
available after wave separation. It is practical difficult to calculate wave speed
when there is only a small interval without backward waves; also, the delay in
velocity measurements compounds the difficulty.

2. Wave intensity analysis requires that the pressure and the velocity be measured at
the same location. Unless satisfactory approximations can be made, this may
limit the use of wave intensity analysis in clinical studies.

3. Magnitude of wave intensity depends on the values of the first derivative of the
pressure and the velocity at a specific time and location. Therefore, vanable
magnitudes of wave intensity are obtained using different sampling frequencies,
although the shape of the curve will not be changed. Thus, it is important that
when carrying out a comparison between different studies using WIA, the

sampling frequency should be known and the data will need to be normalized.
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Table 2.1 Effects of wave on pressure and velocity

Forward Wave ( + dIW)
Compression (blowing): Tp, TU

Expression  (sucking): + P, + U

Backward wave ( - dIW)

Compression (blowing): TP, 1 U

Expression  (sucking): VP, TU
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Table 2.2 Summary of physiologic and familiar examples of forward- and

backward-travelling waves

Wave Type

Physiologic

Familiar

Forward compression

wave

Acceleration of aortic blood

(increasing LV elastance)

Blowing through a straw

Forward expansion

wave

Deceleration of aortic blood

(decreasing LV elastance)

Sucking through a straw

Backward compression

wave

(aortic) anacrotic wave

(reflection from periphery)

Green- to-yellow light

change

Backward expansion

wave

LV diastolic suction

(decreasing LV elastance)

Red - to —green light

change
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FCW FEW

Figure 2.1

Mlustration of examples of forward- and backward-travelling compression

and expansion waves
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Figure 2.1 Illustration of examples of forward- and backward-travelling

compression and expansion waves. A forward-travelling compression wave is
produced by the contracting LV; while a backward-travelling expansion wave is
produced by the relaxing LV. A backward-travelling compression is produced by a
green —to- yellow traffic light change while a backward-travelling expansion wave is

produced by a red-to-green traffic light change.
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Figure 2.2  Components of a typical measured aortic pressure waveform.

Each measured aortic pressure waveform is considered as the summation the
waveforms derived by integrating dP+ and dP- of the respective forward- and
backward-travelling waves. The forward component is due to LV systolic ejection
and the backward component is due to reflected waves which return toward the

ventricle.
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Figure 2.3  Wave-Intensity Analysis applied to aortic pressure and flow.

Wave-intensity determined for a normal human subject from the corresponding
ascending aortic pressure and velocity. The wave-intensity pattern gives two positive
peaks indicating that the LV generates compression and expansion waves in early and
late systole. Note the absence of any wave-intensity activity in mid-systole which

coincides with minimal net wave travel +*.
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3.1 Animal Preparation

3.1.1 General Animal Care

All the study proposed in the thesis were performed on mongrel dogs (18- to
20-Kg) of either gender. Anesthesia was induced with sodium thiopental (25mg/kg
iv) and maintained with fentanyl citrate (20-50mg/kg per hour, iv). The dogs were
intubated and ventilated (70% nitrous oxide-30% oxygen mixture) using a constant-
volume respirator (model 607, Harvard Apparatus Co Inc, Millis, Mass.) and a closed
rebreathing system. Artenal Poz, Pcoz, and pH were monitored and maintained at 90
to 120 mmHg, 30 to 40 mmHg, and 7.3 to 7.4, respectively, by adjustment of the tidal
volume. Body temperature was maintained at 37.0 £ 0.5°C using a warming blanket
and a heating lamp. A large-bore cannula was introduced into the external jugular

vein for administration of fluids and the ECG was monitored.

3.1.2 Instrumentation

With the dog supine, a midline sternotomy was performed and the ventral
surface of the pericardium was incised transversely along the base of the heart. Left
ventricular pressure (Pry) and aortic pressure (Pa,) were measured using 8F catheter-
tip manometers with fluid-filled reference lumens (model SPC-485A, Millar
Instruments Inc, Houston Tex.) so that absolute values of pressure could be
ascertained. Under fluoroscopic observation, from the left femoral artery, a JL.2.5

Judkins catheter was advanced into the LCx through which a Doppler Flowire™

(Cardiometrics, Mountainview, Calif.) was introduced to measure LCx velocity
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(Urc). LCx flow (Q;,) was measured using an ultrasonic flowprobe (Transonics,
etc) placed at same location as the Doppler Flowwire. A pair of ultrasonic crystals
was implanted in the anterior midwall of the LV to measure a circumferential
segment length, L,. Pacing wires were attached to the right atrium for control of
heart rate and to the right ventricular free wall and for control of heart rate and
paired pacing to increase contractility ¥, Paired pacing, a classical method to
increase myocardial contractility, produces postextrasystolic potentiation that
constitutes an intrinsic augmentation of the contractile state of myocardium. The
heart rate can be readily controlled when the paired stimuli are applied and the
contractile state of myocardium is rapidly reversible. A pneumatic constrictor (In
Vivo Metrics, Healdsburg, Calif.) was placed around the inferior vena cava. After
cardiac instrumentation, the pericardium was reapproximated using single

interrupted sutures *. All pressures were referenced to the mid-plane of the LV.

3.1 3 Coronary Pressure Measurement

Coronary pressure was recorded by a 2.5-F catheter-tip manometer (Millar)
which was introduced into a 1.0- to 1.5-mm branch of the left circumflex coronary
artery (LCx ) and was advanced retrogradely 3 mm into the LCx coronary artery at
the same location as velocity was measured, as shown in Figure 3.1. Because the
LCx branch was too small to accommodate a catheter with a lumen, the absolute
value of P, could not be ascertained in the same manner as P;y,. However, in a

series of 3 dogs, we recorded P, using a fine plastic tube and a conventional
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pressure transducer which demonstrated that P, ., was equal to P,, during the mid-

portion of diastole. Therefore, P, was matched to P,,.

3.2 Data Collection

All the data, P;v, Picos Pass Urce Liv »Qucx, and the ECG, were recorded
using a computer system (Sonometrics Corp., Ont.) with the respiratory machine
tuned off at end-expiratory position. All the data were sampled at approximately 200

Hz.

3.3 Doppler Delay

WIA requires that the pressure and velocity should measured at the same location.
Using a linear potentiometer, we measure the position of the plunger of a 5-ml

. 9
syringe .

We compared the differentiated position signal to fluid velocity as
measured using a Doppler Flowire™ (Cardiometrics, Mountainview, Calif). We
measured the Doppler delay in two ways:

1. Foot-to-foot method:

2. 50%-maximum method
A schematic diagram of foot-to-foot method (Method 1) and 50%-maximum method

(Method 2) is shown in Figure 3.2. Forty-nine observations were analyzed.

According to Method 1, the mean Doppler delay was 22.7 + 0.6 ms and the median
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was 22.9 ms. According to Method 2, the mean Doppler delay was 22.0 = 0.8 ms and

the median was 21.7 ms.

3.4 Data Analysis

All the data analysis was performed using specialized software (CVSOFT™,
Odessa Computer Systems Ltd., Calgary, Alta.). On the basis of Doppler delay
measurements and as confirmed by the manufacturer, we advanced all the Doppler
Flowire™ data 20 ms in time,

WIA was applied to the study. We calculated dP and dU, the incremental
difference in Py, and U, during a sampling interval (0.005 s) from measured P\,
and U, We calculated dP., dP., dly., dlw_, dlw, L., and Iy using equations 2.5,
2.6,2.10, 2,11, 2.12, 2.14, and 2.185, respectively. Wave speed ¢ was calculated in
each condition using equation 2.16.

In order to assess contractility, the LV end-systolic pressure-length relation
was calculated to obtain a length-based maximum elastance {Emax). Linear regression
was applied to the end-systolic pressure-length points and the slope was defined as
Emax.

Since ¢ cannot be determined when both forward and backward waves are

simultaneously present, ¢ was calculated as the absolute value of dP/pdU 7 at the

beginning of systole, when we were confident that only a backward-going wave was
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present. (¢ ranged between 5.3 and 7.9 m/s, values consistent with earlier

measurements by other methods %% )

3.4 Statistics

The Student’s paired ¢ test was used to identify statistically significant

differences; a value of P<0.05 was considered significant.
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Doppler Flowire
(LCx velocity)

Left anterior descending
coronary artery

Figure 3.1  Schematic diagram of the placement of the pressure transducer and the

Doppler Flowire within the distal left circumflex coronary.
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Figure 3.1 Schematic diagram of the placement of the catheter-tip pressure
transducer and the Doppler Flowire within the distal left circumflex coronary artery

(LCx). Pressure and velocity were measured at same location

64
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Figure 3.2 Determination of delay time of Doppler Flowire. A foot-to-foot method

method 1) and a 50% maximum method (method 2) are used to compare velocity of
P

the syringe plunger (Upiunger) With velocity of the water (Unowire).
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Chapter 4 Wave Intensity analysis in the Coronary Circylation

4.1 Introduction

Although aortic pressure is the main determinant of coronary artery pressure and
flow, they are not simple functions of aortic pressure *2. The coronary circulation is
particularly complicated in that blood flows through the myocardium which, as it
contracts, increasingly impedes flow. In the left ventricle, systolic coronary flow is

small compared to diastolic flow 27"

, in contradistinction to those in the right
ventricle in which maximal flow occurs during systole . ( That coronary systolic
flow is small in large coronary arteries is related to the fact that flow reverses in the

15

penetrating arteries =, that subendocardial flow is retrograde **

»

and that the

llS

capacitance of large epicardial coronary arteries is substantial °.) The mechanisms

by which LV contraction impedes left coronary blood flow have been studied for

I” ¥ and the “intramyocardial pump” models **

many years. The “vascular waterfal
have been used to explain how increasing intramyocardial pressure impedes coronary
blood flow during systole. Using a “time-varying elastance” model, Westerhof and
his colleagues have explained how systolic flow is impeded by changes in
extravascular stiffness that result from contraction of the fibers surrounding
intramyocardial blood vessels *.

These models explain the early-systolic decrease in coronary blood flow, but they
do have limitations. First, they cannot explain the increase in coronary blood flow '°
that occurs after the initial minimum, in spite of the continuing increase in

intramyocardial pressure and myocardial elastance. Second, because perfusion

pressure was held constant in many previous studies, the results of those studies

68
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might not apply to physiologic conditions when coronary pressure and flow vary
throughout a cardiac cycle. Furthermore, coronary pressure and flow are determined
by a) upstream aortic effects which are related to LV function and the properties of
the systemic circulation and b} downstream microcirculatory effects, which are also
related. Changes in LV function (e.g., changes in contractility) will affect both
coronary perfusion pressure and myocardial compressive force and results from
studies using constant perfusion pressure and maximal coronary vasodilation may
over- or under-estimate the effects of contractility on coronary blood flow.
Therefore, because of the need to identify and quantitate both upstream and
downstream effects, we employed wave intensity analysis.

The purposes of the present study were 1) to clarify the dynamic pressure and
velocity characteristics of the distal LV coronary circulation and 2) to provide a
mechanistic explanation for acceleration and deceleration of coronary flow using

WIA.

4.2 Methods

All the methods described in Chapter 3 are applied to this chapter. The following

paragraphs describe the additional methods used in this chapter.

4.2.1 Animal Preparation

The study was performed on 10 18- to 20-kg mongrel dogs of either sex.

Animal preparation and instrumentation are same as described in Chapter 3.
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4.2.2 Protocols

After instrumentation and a 15- to 20-min stabilization interval, all the
hemodynamic data (Pry, Picyy Paoy Uicr and L) were recorded while the heart
was paced from the right atrium (Control 1). Then, a second set of control data
(Control 2) was recorded while the heart was paced from the right ventricle using
single stimuli. Finally, PP data were recorded while the heart was paced from the
right ventricle using paired stimuli, to increase contractility ®. Under Control 2 and
PP conditions, caval constriction was applied to change left ventricular end-diastolic
volume in order to obtain the end-systolic Py - L,y relation, the slope of which
(E,...) was taken as a measure of contractility. Individual hearts were paced at the
same rate in Control 1, Control 2, and PP conditions. Between dogs, HR ranged

from 85 to 100 min™.

4.2.3  Data Analysis

As a measure of the effect of LV systolic contraction on P, , the pressure
difference between P, and P,, (APy) was measured at the P, -P,, crossover, as
shown in Figure 4.1 and Figure 4.2, Also, I, - and the values of dP;., /dt and
dP, /dt were measured during isovolumic contraction, the interval between end-
diastole and the P,-P,, crossover, before and after contractility was increased by
PP. The slopes, dPicx /dt and dPa/dt, were calculated by taking the values of the

slopes of straight-line segments drawn between the point of divergence [i.e., end-

diastole] and the Pao-Prv crossover.). Because it was difficult to ascertain the
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absolute value of P, and because the time derivatives are independent of the
absolute values of pressure, dP,., /dt and dP,./dt were compared to determine if
paired pacing increased the divergence of PLcx and Pa,.

To determine the degree to which changes in dl,, governed changes in U, we
measured the delay between the time during early ejection when dIy, crossed zero
and the time at which U, ., started to increase (i.e., when it stopped decreasing and

started to increase; see Figure 4.1).

4.2.4 Statistics

Under each condition (Control 1, Control 2, and PP), 10 cardiac cycles were
randomly selected and the average values obtained. Results from the 10 dogs were
expressed as the mean + SD. The Student’s paired ¢ test was used to identify

statistically significant differences; a value of P<0.05 was considered significant.

4.3 Results
The figures that shown in this chapter are representative of all the preparations
that were studied.
4.3.1 Net Wave Intensity.
Fig. 4.1 indicates the changes in coronary net wave intensity during a typical
cardiac cycle. Between end-diastole and the moment that Upcx reached a minimum, a

backward-travelling compression wave was dominant, which was associated with
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increasing Prcx and decreasing Uicr. Between the Uy minimum and the moment
that Pcx reaches a maximum, a forward-travelling compression wave was dominant,
which was associated with a further increase in Pyc and with increasing Upc,. Later,
during LV relaxation, a forward-travelling expansion wave developed and became
dominant until the aortic valve closed at the incisura. This expansion wave was
associated with decreases in both Prcx and Upcx. At the incisura, there was a brief,
dominant, forward-travelling compression wave, which was associated with increases
in both Pic and Urcx. As LV relaxation continued, however, a backward-travelling
expansion wave became dominant, which was associated with decreased Prc. and

increased Uprcx.

4.3.2 Intensity of Forward- and Backward-travelling Waves

during LY Contraction

Figure 4.3 illustrates early systolic events in detail. The upper panel shows how
Prcx differs from Pa,. Diastolic Pa, fell monotonically until it was exceeded by Py
(i.e., at the Ps, - Ppv crossover). From mid-diastole, distal Pycx was identical to Py,
but, at the beginning of LV isovolumic contraction (i.e., at end-diastole), Prcx stopped
falling. Thereafter, it remained constant or began to increase somewhat but, in either
case, it exceeded Pa, until near the end of LV ejection.

As shown in the lower panel, we used WIA to clarify the mechanism that caused
this difference between Pic. and Pa, . Immediately after LV end-diastole, a

backward-travelling compression wave was generated and, after the opening of the
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aortic valve, a forward-travelling compression wave. dlw. started to increase (in
absolute magnitude) after end-diastole, achieved its peak during early LV ejection,
and returned to zero approximately at the time Ppy reached its peak. dIw. started to
increase at the beginning of ejection and, although it increased rapidly, its absolute
magnitude did not become greater than that of dIw_ until after ~25 ms (i.e., the point
at which dlw became positive). It also returned to zero when Pry reached its

maximum value.

4.3.3 Effects of Paired Pacing

During Control 1, APx was 4.3 = 2.5 mm Hg which doubled during paired pacing
(P < 0.0001), an intervention which increased Enax (i.€., contractility) almost 3-fold
(see Table 4.1). During the isovolumic contraction interval, dPs./dt was —-53.9 + 19.5
mm Hg/s during Control 1 and did not change with paired pacing. dPprcx/dt was 3.4 +
4.4 during Control 1 (P<0.0001 vs dP,./dt) and increased to 142 £ 25 mm Hg/s
during paired pacing (P < 0.0001). As shown in the right-hand columns of Table 4.1,
paired pacing increased the peak value of dlw_ by a factor of almost 3 and Iw by a
factor of almost 4. There were no significant differences between data obtained

during Control 1 and Control 2.

4.3.4 Intensity of Forward- and Backward-going Waves
during LV Relaxation.

As illustrated in Figure 4.4, after the beginning of LV relaxation and the

beginning of the decrease in Py¢,, forward and backward expansion waves began to
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be generated. Typically, relaxation was characterized by triplets of both forward and
backward waves. The forward and backward expansion waves in late systole were
followed by forward and backward compression waves temporally related to aortic

valve closure, after which there were paired forward and backward expansion waves.

4.4 Discussion

4.4.1 Apply WIA in Coronary Circulation

Among the systemic circulations, the LV coronary circulation is particularly
complicated because both its driving force and impedance to flow are dynamic
functions of contraction. LV contraction not only increases coronary perfusion
pressure but several milliseconds earlier at end-diastole, begins to increase the
compression of the microcirculation. LV relaxation not only decreases coronary
perfusion pressure but decreases the compression of the microcirculation. Therefore,
coronary blood velocity is determined by both upstream {aortic) and downstream
(microcirculatory) events. Compared to previous approaches, the salient advantage of
WIA is that it provides information about both upstream and downstream events in
the time domain and therefore, on a beat-to-beat basis, provides direct information
about the interaction of the upstream and downstream effects.

From the outset, it should be made clear that our WIA approach to waves in the
arteries 1s fundamentally different from those approaches, which are based upon
Fourier analysis. Fourier analysis is based upon the observation that any periodic

waveform can be expressed as the summation of sinusoidal waves of different
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frequencies (harmonics), each with the appropriate amplitude and phase. These
sinusoidal wave trains are the fundamental basis of any Fourier technique, an
archetypal example being the synthesis of speech from different sinusoidal tones.

An alternative approach to waves, WIA, is to consider the propagation of
individual wave fronts characterized by a change in pressure, dP, and velocity, dU.
An example of this type of wave is the “bore” seen in some river estuaries, notably
the Severn, where a single wave front generated by the tide propagates up the river. It
is convenient to consider small, infinitesimal wave fronts as the fundamental elements
of our analysis since any finite waveform can be constructed from a sequence of
individual wave fronts of the appropriate magnitude. For example, any wave form
sampled at uniform intervals can be thought of as the summation of the changes
between successive samples. This approach to the synthesis of a finite wave form has
the advantage that it does not make any assumptions about periodicity and can
therefore be applied to both transient and periodic wave forms. Beat-to-beat analysis
is amenable to WIA whereas it is not if Fourier techniques are employed.

Wave intensity analysis was used to identify and quantitate upstream (aortic) and
downstream (coronary microcirculatory) events and their interaction. dly, , and dIy, _
directly represent the respective effects of the upstream aorta and the downstream
coronary microcirculation at any location. Therefore, when dl, is positive (dIy, >
0), the forward-traveling wave (i.e., the aortic effect) is dominant; when dI,, is
negative (dl, < 0), the backward-traveling wave (i.e., the coronary

microcirculatory effect) is dominant. dI,, represents the interaction of the aortic
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effect with the coronary microcirculatory effect. If the values of dly, , and dI, _ are
similar or very small in magnitude, dly, will be very small at that time and location.
The pressure change across a wave front can be positive, dP > 0 (which defines
the wave as a compression wave), or negative, dP < 0 (which defines it as an
expansion wave). Compression waves arise from pushing or blowing and they cause
an increase of velocity in the direction of the wave. Expansion waves arise from
pulling or sucking and they cause a decrease of velocity in the direction of the wave.
If we define velocity to be positive in the direction of mean blood flow, a forward-
going compression wave will accelerate the blood (dU > 0), whereas a backward-
going compression wave will decelerate the blood (dU < 0). Similarly, a forward-
going expansion wave will decelerate the blood (dU < 0), while a backward-going
expansion wave will accelerate the blood (dU > 0). It may be helpful to think of
blood flow in a coronary artery being manipulated by two “Maxwell demons,” one at
the arterial end of the artery and the other at the microcirculation end. The arterial
demon could accelerate coronary blood flow by blowing into his end of the artery
which would increase the pressure which would result in a forward-going
compression wave. If, however, the microcirculation demon blew into his end of the
artery it would similarly increase the pressure creating a backward-going compression
which would decelerate the flow. If the microcirculation demon wanted to accelerate
the flow, he would have to suck on the artery thereby decreasing the pressure. Note
that simply measuring the change in pressure at some point in the artery cannot reveal
the direction of travel of the wave front causing the change in pressure. To do this it

is necessary to simultaneously measure the change in velocity. If, however, there are
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simultaneous forward and backward waves, as is generally the case in the coronary
arteries, then further analysis of the measured dP and dU are necessary to distinguish
the properties of the two waves. WIA allows us to do this.

Between end-diastole and the moment that Upc, reached a minimum, LV
contraction generated a dominant, backward-travelling compression wave, which had
the effect of increasing Picx and decreasing Urcy (see Figure 4.1}. (The compression
of the vasculature resulted in a “pushing” effect that traveled backward, against the
direction of blood flow.) Between the Upcy minimum and the moment that Prcy
reaches a maximum, a forward-travelling compression wave generated by the
increasing P,, became dominant, which continued to increase Picy further and to
increase Upcx. (The increase in aortic pressure resulted in a pushing effect that
traveled forward, in the same direction as blood flow.) Later, as the LV began to
relax and aortic pressure began to fall, a forward-travelling expansion wave
developed and became dominant until the aortic valve closed at the incisura. (The
decrease in aortic pressure resulted in a “pulling” effect that traveled forward, in the
same direction as blood flow.) This expansion wave decreased both Prcx and Upex
Aortic closure generated a brief, dominant, forward-travelling compression wave
which increased both Picx and Uicx. As LV relaxation continued, however, a
backward-travelling expansion wave became dominant which decreased Picc and
increased Ui cx. {Decreasing LV compression resulted in a pulling effect that traveled

backward, against the direction of blood flow.)
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4.4.2 Effects of LV Contraction on Coronary Blood Pressure
and Velocity.

From high-fidelity measurements of aortic and distal coronary pressure, we have
demonstrated that Prcx is greater than Pa, during LV isovolumic contraction, an
observation that, to our knowledge, has not been reported previously. WIA identified
an early-systolic backward-travelling compression wave (presumably generated by

135 and

the contracting myocardium which causes retrograde subendocardial flow
reverses flow in small penetrating branches ) which increased Picx and decreased
Urcx. When LV contractility was augmented by paired pacing, the changes in
coronary pressure and the changes in the backward-travelling compression wave were
consistent: APy, dPrc,/dt, dlw., and Iw_ all increased (Table 4.1). Westerhof and
Sipkema and their colleagues related LV elastance to coronary flow impediment
333336108 we show (Chapter S) that the peak intensity of the backward compression
wave is directly related to systolic coronary flow reduction ', and Suga and Sagawa

equated increased myocardial elastance with increased contractility *'°".

Thus, we
conclude that paired pacing increased Iw_ which caused the changes in Prcy.

The same myocardial-compression mechanism that generates backward-going
compression wave may account, in part, for the systolic pulsations in distal coronary
pressure after a coronary artery has been occluded *° It may also account for
retrograde systolic coronary flow * and the same phenomenon may be related to the
2

observed systolic increase in epicardial coronary venous pressure °. During early

systole, both the forward- and backward-going waves are compression waves and, as
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such, both tend to increase Prcx. We suggest that this may help to explain the fact
that Pycx continued to exceed Pa, after the beginning of ejection.
Studies show that myocardial lymph pressure increases when LV pressure

%3¢ It is a example of increase in myocardial elastance

increased by aortic clamping
generates a bigger backward-compression wave which increases intramyocardial
vessel pressure. Measurements of lymph pressure also show that, during diastole,
lymph pressure is similar to left ventricular diastolic pressure. However, during
systole, lymph pressure continues at approximately the same level, therefore much
less than ventricular systolic pressure. These data have been interpreted to suggest
that the systolic stiffened myocardium forms a more effective barrier between the
ventricular lumen and the microvascular space *°.

Although diw. and dlw. usefully represent the separate upstream aortic and
downstream microcirculatory effects, dlw (the net intensity) is important because it
defines the balance of upstream and downstream forces and therefore determines
whether the blood accelerates or decelerates. Because no forward wave was
identified (dlw. = 0) during isovolumic contraction, dlw = dlw- and the unopposed
backward compression wave decreased Urcx and increased Prcx (Figure 4.1). After
the aortic valve opened, dlw. began to increase and rapidly achieved an absolute
magnitude almost as great as that of dlw_. However, Uicx began to increase only
after approximately 25 ms. At that time when the intensity of the forward
compression wave became greater than that of the backward compression wave (i.e.,

the upstream aortic pushing effect became greater than that from the downstream

microcirculation), dlw crossed 0 and became positive and Upcx stopped decreasing
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and began to increase. Thus, dIw would seem to be an indicator of the “prevailing
wind,” and Upcx changes immediately and accordingly.

After the beginning of ejection, dlw_ continued to increase (in absolute value).
This may imply that vascular compression increased during later ejection when LV
pressure continued to increase and LV volume decreased. Although increasing
pressure and decreasing volume each would tend to increase dlw-, the increase in
dlw_ may be best predicted by the increase in elastance (the ratio of pressure to
volume).

Using a special-purpose pressure generator, Kass and his collaborators have
recently shown that systolic coronary flow is markedly augmented when pulse
pressure is increased **. Although they have demonstrated that part of this increase is

71’72, it seems clear that a substantial

mediated by endothelium-dependent mechanisms
part of the increase must be attributed to a larger forward-going compression wave
caused by the augmented pulse pressure.

For decades, investigators have attempted to understand the mechanism by which
the contracting LV impedes its own blood supply and several models have been
proposed to explain the decrease in coronary arterial flow in systole. The vascular
waterfall model of Downey and Kirk ?’ and the intramyocardial pump model of
Spaan and his colleagues > have been used to explain how increasing intramyocardial
pressure (itself closely related to LV pressure) impedes coronary flow. Using the
time-varying elastance model, Westerhof and Sipkema and their colleagues have

explained how systolic flow is impeded by changes in extravascular stiffness that

result from contraction of the myocytes surrounding intramyocardial blood vessels
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535538198 Although these models account for the early systolic decrease in flow, in

themselves they do not account for the increase in flow that occurs during ejection
when intramyocardial pressure and myocardial elastance both continue to increase.
WIA appears to identify and quantitate both the forward- (dlw:, due to aortic
pressure) and backward-going waves (dlw., undoubtedly a function of
intramyocardial pressure and elastance), and their net effect (dlw) which governs

velocity directly.

4.4.3 Effects of LV Relaxation on Coronary Blood Pressure

and Velocity

Consistent with the concept that changes in LV elastance are similarly reflected in

53

all of its cavities — luminal and vascular = — LV relaxation would appear to

» 112 \which are manifest as forward- and backward-going

generate “aspirating forces
expansion waves. With respect to the LV lumen, relaxation decelerates the column of
aortic blood and decreases Pa,; this effect is observed in the coronary artery as a
forward expansion wave. With respect to the intramural LV vasculature, relaxation
decreases microvascular compression; this effect is observed in the coronary artery as
a backward expansion wave. Thus, in the coronary artery, the effects of LV
relaxation are seen as both forward (via the aorta) and backward (via the vasculature)
expansion waves. Closure of the aortic valve generated forward and backward

compression waves which interrupted the expansion waves which preceded and

followed them. (Presumably the forward compression wave generated by aortic
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closure was primary and the backward compression wave generated by positive
reflection from “closed-end” microcirculatory reflection sites was secondary.)
Consistent with the fact that dlw was positive during this interval (i.e., the forward
compression wave was larger than the backward wave), velocity increased. After
these paired forward and backward compression waves, relaxation again dominated
as manifest by paired (i.e., forward and backward) expansion waves. Thus, LV
relaxation seems to become manifest as triplets of forward and backward waves.

At the beginning of relaxation, the effects of both forward and backward
expansion waves decreased coronary pressure, but they had different effects on
coronary velocity: the forward expansion wave decreased blood velocity, but the
backward expansion wave increased velocity. The net effect of these two waves
determined flow velocity. Because dlw+ > dlw-, dlw > 0, the forward expansion wave
dominated and coronary blood velocity decreased during this interval.

During the latter part of isovolumic relaxation, the relaxing myocardium
generated a backward expansion wave that was greater than the forward wave. As
the result, the dominant backward expansion wave (dlw < 0, as shown in Fig. 6)
increased coronary velocity and decreased coronary pressure. Although the early and
late backward expansion waves were similar in magnitude, the late forward expansion
wave was smaller, consistent with the fact that the closed aortic valve prevented
aortic pressure from falling as fast as LV pressure. The phenomena of LV relaxation

require further study.

4.5 Limitation
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As described in Methods, because the caliber of the circumflex branch did not
admit a catheter with a lumen, the absolute value of the high-fidelity Prcy could not
be ascertained by comparison to the output of an external transducer. Because dlw.
and dIw_ were negligible in the coronary artery during the interval preceding end-
diastole, we assumed that Poc, was equal to P4, and we therefore matched Prex to Pao
at end-diastole. (This assumption was supported by measurements using an open
catheter) To the degree that this procedure was not accurate or appropriate, the
values of APx might have been over- or under-estimated. However, the slopes of Pao
and P; ¢« do not depend upon the absolute values of P4, and Prc, and the facts that the

two pressures diverged and diverged more rapidly after paired pacing is unequivocal.

4.6 Conclusions

Wave-intensity analysis elucidates the dynamics of coronary blood flow and
identifies and quantitates both the upstream (i.e, aortic) and downstream (i.e.,
coronary vascular) effects. During 1sovolumic contraction, distal coronary pressure
exceeds aortic pressure and coronary velocity decreases, caused by a backward-going
compression wave which is generated by increasing myocardial elastance, effects that
are magnified when LV contractility is augmented by paired pacing. During LV
relaxation, decreasing elastance appears to generate forward- (via the aorta) and
backward-going (via the coronary vasculature) expansion waves. Thus, during
contraction both upstream and downstream effects produce compression waves and,
during relaxation, both upstream and downstream effects produce expansion waves.

Coronary pressure and velocity depend on the balance of these effects.



Table 4.1 Coronary-Aortic Pressure Differences during Isovolumic Contraction and the Effects of Paired Pacing.
B dlw- Tw- APx dP o /dt dPyc/dt
(mm Hg/mm) | (W/m?) (J/m?) (mm Hg) (mm Hg/s) (mm Hg/s)
Control 1 34.2+8.5 0.20+0.08 12.4+4.7 4.3£2.5 -53.9+19.5 3.4+4 4%
(RA single pacing)
Control 2 36.6+£10.6 0.23+0.09 13.9352 4.5+2.0 -48.4+23.3 3.8+£5.0%
(RV single pacing)
Paired pacing 93.6+£20.7* 0.78+0.21* 46.8+12.8* |[9.1+3.8* -67.4+20.3 142.1+£25.1*%

(RV)
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Table 4.1 Values are means + SD. E,.,, the maximum, end-systolic value of
elastance (i.e., contractility); dlw_, the peak value of the intensity (power) of the
backward-going compression wave; Iw_, the time-integral (energy) of the backward-
going compression wave; AP, the difference between P cx and Pa, at the Pao-Pry
crossover; Pao/dt and dPycy /dt, the slopes of Pa, and Prcx vs. time during isovolumic
contraction;*, P<0.0001, paired pacing vs. Control 2; f, P<0.0001, dPa, /dt vs

dPycy/dt; meantSD.
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Figure 4.1 In the top panel are LV pressure (PLy), aortic pressure (P,, dashed
line), coronary pressure (Prcx), and coronary velocity (Urcx) waveforms during a
representative cardiac cycle. In the bottom panel is the net wave intensity (dIw )
waveform. “C” indicates a compression wave and “E,” an expansion wave. The solid
vertical line indicates end-diastole (ED) and the dashed wvertical lines, the Upcyx

minima.
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ED P,y -P, crossover

Figure 4.2 Illustration of the measurement of effects of LV contraction
on coronary pressure
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Figure 4.2. An idealized magnification of coronary pressure and aortic pressure
during isovolumic contraction illustrates how we measured the effects of LV systolic
contraction on coronary pressure. The two vertical lines indicate end-diastole (ED)
and the moment at which the Ppy — P4, crossover occurred; )Px indicates the Pycy -
P4, pressure difference at that moment. dPpcyx/dt and dPa, /dt represent the average

slopes of Prcx and P 4, during the isovolumic interval.
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Figure 4.3. In the top panel are LV pressure (PLy), aortic pressure (Pa,, dashed line),
coronary pressure (Prcx), and coronary velocity (Upcx) waveforms during an early
systolic interval of a representative cardiac cycle. In the bottom panel are backward
intensity (dIw-, light solid line), forward intensity (dIw:, dashed line), and net wave
intensity (dIw , heavy solid line) waveforms. “C” indicates a compression wave.
Solid vertical lines indicate end-diastole (ED), the instant at which Py exceeds Pa,
(i.e., the Pry - P4, crossover), and the time at which Ppy achieves its peak value. The

dashed vertical line indicates the Upcx minimum.
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Figure 4 .4 Forward-travelling and backward-travelling wave intensity during diastole.
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Figure 4.4 In the top panel are LV pressure (PLv), aortic pressure (Pao, dashed line),
coronary pressure (Prcy), and coronary velocity (Uicx) waveforms during early
relaxation of a representative LV cycle. In the bottom panel are backward intensity
(dIw-, light solid line), forward intensity (dlw:, dashed line), and net wave intensity

(dIw, heavy solid line). “E” indicates an expansion and “C,” a compression wave.
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CHAPTERSS

EFFECTS OF CORONARY TONE AND

CONTRACTILITY ON CORONARY FLOW DYNAMICS
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5.1 Introduction

The coronary circulation is particularly complicated because it passes through
the beating heart. Coronary blood flow is a function of the pressure difference across
the vascular bed (i.e., the coronary driving pressure) and the coronary resistance.
Coronary driving pressure depends upon ventricular function. Coronary resistance
has been discussed in terms of two components, one intrinsically vascular and one
extravascular. Vascular resistance is determined by the tone of the smooth muscle in
the coronary arterial wall, which is modulated by vasoactive agents. In addition,
changes in ventricular performance change coronary wvascular resistance via
autoregulatory mechanisms. Extravascular resistance is generated by the contracting
myocardium. Mechanical stresses in LV wall compress the coronary
microcirculation during systole, increasing its resistance to blood flow *!. Those
mechanical stresses are increased by increased contractility, which has been shown to
increase intramyocardial pressure and coronary systolic flow impediment in
maximally dilated coronary arteries. >
In our previous study, we used WIA to study the effects of L'V contraction and

relaxation on the dynamics of coronary flow '®.

At the beginning of isovolumic
contraction, a backward-travelling compression wave (BCW) is generated which
continues until peak LV pressure is achieved and, when contractility is increased by
paired pacing, the amplitude of this BCW increases. Thus, it seems clear that the

BCW is caused by the systolic compression of coronary vessels and that it is directly

responsible for the coronary systolic flow impediment. However, the effects of the
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interaction of changing coronary tone and changing contractility on the BCW and the
coronary systolic flow impediment are unknown.

Thus, the first goal of the present study was to define the effects of the early
systolic BCW and coronary systolic flow impediment of changing coronary tone
when contractility was held constant. We hypothesized that decreasing coronary tone
would increase BCW and coronary systolic flow impediment, as vascular dilation
could enhance the effects of myocardial compression. The second goal was to define
the interaction of coronary tone and contractility when both were manipulated. We
hypothesized that the greatest values of the BCW and coronary systolic flow
impediment would be found when coronary tone was minimal and contractility was

maximal.

5.2 Animal Preparation

The study was performed on 18 18- to 20-kg mongrel dogs of either sex.

Animal preparation and instrumentation are same as described in Chapter 3.

§.3 Effects of Changing Coronary Tone on Coronary Flow

Dynamics at Constant Contractility

5.3.1 Protocol

In 8 dogs, after instrumentation and a 15- to 20-min stabilization

interval, all hemodynamic data (Prv, Prcx, Pao, ULcx, Quex and Ly y) were recorded
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while the heart was paced from the right atrium (Control 1). A second set of control
data (Control 2) was recorded while the heart was paced from the right ventricle using
single stimuli. Coronary tone was then modified by LCx infusion (via the Judkins
catheter) of vasodilators (adenosine and nitroglycerin) and a vasoconstrictor
(phenylephrine).  First, adenosine (0.022 mg/ml/min, 0.22 mg/ml/min, and 2.2
mg/ml/min), then phenylephrine (20 pg/ml/min, 60 pg/ml/min) and, finally,
nitroglycerin (20 pg/ml/min, 60 ng/ml/min) were infused. After each drug effect was
recorded, a 10-15 min recovery interval was allowed to elapse to regain
hemodynamic stability. Immediately before a new drug was infused, all the
hemodynamic data were recorded as a new control for that drug infusion. During
each drug infusion and each individual control run, the inferior vena cava was
constricted to describe a LV end-systolic pressure-length relation and to determine a

length-based maximum elasticity (Enmay) to assess contractility 8

5.3.2 Data Analysis

WIA was used to identify and quantitate the effects of changing coronary tone
on coronary systolic flow impediment (CSFI) at constant contractility. As described
in detail in Chapter 2 and Chapter 3, we calculated dlw., dlw_, dlw, Iy,, Iw— and Eq.x.

As a measure of coronary arterial tone, coronary resistance { Ricx ) was

calculated as the ratio of mean coronary pressure and flow:

(5.1)
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The CSFI was calculated as the difference between the diastolic maximum

and the systolic minimum of coronary flow **:

CSFI = Qmax — Qmin (5.2)

The energy (Iy.) of the BCW were measured. As a measure of the effects of
coronary tone on CSFI, only data from beats at same levels of contractility (Emax)
were analyzed. In response to each vasoactive agent, Ricx, CSFI and the value of I,
were expressed as percentages of their control values (before the agent was infused).
The percentage changes of CSFI were plotted as functions of the percentage changes

in coronary tone and I,,_.

5.3.3 Statistics

Although there was no attempt to make observations in duplicate or to average
groups of similar observations and provide measures of variability of the means, the
regression analyses that were carried out describe the central tendency of the
dependent variable as a function of one or more independent variables.

Regression analyses were performed using linear equations unless variance
was significantly reduced (F statistic} by introducing non-linear equations, in which
case exponential equations were chosen. The Student’s paired  test was used to
identify statistically significant differences; a value of P<0.05 was considered

significant.
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5.3.4 Results

Figure 5.1 demonstrates typical changes in coronary wave intensity during
systole, before and after intracoronary infusion of vasodilators and a vasoconstrictor.
Immediately after mitral valve closure, in each beat, a backward-travelling
compression wave was generated and after the aortic valve had opened, a forward-
travelling compression wave. dI _ started to increase in magnitude after end-
diastole, achieved its peak absolute magnitude during early LV ejection, and
returned to zero approximately at the time P, reached its peak. dI, started to
increase at the beginning of ejection and its absolute magnitude did not become
greater than that of dIy._ until after "30 ms. It also returned to zero when Py
reached its maximum value. As shown, at a constant En., decreasing Riex by
vasodilators (adenosine, nitroglycerin) increased the CSFI and the dI,,_ and increasing
Ricx by a vasoconstrictor (phenylephrine) had the opposite effects.

We plotted the changes of CSFI vs. the changes of Rycx in Figure 5.2 and
found that CSF1 was inversely related to Rycx (R=-0.91, p<0.001). When Ry ¢, was
increased by 15%, CSFI decreased by 25% and, when Rycx was decreased by 15%,
CSFI increased by 30%. The changes of I, vs. the changes of Ry ¢, were plotted in
Figure 5.3. It shows that, when E.,x remained constant, increasing Rycx decreased
Iy. (R=-0.91, p<0.001). When Rycx was increased by 15%, I, decreased by about
35%. However, when Ric« was decreased by 15%, I, was increased by 70%. As
CSFI and I,, were both inversely related to Rycy, CSFI was proportional to I,

(Figure 5.4; R=0.92, p<0.001).
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5.4 Effects of Coronary Tone on Coronary Flow Dynamics at

varied Contractility

5.4.1 Protocol
In 10 dogs, in addition to the procedures performed during the protocol which
is described in 5.3.1, paired pacing was instituted before and after each drug infusion.

In each state, the inferior vena cava was constricted to assess contractility.

5.4.2 Data Analysis

In addition to the data analysis described in 5.3.2, in order to define the
combined effects of changing coronary tone and changing contractility on CSFI,
CSFI and 1,,. were plotted as functions of Enax and Ricx in 3-D meshed plots. Only
the first beat of paired-pacing data was used to minimize the contribution of

secondary metabolic changes.

5.4.3 Results

Figure 5.5 illustrates the increases in I, and CSFI due to increased Emax
(caused by ventricular paired pacing). Increasing En.« increased CSFI as well as dI,.
and I, .

We plotted CSFT as a function of both Rycx and Enax (Figure 5.6). It shows
that, when E,..x was low, decreasing Ryc, increased CSFI slightly but not so much as

when Emax was high. When Ry ¢, was high, increasing En,y increased CSFI but not so
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much as when Rycx was low. Again, when we plotted I,_ as a function of both Ryey
and E..x (Figure 5.7), a surface of a similar shape was seen. It suggests that, when
Emax is constant, reducing Ricx increases I.; when Ricx is constant, I, is
contractility-dependent; I,_ is greatest at the highest values of Eyax and the lowest
values of Ricx.  Statistical analysis indicated that I,,_ varied inversely and linearly
with Emax but inversely and non-linearly with Rycx (i.€., variance was reduced when

an exponential relation was selected).

5.5 Discussion

We have used wave-intensity analysis to clarify the mechanism by which
changes in coronary vascular tone and contractility affect the magnitude of the BCW
and its impeding effect on coronary blood flow as assessed using wave intensity
analysis. As anticipated by the results of the previous study described in Chapter 4,
we here find that increasing contractility increases both the BCW and the CSFL. In
addition, we here find that decreasing coronary tone also increases both the BCW and
the CSFL

In order to study the effects of coronary vascular tone on CSFI, vasodilators
and a constrictor were infused into the left circumflex coronary artery to change
vascular tone. Infusions of vasodilators increased CSFI by increasing the maximum
diastolic flow more than the minimum systolic flow. Infusion of a vasoconstrictor
decreased CSFI by decreasing the maximum diastolic flow more than the minimum

systolic flow.
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Because changing coronary blood flow by vasoconstrictors and vasodilators
may also alter contractility, we very carefully assessed contractility using Emax from
LV pressure-length loop and selected pairs of beats with same end-diastolic pressure
and E,.x, before and after the vasoactive agents were infused. At constant
contractility, when coronary vascular tone was decreased by vasodilators, CSFi was
increased and, when coronary tone was increased by vasoconstrictors, CSFI was
decreased; thus, changes in CSFI were inversely related to the changes of coronary
vascular tone. This implies that the dilated coronary system increases the sensitivity
to response to myocardium contraction. In the other words, the same extravascular
force would seem to cause a larger coronary flow reduction when the coronary
vessels are dilated. Increased coronary tone minimizes the coronary flow reduction
caused by extravascular compression

These effects on CSFI are related to the fact that it 1s a measure of absolute
flow reduction.  Vasodilators increased both diastolic and systolic flow in
approximately the same proportion; thus it was inevitable that the difference should
increase in absolute magnitude. The opposite was true of the effect of
vasoconstriction. Compared with the other group’s study ', it shows that increasing
contractility mainly increases maximum diastolic flow, but has little effect on
minimum systolic flow. This different result may due to that they used the maximum
dilated coronary artery model.

Under normal physiologic conditions, coronary vascular tone and contractility
may change, spontaneously and independently. To assess the effects of changing

contractility on CSFI at different levels of coronary tone, paired pacing was used to
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increase contractility before and after intracoronary infusions of vasoactive agents. In
order to avoid complicating the effect of the change in contractility with the additive
effect of the resultant metabolic vasodilatation, we selected only the first beat of the
paired-pacing run for analysis. Increased contractility and decreased coronary
vascular tone interact to increase the magnitude of the BCW and the CSFL

Figure 5.8 is a schematic diagram of the possible mechanisms by which, at
any level of contractility, decreasing coronary tone might increase the BCW and the
CSFIL. Spaan’s concept °* of the myocardium compressing the compliant coronary
vasculature implies that coupling might be improved by wvasodilatation. This
improved coupling might result in a larger BCW “at its source,” as expressed
diagrammatically by the larger downward-pointing arrow in the upper, right-hand
panel. Thus, in the absence of a change in the attenuation of the “original” BCW, a
larger BCW will be measured in the coronary artery (e.g., the left circumflex).
Secondly, vasodilation might reduce the attenuation that the BCW sustains before it
reaches the coronary artery. This mechanism is diagrammed in the lower panels.
Obviously, these mechanisms might exist in some combination. In the present study,
vasodilators adenosine and nitroglycerin were used to change coronary tone which act
in resistance vessels and conduit vessels in the coronary circulation respectively.
Wave intensity analysis shows that the waveform of backward-travelling compression
wave during systole after adenosine and nitroglycerin infusion is different as shown
in Figure 5.1. The effect of adenosine infusion produces a big amplitude change in
backward intensity, while nitroglycerin infusion produces a relatively longer duration

but smaller in amplitude change of backward intensity. This may imply that the
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effects of vasodilatation in coronary microcirculation achieved by adenosine is
mainly acting through the coupling mechanism; while the effects of vasodilatation in
coronary conduit vessel achieved by nitroglycerin is mainly acting through the
resistance mechanism. New experiments need to be designed to determine which
mechanism is more important.

Spaan et al has shown that the sensitivity of lymph pressure to a change in LV
pressure in much larger during diastole than during systole **. It implies that the
increased elastance of myocardium “protects” intramyocardial lymph vessels from
the effects of LV pressure. This concept is somewhat similar to our interpretation of
the effects of vasoconstrictors: vasoconstrictors (increased elastance of coronary
vessel) decrease the effects of myocardial contraction on coronary flow.

The magnitude of the BCW (and thus CSFI) has been shown to represent the
interaction of coronary tone and contractility. When contractility is constant, changes
in the BCW reflect changes in coronary tone and, when coronary vascular tone is
constant, changes in the BCW reflect changes in contractility. When both contractility
and coronary vascular tone change, changes in the BCW represent the combined
effects.

Coronary tone and LV contractility both play important roles in modulating
coronary blood flow. A better understanding of the mechanisms whereby the
coronary microcirculation and LV contractility interact to modulate coronary flow
dynamics may ultimately be helpful for patient management. [3-blocker therapy has

been shown to be effective in treating ischemic heart disease and the results of this
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study — that decreasing contractility may increase systolic blood flow — may provide

another partial rationale for their use.

5.6 Conclusions

Our data suggest that both contractility and coronary vascular tone modulate
the backward-going compression wave and, thus, the coronary systolic flow.
Coronary vascular tone increases the sensitivity of the coronary microcirculation to
myocardial compression, which is manifested as a larger coronary BCW. The dilated
coronary microcirculation might be better coupled to the myocardium and, thus, more
susceptible to compression and/or the arterial attenuation of the BCW might be
decreased. Increasing contractility increases the BCW and the coronary systolic flow

impediment.
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Figure 5.1. Changes in early systolic coronary wave intensity due to infusions of
adenosine (AD), phenylephrine (PE), and nitroglycerin (NG). The upper panels
show left circumflex (P,.,; green), left ventricular (P,y; black), and aortic (P,,; red)
pressures and left circumflex blood velocity (Uy,; light blue); the lower panels
show the intensity of the forward- (dl,; positive values in pink) and backward-
travelling waves (dly,_; negative values in black ) and the net intensity (dly; blue).

Note that the vasodilators increased and the vasoconstrictor decreased dly,..
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Figure 5.2 Changes in coronary systolic flow impediment as a function of the change in coronary tone.



Chapter 5 Effects of Coronary Tone and Contractility on Coronary Flow 109

Figure 5.2. Changes in coronary systolic flow impediment as a function of the
changes in coronary tone (R.,) at constant contractility. CSFI = 58.8 + 4797exp"

0.05RLCx). R =(.92, p< 0.001.
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Figure 5.3 Changes in the energy of the backward-travelling compression
wave as a function of changes in coronary tone at constant contractility
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Figure 5.3. Changes in the energy (I,.) of the backward-travelling compression
wave as a function of changes in coronary tone (R;.,) at constant contractility. Iw-

= 3060exp™*®*; R = 0.91, p<0.001.
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Figure 5.4 Changes in coronary systolic flow impediment as a function of the changes
in the energy of the backward-travelling compression wave at contant contractility.
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Figure 5.4. Changes in coronary systolic flow impediment as a function of the
changes in the energy (Iy.) of the backward-going compression wave at constant

contractility. CSFI = 41.6+ 0.5Iw-; R = 0.92, p< 0.001
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Figure 5.5 Changes in early systolic coronary wave intensity due to increased contractility.



Chapter 5 Effects of Coronary Tone and Contractility on Coronary Flow 115

Figure 5.5. Changes in early systolic coronary wave intensity due to increased

contractility (paired pacing). Abbreviations and color conventions as in Figure 5. 1.



Y

SRS
%sgn

-
|




Chapter 5 Effects of Coronary Tone and Contractility on Coronary Flow 117

Figure 5.6. 3-D meshed plot of coronary systolic flow impediment as a function of
E... (contractility) and R;., (coronary tone). There is an inverse relationship
between CSFI and both contractility and coronary tone. Pooled data from 10 dogs.
CSFI = 519/[1+{(Ep-206.3)/62.05}1*[1+ {(R,c,+12.7/23.7}’]; R = 0.88,

p<0.001.
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Figure 5.7 3D meshed plot of the backward-travelling compression wave as a function
of contractility and coronary tone
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Figure. 5.7 3-D meshed plot of the energy (I.) of the systolic backward-going
compression wave as a function of E_,, (contractility) and R,., (coronary tone).
There is an inverse relationship between the energy of the BCW and both
contractility and coronary tone. Pooled data from 10 dogs. I, = 0.528e*%R

(0.069E,,..-2.7); R=0.94 , p<0.001.
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Figure 5.8 Schematic diagram of possible mechanisms of how change on contractility

and coronary tone modulate the magnitude of the BCW and the CSFL.
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Figure 5.8 Schematic diagram of possible mechanisms by which, at any level of
contractility, decreases in coronary tone might increase the magnitude of the BCW
and, thus, the CSFI. As shown in the top panels, a decrease in tone (right panel)
might enhance the coupling between the coronary vessels and the surrounding
musculature; the result would be a larger BCW “at its source,” as suggested by the
wider, downward-pointing arrow. Secondly, as shown in the bottom panels, a

decrease in tone might reduce the attenuation of the original BCW such that the

observed BCW is larger.
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While the heart pumps blood to serve the whole body, the heart muscle itself
must be perfused. Because most of the coronary blood vessels are embedded in the
myocardium, they are squeezed by myocardium with each contraction. Coronary
systolic flow impediment is directly related to myocardial contraction. The
interaction between myocardial contraction and coronary vascular tone dominates
coronary blood flow. Thus, coronary blood flow is determined by both upstream
aortic effects and downstream coronary microcirculatory effects. This thesis focuses
on the effects of contractility and coronary tone on coronary flow dynamics using
wave intensity analysis, which can separate downstream events (dIw-) from upstream
events {dIw+) and provide information regarding their interaction (dlw).

The mechanisms by which left ventricular contraction impedes left coronary
blood flow have been explained, in the past, by the “ vascular waterfall ” mode, the
“intramyocardial pump” model, and the “time-varying elastance” model. Many of
these studies were done with artificial constraints; 1) Because the coronary arteries
were usually cannulated, the perfusion pressure was held constant and independent of
left ventricular pressure and work. 2) Because many studies used maximally
vasodilated coronary vessels, it remained unclear how left ventricular contraction
affects coronary flow with vascular tone present. The present study using wave
intensity analysis does not require coronary arterial cannulation and obtains results
beat by beat.

A Doppler Flowire was used in this study to measure coronary blood velocity

directly. In Chapter 3, it is shown that the velocity signal measured by the Doppler



Chapter 6 Summary and Conclusions 124

Flowire was delayed by about 20ms. Therefore, before wave intensity was
calculated, it was necessary to advance the velocity signal by 20 ms.

In Chapter 4 wave intensity analysis was used to identify and quantitate
upstream aortic and downstream coronary microcirculatory events and their
interaction. It was shown that myocardial contraction generates a backward-
travelling compression wave, which is responsible for the increase in coronary
pressure and the decrease in coronary flow during early systole. Coronary pressure
becomes greater than aortic pressure as aortic pressure continues to decrease. When
left ventricular contractility was augmented by paired pacing, coronary pressure
increased, consistent with the increase in the backward-travelling compression wave.
It was also demonstrated that the backward-travelling compression wave is directly
related to the coronary systolic flow impediment. Thus, we conclude that during
isovolumic contraction, a backward-travelling compression wave generated by the
contracting myocardium causes coronary pressure to exceed aortic pressure and
coronary flow to decrease. These effects are magnified when contractility is increased
by paired pacing.

It has been demonstrated that acceleration and deceleration of coronary flow
is governed by the net wave intensity. During isovolumic contraction, the net
backward-travelling compression wave (because there is no forward wave during this
interval, the net intensity is equal to the intensity of the backward-travelling wave) is
responsible for decrease coronary flow; the net forward-travelling compression wave
(i.e., the sum of the intensities of the forward- and backward-travelling waves) is

responsible for increasing coronary flow (after flow reaches its minimum) during
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later systole, due to the increase in aortic pressure caused by LV ejection. Coronary
blood flow is determined by the interaction of upstream aortic and downstream
coronary microcirculatory events. During LV relaxation, decreasing elastance
appears to generate forward-travelling expansion wave (via the aorta) and backward-
travelling expansion wave (via the coronary vasculature). By separating upstream
and downstream effects in this way, wave intensity analysis has demonstrated its
advantages in enhancing our understanding of coronary flow dynamics.

As detailed in Chapter 5, the effects of changing coronary tone and LV
contractility were investigated. It is shown that when contractility is relatively
constant, decreasing coronary tone (by vasodilators) increases both the intensity of
the backward-travelling compression wave and the coronary systolic flow
impediment. When coronary tone is relatively constant, increasing contractility by
paired pacing increases both the intensity of the backward-travelling compression
wave and the coronary systolic flow impediment. The changes in coronary systolic
flow impediment are inversely related to the changes of coronary vascular tone. We
conclude that increasing LV contractility significantly increases the coronary systolic
flow impediment and that the dilated coronary system increases the sensitivity of the
response to myocardial contraction. The same extravascular force seems to cause a
larger coronary flow reduction. The dilated coronary microcirculation might be better
coupled to the myocardium and, thus, more susceptible to compression.

Coronary tone and LV contractility play an important role in modulating
coronary blood flow. A better understanding of how the coronary microcirculation

and LV contractility interact to determine coronary flow dynamics may be helpful for
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patient management. Augmenting coronary systolic blood flow and a better
balancing of the relation between LV contractility and coronary tone in order to
optimize coronary blood flow could be critical to some patients, because
vasodilatation seems to make coronary blood flow more wvulnerable to systolic
contraction. Future studies are required. Wave intensity analysis has shown itself to

be a useful tool in the study coronary flow dynamics.
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To further exploit the demonstrated advantages of wave intensity analysis,

future studies in the following areas may be indicated.

7.1 Wave Intensity Analysis of Coronary Venous Flow

The coronary venous system drains the blood from myocardial capillaries to
the right heart. Compared to the coronary arterial system, the coronary venous tree
has received much less attention and from the functional viewpoint, the role of the
venous bed may be subtle. However, studies have shown that coronary sinus
occlusion and coronary venous retroperfusion benefit ischemic myocardium 13.33.34

Wave intensity analysis may also be a useful tool to study coronary venous
flow. Coronary venous flow increases during systole, while coronary inflow

decreases '°.

In addition, coronary venous flow persists even after coronary arterial
inflow cessation. To investigate the mechanism of this phenomenon, we can apply
wave intensity analysis to the coronary vein. Coronary venous pressure and velocity
can be measured by 2.5-F catheter-tip manometer (Millar) and Doppler Flowire
respectively. We may predict that myocardial contraction will generate a forward-
travelling compression wave (same direction as venous flow) in coronary venous
vessels. This forward-travelling compression wave will propagate from small veins
toward larger veins and it will increase coronary venous pressure and velocity. The
amplitude of the forward-travelling compression wave may directly relate to LV

contractility and coronary venous tone. Increasing L'V contractility by paired pacing

will increase the amplitude of forward-travelling compression wave, thus increasing
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coronary venous flow. Because of better microcirculatory coupling, vasodilators may

increases coronary venous flow by a larger forward-travelling compression wave.
Using wave intensity analysis, the mechanism by which obstruction of the

coronary sinus increases coronary myocardial perfusion can be investigated as the

function of backward-travelling wave.

7.2 Evaluation of Hemodynamic Changes after Intracoronary Stent

Insertion

Intracoronary stents are being increasingly used for the treatment of patients with
coronary artery disease. Intracoronary stent implantation significantly increases
minimal luminal cross-sectional area, obstruction diameter, and decreases stenotic

77.110

percentage. It prevents impending closure of the coronary lumen However,

restenosis occurs in 20% to 30% of patient after successful intracoronary stent
placement. In addition, there is a significant risk of thrombotic complications. >*'""7.
It is not clear whether the risk of thrombosis and restenosis is due to the stimulation
of the metallic foreign body or hemodynamic factors. Wave intensity analysis may
be useful to investigate the hemodynamic changes after stent insertion and may be
helpful to define the risk factors.

It has suggested that a larger acute increase in minimum lumen diameter may
diminish the restenosis rate *’. Some of the complications of subacute thrombosis or

restenosis may be due to inadequate stent expansion during initial deployment ¢,

Therefore, the determination of appropriate stent expansion is important.
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Angiographic appearance and intravascular ultrasound imaging have been used as
assessment of successful, angiographic imaging may not reveal the three-dimensional
geometry that is necessary to appreciate the full expansion of a cylindrical meshwork
device as intracoronary stent. Intravascular ultrasound provides detailed cross-
sectional images within the vessel lumen, but do not provide potentially important
information regarding hemodynamics. Wave intensity analysis, which is sensitive to
diameter change and provides both upstream and downstream dynamic information
and their interaction, may be an additional helpful tool in estimating successful stent

implantation in coronary arteries.

7.3 Assessing Coronary Stenosis Severity and Coronary Vascular
Properties

Assessing coronary stenosis severity is important in clinical management of
patients with ischemic heart disease because the percentage of coronary diameter

stenosis is directly related to physiologic significance '!!.

The coronary angiogram
has been used to assess coronary stenosis severity. Normal caliber coronary vessels
with minimal irregularities are not significantly obstructed and nearly totally occluded
vessels are significantly obstructed and, so, these therapeutic decisions are relatively
easy. However, assessing the physiologic significance of narrowing of intermediate
severity is much more tenuous.

Although percent diameter stenosis is very helpful in predicting the physiologic
effects of an experimentally produced obstruction in an otherwise normal coronary

vessel, the applicability of this index to clinical coronary disease, which usually is

diffuse, has been seriously challenged. In addition, the percent stenosis alone or any
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single stenosis dimension would not completely describe the physiological
significance of an obstruction over a broad range of conditions, particularly, in lesions
of intermediate severity.

Wave intensity analysis represents both pressure and velocity changes and
reflects vascular properties. It assesses upstream and downstream effects as a whole
subject, not only one specific segment. It may be sensitive in detecting diffuse
coronary atherosclerosis, estimating intermediate severity stenosis and avoiding
incorrectly assessed multivessel coronary disease.

Because coronary circulation is a complicated system and difficult to assess,
wave intensity analysis may become a powerful tool in the study of coronary flow

dynamics in both experimental and clinical investigations.
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