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2 Chapter 1  

 

General introduction 
Developments in measuring equipment technology have made possible the 
recording of intracoronary pressure and flow velocity in the catheterization laboratory 
with high accuracy and temporal resolution, using sensor-equipped guidewires. In the 
clinical practice however, for diagnostic and research purposes, only a small amount 
of the information included in the recorded signals is used, such as averages per beat, 
amplitudes, systolic/diastolic values and timing of events during the cardiac cycle. 

Coronary blood flow and pressure vary during the heart cycle and their pulsatile 
character was acknowledged as early as 1689 by Scaramucci [1], who hypothesized 
that the coronary vessels are squeezed empty during ventricular contraction and are 
refilled during ventricular relaxation. This pulsatile nature is the result of both the 
pulsatility in the aortic pressure waveform and the compressing/releasing action of the 
beating heart on the intramural coronary vessels. The overall coronary blood flow 
profile in the epicardial vessels will in fact be determined not only by these two 
sources of pulsatility, but also by the intraluminal environment. For example, the 
presence of an epicardial stenosis and/or of atheromatous plaque and vessel wall 
stiffness are some of the local factors that also have an effect on the shape of the 
intracoronary waveforms. 

This thesis deals with intracoronary pressure and flow velocity measurements derived in 
the catheterization laboratory from patients scheduled for elective balloon 
angioplasty and stenting of a single coronary artery. Pressure and velocity 
measurements were simultaneously acquired with a single, dual-sensor guidewire that 
incorporates a Doppler sensor at the tip and a pressure sensor 3cm distal to the tip 
(Volcano Corp., Rancho Cordova, CA). The small diameter of this wire (0.014-inch) 
allows for recordings distal to epicardial coronary stenoses to be made. 

Aim and overview of the thesis 
The general aim of this thesis is to report on techniques that seek to extract information 
about the cardiac and coronary environment from the phasic content of 
intracoronary waveforms. The value of the proposed techniques is assessed by 
comparing findings derived from them with the results obtained from more 
conventional, clinically used methods. We hypothesized that it is possible to unravel 
from the contours of the intracoronary waveforms information about the components 
of the cardiovascular system that have an effect on these contours.  

A short description of cardiac mechanics and coronary physiology and 
pathophysiology is given in Chapter 2. 

In Chapter 3 we present a technique for quantifying the pulsatile content of 
intracoronary pressure and flow velocity and demonstrate that it is possible to derive 
an index of stenosis severity that is based on the dynamic rather than the static 
component of these signals. 

In Chapter 4 a new technique for derivation of wave speed from simultaneous 
pressure and velocity recordings was tested under different hemodynamic conditions. 
Our interest in wave speed stems not only from its relation to vessel wall properties, but 
also from its close connection to Wave Intensity Analysis (WIA). 
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In Chapter 5 we applied WIA to intracoronary pressure and flow velocity and 
investigated how changes in the coronary wave intensity contour during the heart 
cycle are related to changes in proximal (epicardial) and distal (microcirculatory) 
conditions in the coronary circulation. 

In Chapter 6 we investigated whether the well-established beneficial effects of alpha-
receptor blockade after percutaneous coronary intervention could be attributed to 
changes in the timing of cardiac contraction, as assessed from changes in diastolic 
time fraction. 

In Chapter 7 we developed a model that predicts perfusion distribution over the 
ventricular wall. This chapter is incorporated in the thesis because it underlines the 
importance of epicardial hemodynamic measurements to be combined with 
information obtainable from perfusion distribution measurements, like MRI or other 
imaging modalities, in order for an accurate account of perfusion throughout the 
myocardial wall to be obtained. 

A synthesis of our findings and general discussion is presented in Chapter 8. 

Chapter 9 includes a more in-depth description of the theoretical basis of Wave 
Intensity Analysis and a short review of in vivo applications in the cardiovascular 
system. 

References 
[1] SCARAMUCCI GB, Diario Parmense. 1689 [cited by: PORTER WT, The influence of the heart-beat 

on the flow of blood through the walls of the heart. Am J Physiol 1:145-163, 1898] 
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2.1. Anatomy and physiology of the coronary circulation 

2.1.1. Anatomy of the coronary circulation  

The heart maintains blood flow throughout the body and in order to perform this 
pumping function it needs to be supplied with blood and nutrients. The coronary 
circulation receives blood from the aorta and distributes it by a branching network of 
vessels over the epicardium, the outer surface of the heart. These epicardial vessels 
give rise to the so-called transmural vessels that penetrate the heart muscle or 
myocardium. The intramyocardial vessels branch into progressively smaller arteries that 
form the coronary microcirculation. The smallest of these arteries are denoted as 
arterioles and supply the capillary network. Epicardial veins run alongside the large 
epicardial arteries. 

Epicardial coronary vessels 

The coronary ostia, arising from two of the sinuses of Valsava, constitute the origin of 
the epicardial coronary arteries [10, 36, 64, 66]. The left main coronary artery stems 
from the left ostium and after a short distance from its origin it bifurcates into two major 
coronary arteries, the left anterior descending (LAD) and the left circumflex (LCx) 
arteries (Figure 2.1). The LAD courses down the anterior interventricular groove, 
whereas the LCx runs through the left atrioventricular sulcus. Together they perfuse 
mainly the left ventricle (LV) and atrium. Furthermore, the septal branches of the LAD 
supply the interventricular septum and run intramurally. The right coronary artery (RCA) 
originates from the right coronary ostium and follows the right atrioventricular sulcus. It 
perfuses primarily the right ventricle and atrium, but also part of the LV. There is 
naturally considerable variation in the exact distribution of the large coronary arteries 
between and within species.  

Collateral vessels connect the branches of parent epicardial arteries from different 
regions of the heart and may act as an alternative source of blood supply to parts of 
the myocardium when the normal route is impeded, for example due to the presence 
of an epicardial stenosis. Under normal conditions collateral vessels in the human 
coronary circulation exist in a dormant fashion and start to mature and function only in 
the presence of an appropriate stimulus, such as ischemia or the presence of a 
pressure gradient between their perfusion territories. 

The epicardial veins can be divided into three systems. The largest portion of the 
coronary veins drains the LV and converges into the coronary sinus, which in turn 
empties into the right atrium. The anterior cardiac veins drain the right ventricle and 
empty into the right atrium as well, but not via the coronary sinus. A smaller system 
consists of small veins, the Thebesian veins, that empty directly into all four cardiac 
chambers and may drain as much as 10% of total coronary flow in some conditions. 
There are many anastomoses between the epicardial veins to direct venous flow to 
an alternative route in case a vein collapses, for example due to low intraluminal 
pressure. 
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Figure 2.1: Anterior view of the heart. The left main coronary artery is split into the left circumflex artery (LCx) 
that runs through the left atrioventricular sulcus and the left anterior interventricular or left anterior descending 
artery (LAD) that runs down the anterior interventricular groove. The right coronary artery (RCA) follows the right 
atrioventricular sulcus. (From [24]). 

Coronary microcirculation 

The small arteries (diameter<400 µm) and arterioles (diameter<200 µm) are the primary 
site of coronary vascular resistance and therefore play a dominant role in the 
regulation of coronary blood flow [5, 64 66]. These vessels are thus referred to as 
resistance arteries. 

The capillary bed does not have a branching pattern, but resembles more an 
interconnected network of small vessels with diameters of the same order of 
magnitude as the diameter of the red blood cells. The capillary wall acts as a 
semipermeable membrane and has specific transport mechanisms. At this level the 
exchange of oxygen, electrolytes and nutrients for CO2 and metabolites takes place. 

Blood from the capillary bed is drained into the venules and then via the transmural 
veins is directed to the epicardial veins.  
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2.1.2. Cross-talk between the cardiac muscle and the coronary vasculature 

Most of the coronary vasculature is embedded in the cardiac muscle and as a result 
there is mechanical interaction between the contracting myocardium and these 
vessels [82]. Generation of cardiac contractile force and of intramyocardial pressure, 
increase in myocardial thickness and stiffness and shortening of the cardiomyocytes 
are ways via which the contracting heart muscle can affect the intramural vessels and 
thus coronary flow. On the other hand, a change in vascular diameter or in vessel wall 
properties, as a response to alterations in intraluminal pressure or smooth muscle cell 
(SMC) tone, changes perfusion conditions and thereby affects the cardiomyocytes as 
well. 

2.1.3. Control of coronary blood flow 

Autoregulation 

Autoregulation characterizes the ability of an organ to maintain its blood flow 
matched to its metabolic needs independently of variations in perfusion pressure. The 
phenomenon of autoregulation is demonstrated by the so-called autoregulation 
curves, shown in Figure 2.2 [64, 65]. When coronary perfusion pressure is decreased, 
but is still within the physiological working range, progressive vasodilation of the 
resistance vessels ensures that coronary flow is maintained. The plateau of the 
autoregulation curve shifts upwards with an increase in metabolic demand and this 
process is referred to as metabolic flow adaptation. At a given perfusion pressure, the 
difference in flow as dictated by the pressure-flow lines in the presence of 
autoregulation and during maximal vasodilation yields coronary flow reserve. 

 
Figure 2.2: Autoregulation curves at different levels of myocardial oxygen consumption (MVO2). When MVO2 
increases, the curves shift upwards, towards higher flow levels. (Figure from [64]). 

The resistance vessels are responsible for autoregulation and they can adjust coronary 
flow by controlling the tone of the SMCs that line their walls and by thereby modifying 
their diameters. Intraluminal pressure decreases gradually from larger to smaller 
resistance vessels, indicating that coronary vascular resistance and the mechanisms 
for control of coronary blood flow reside in all these vessels. (Figure 2.3) [5]. 
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Figure 2.3: Distribution of mean pressure in the coronary microvessels at resting conditions (closed symbols) and 
during dipyridamole-induced hyperemia (open symbols). The gradual decrease in pressure indicates that all 
arteries with diameter <400 µm take part in the control of coronary resistance. However, the distribution of 
microvascular resistance is different between resting and hyperemic conditions, as implied by the more 
gradual pressure drop in the presence of dipyridamole. (Redrawn from [5]). 

Mechanisms for coronary blood flow control 

Myogenic response describes the property of small arteries and arterioles to respond 
to a change in transmural pressure by changing tone, resulting in a diameter change 
opposite to the pressure stimulus: a decrease in intraluminal pressure will induce an 
increase in vascular diameter and vice versa [64, 65]. 

When the vasodilatory capacity of these vessels is exhausted and tone is absent, for 
example due to ischemia or vasodilatory medication, they react passively to changes 
in intraluminal pressure and their diameter changes in the same direction as 
intraluminal pressure [19, 78]. 

Flow-dependent dilation refers to the property of the endothelial cells to respond to 
an increase in blood flow by releasing Nitric Oxide (NO) which relaxes SMC tone, 
thereby inducing vasodilation [64, 65]. Endothelial cells sense the increase in shear 
stress induced by the increase in flow and the release of NO aims to normalize shear 
stress rather than to regulate blood flow. Endothelial-dependent hyperpolarizing 
factor (EDHF) may act as a backup for the NO-mediated flow-dependent dilation 
system. 

The presence or absence of substances that are involved in cardiomyocyte 
metabolism can also act as a control signal for the regulation of SMC tone [64, 65]. 
Changes in metabolic activity or oxygen supply can be communicated to the 
resistance vessels with signals such as adenosine concentration and myocardial tissue 
oxygen pressure.  

Finally, neurohumoral factors can also affect SMC tone. 
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2.1.4. Differences between subepicardial and subendocardial perfusion 

Perfusion to the subendocardium is more impeded by myocardial contraction than 
subepicardial flow [64-66]. When the coronary blood flow control mechanisms are 
intact, flow distribution over the subepicardium and subendocardium is relatively 
uniform [2]. This is achieved by the appropriate adjustment of vascular resistance at a 
local level and, provided that the vasodilatory capacity of the resistance vessels in the 
subendocardium is sufficient, demand and supply can still be matched in this 
myocardial layer.  
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Figure 2.4: (A): Subendocardial conductance is positively related to DTF under conditions of maximal 
vasodilation. It further depends on perfusion pressure (Pc) and for the same DTF subendocardial conductance 
decreases when coronary perfusion pressure drops. (B): On the contrary, DTF and coronary pressure have no 
significant effect on subepicardial perfusion. (Redrawn from [13]). 

However, when active coronary vasomotion is eliminated, subendocardial 
conductance becomes inversely dependent on heart rate and decreases with 
decreasing diastolic time fraction (DTF), whereas subepicardial perfusion is not 
affected (Figure 2.4) [2, 12, 13]. DTF is the relative duration of diastole with respect to 
the duration of the heart cycle. The dependence of maximal subendocardial 
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conductance on DTF is indicative of the strong mechanical effect of myocardial 
contraction on subendocardial perfusion and perfusion of this layer of the heart 
muscle will be critically impaired by an increase in myocardial compressive forces 
and/or a decrease in DTF. 

Further, when the vasodilatory capacity is exhausted, subendocardial perfusion will 
critically depend on the driving perfusion pressure, as indicated in Figure 2.4, whereas 
subepicardial perfusion remains unaffected. 

2.2. Pulsatility in coronary pressure and flow 

2.2.1. Phasic coronary pressure and flow 

Figure 2.5 depicts the main features of coronary pressure and flow velocity in the 
angiographically normal LCx of a 59 year old patient, just before a stent was placed 
to treat a 66% DS in the RCA. The similarity between the aortic and the coronary 
pressure waveforms is evident, but the contour of coronary flow velocity is distinctly 
different. At the onset of LV contraction, systolic flow velocity abruptly decreases and 
starts to rise only after the opening of the aortic valve and the beginning of LV 
ejection. A second dip in flow velocity coincides with the closure of the aortic valve 
and thereafter diastolic flow increases again until approximately mid-diastole. 
Subsequently, coronary flow falls with diastolic perfusion pressure. Systolic flow is lower 
than diastolic flow and this inhibition of coronary arterial flow in systole is called 
Coronary Systolic Flow Impediment (CSFI). The observation that coronary flow is lower 
when perfusion pressure is higher indicates that CSFI is associated with cardiac 
contraction. 
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Figure 2.5: Recordings from the angiographically normal LCx of a 59-year-old patient, just before removal of a 
66% DS in the RCA. Top panel, coronary flow velocity. Bottom panel, aortic (Pa, shaded grey) and coronary 
pressure (Pd, continuous black line). 

2.2.2. Models explaining coronary systolic flow impediment 

Until 50 years ago the effect of heart contraction on coronary flow was unclear, with 
researchers debating whether heart contraction had an inhibiting [54] or augmenting 
[84] effect on flow through the intramyocardial vascular bed. The different results were 
partly due to the different types of vessels where the observations where made: in the 
arteries blood flow decreased during contraction, but in the veins flow was maximal 
during systole and almost absent in diastole. At present there is abundant proof that 
coronary perfusion is impeded by cardiac contraction [62, 82]. 
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Cardiac contraction causes intramural blood volume to vary throughout the cardiac 
cycle, a phenomenon that has been denoted as intramyocardial pump action [63]. In 
systole blood volume is squeezed out of the intramyocardial vessels, but intramural 
blood volume is restored during diastole. The level of perfusion impediment depends 
on the balance between these two processes. At higher HR there will be less net 
intramural vascular volume and thereby on average coronary resistance will be 
increased. 

However, there is no unanimous agreement about the mechanism by which 
contraction results into intramural vascular volume reduction. At first it was assumed 
that the so-called tissue pressure formed the 'motor' of the intramyocardial pump. 
Tissue pressure had also been used earlier to explain flow impediment according to 
the Waterfall model, a model assuming that the intramural vessels would collapse 
instantaneously when extravascular pressure would exceed intravascular pressure [62, 
82]. Later, an alternative model was presented, describing the intramyocardial pump 
action in analogy to LV function, where the time-varying elastance was considered to 
be responsible for pressure generation and transmural vascular volume displacement. 

In the following sections an overview of the different models that have been 
developed for explaining CSFI will be given. Such an overview is not only of historical 
interest. The different models, as developed over time, focused on a mechanism in 
isolation. However, none of these mechanisms is able on its own to fully explain CSFI. 
Rather, they all play a part in the complicated interaction between the heart muscle 
and the vasculature that leads to CSFI. Therefore this overview mainly serves to 
describe all the possible mechanisms for CSFI, one of the most important aspects of 
coronary pathophysiology.  

Systolic Extravascular Resistance Model  

This model was particularly promoted by Gregg and coworkers in the 1950’s [16, 62, 
66]. It assumed that coronary resistance in systole was higher than in diastole due to 
extravascular compression, without further specifying the mechanism. However, it was 
assumed that this compression effect faded away quickly in diastole and that 
therefore at the end of diastole coronary resistance could be measured unrelated to 
the compression effect. We now know that diastole is normally not long enough to 
allow the intramural vessels to get completely inflated [64]. Nevertheless, from direct 
observations of intramural and subendocardial arterioles, it is established that their 
resistance is higher in systole than in diastole [85]. 

Vascular Waterfall Model  

This model [8, 66, 82] assumed that the radial stress in the ventricular wall generated a 
tissue pressure which varied over the myocardial wall, from LV pressure at the 
endocardium to thoracic pressure at the epicardium. It further assumed that this tissue 
pressure would act on the outer surface of the intramural vessels as a fluid pressure 
(Figure 2.6). In case tissue pressure exceeded coronary arterial pressure, coronary flow 
would completely cease. With a lower tissue pressure, only intramural veins were 
expected to locally collapse and at this collapse point intramural pressure would be 
equal to tissue pressure. Hence, according to this model, flow would be equal to the 
difference between arterial and tissue pressure divided by the vascular resistance 
between the coronary main artery and the point of collapse.  
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Figure 2.6: The basic principle of the Waterfall model. Top: When a collapsible tube is surrounded by pressure PT 
that is between the inflow pressure PA and the outflow pressure PV, the tube will partially collapse. Middle: While 
PA<PT flow remains zero and becomes a linear function of PA once PA exceeds PT. Bottom: The electrical 
analogue of this system. The one-way valve, given by the diode, prevents flow while VA<VT (or while PA<PT, with 
respect to the hydraulic model). (From [8]). 

The waterfall model provided a good framework for explaining why subendocardial 
perfusion is more impeded than subepicardial perfusion. However, it ignored the 
resistance variations during the heart beat and could not account for retrograde 
systolic flow. Retrograde flow commonly occurs in the septal artery at low perfusion 
pressures and may also be observed it the left main coronary artery at low pressure 
during vasodilation [63]. Importantly as well, the waterfall model would predict a 
phasic venous outflow pattern similar to the arterial one, while essentially these two 
signals are 180 degrees out of phase. 

Intramyocardial Pump Model  

A major conceptual addition of the intramyocardial pump model to the other models 
was the compliance of intramural vessels [62, 63, 66]. The intramural vascular 
compartment was represented by a lumped compliance. The resistance of the 
intramural vessels was distributed into an inflow and an outflow resistance that roughly 
corresponded to the resistance of the arterioles and the venules, respectively (Figure 
2.7). It was postulated that cardiac contraction squeezes blood volume out of the 
compliance, reducing arterial inflow and augmenting venous outflow. The elasticity of 
the intramural vessels would then form a restoration force for intramural volume, 
augmenting arterial inflow in the subsequent diastole and decreasing venous outflow. 
This model was later expanded to incorporate resistance variations during the heart 
beat as a result of the varying diameters of the intramural vessels. 
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Figure 2.7: The Intramyocardial Pump model. The compliance of the intramural vessels is represented by a 
‘balloon’ that is subjected to compressive forces. The rate of change of intramural volume, dV/dt, represents 
the capacitive flow and is equal to the difference between inflow, Qin, and outflow, Qout. (From [65]). 

Varying Elastance Model 

The varying elastance model [31, 33, 80, 82] is an intramyocardial pump model as well, 
but it hypothesized that the pump action was generated by the time-varying 
elastance of the myocardial wall rather than by tissue pressure, as assumed in the 
original presentation of the intramyocardial pump model [63]. The elastance model 
was first proposed by Suga et al. [71] to describe the pump function of the LV 
(Figure 2.8). According to their model, the increase in elastance during systole would 
increase pressure in the LV cavity, resulting in ventricular ejection. Similarly, the varying 
elastance model assumed that this increase in the elastance of the myocardial wall 
would also increase intramyocardial pressure around the intramural vessels, resulting in 
squeezing blood out of these vessels.  

Evidence for this concept came from the simple observation that in isolated hearts 
coronary flow was pulsatile even when no ventricular pressure was generated [31, 32, 
34]. It was therefore suggested that the myocardial elastance has a direct effect on 
the vessels submerged in the tissue. Moreover, by independently manipulating 
cardiac contractility and LV pressure in the isolated and maximally vasodilated cat 
heart at a controlled fashion, it was found that contractility has an order of magnitude 
stronger effect on the amplitude of coronary arterial flow than LV pressure [33]. Later it 
was demonstrated that in an empty beating dog heart subendocardial perfusion was 
hardly different from the situation where normal ventricular pressure was generated, 
clearly supporting this hypothesis [76]. 

However, based on the elastance model one would expect the same perfusion 
impediment in the subepicardium as in the subendocardium, whereas that is not the 
case as discussed above [13]. Moreover, it has been demonstrated that ventricular 
pressure is transmitted to the coronary arterial system in systole [30] and that especially 
in early systole LV pressure is transmitted to the interstitial space, as illustrated from 
epicardial lymph pressure measurements [18]. 
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Figure 2.8: The elastance model for the LV proposed by Suga et al. [71] and its analogy to the elastance model 
for the intramyocardial vessels. The end-diastolic and end-systolic pressure-volume lines are determined by the 
properties of the cardiac muscle. At the end of diastole the LV is filled up to its end-diastolic volume, when 
contraction starts. Pressure in the LV rises isovolumically until it exceeds aortic pressure and the aortic valve 
opens. During the ejection phase blood volume is squeezed out of the LV under rather constant pressure. After 
the closure of the aortic valve the isovolumic relaxation phase starts with both the aortic and the mitral valves 
closed. When LV pressure has dropped below left atrial pressure the mitral valve opens and the LV starts to refill. 
The presence of the isovolumic lines in the LV pressure-volume loop is due to the valves. The pressure-volume 
loops for the intramural vessels will also be delineated by the same end-systolic and end-diastolic lines, but 
because of the absence of valves the change in volume will be continuous throughout the heart cycle. (From 
[62]). 

2.3. Stenosis hemodynamics 
A stenosis is a local narrowing of the flow duct, caused by deposition of atheromatous 
plaque in the vascular wall. The residual vessel lumen inside the stenosis can be 
circular, elliptical or slit-like and the stenosis itself may be positioned symmetrically or 
eccentrically with respect to the axis of the unobstructed vessel. Further, a stenosis can 
be rigid or compliant [59]. If the whole circumference of the stenotic vessel segment is 
not covered by plaque, part of the stenosis will consist of normal flexible vascular wall, 
which will passively move due to changes in transvascular pressure. Such a stenosis 
would be a compliant stenosis, because its geometry changes during the heart cycle, 
as transmural pressure changes. The following sections refer to characteristics of rigid 
stenoses [64, 65]. Stenoses are a common occurrence in the large epicardial arteries, 
but not in the microvessels.  

2.3.1. Functional effect of a stenosis on coronary flow 

Pressure drop 

The most severe effect of a stenotic lesion on coronary flow is induced by the 
translesional pressure drop. This reduces driving perfusion pressure to the vascular bed 
distal to the stenosis and thereby compromises coronary perfusion. Young et al. [86, 
87] measured the total pressure drop (∆P) across artificially generated stenoses in the 
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femoral and carotid arteries of large dogs and found that it can be satisfactorily 
described by the equation: 

 
dt
dQCBQAQ∆P 2 ++=  (2.1) 

where Q is flow through the lesion and A, B and C are constants that depend on the 
geometry of the stenosis and the rheologic properties of blood. It is emphasized that 
the factors A and B are critically dependent on the inverse fourth power of the 
diameter of the stenosis [37]. The first term of the equation corresponds to the law of 
Poiseuille and describes the pressure drop because of the viscous friction exerted on 
the bloodstream by the stenotic wall. The second, non-linear term refers to the 
pressure loss caused by the convergence and divergence of flow as it enters and 
leaves the stenosis, respectively. According to the law of Bernoulli, velocity is 
increased and therefore pressure must be decreased as the blood flow enters the 
stenosis. At the exit, because of the increase in area, flow velocity drops and this is 
accompanied by a partial pressure recovery, but some energy is permanently lost 
due to flow separation and eddy formation at the downstream end of the stenosis. 
The third term gives the pressure drop due to the inertia of blood, because in the 
presence of pulsatile flow, energy is consumed in order to accelerate the flow in 
alternating directions. For clinically significant stenoses, only the contribution of the first 
two terms is important and therefore pressure-drop increases quadratically with flow 
(Figure 2.9). A direct implication of this equation is that stenosis resistance (∆P/Q) is 
flow-dependent. 
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Figure 2.9: Pressure drop-flow velocity lines for stenoses of various degrees (indicated as percent reduction in 
lumen area). The experimental points are fitted with a quadratic equation of the form AQ+BQ2. Steeper curves 
correspond to more severe degrees of stenoses. (Redrawn from [86]). 

Distal vasodilation as compensation of stenosis resistance  

A coronary stenosis may develop over time unnoticed, because the coronary 
resistance vessels can react by vasodilation in order to maintain perfusion matched to 
oxygen demand. However, this autoregulatory response to compensate for the 
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presence of a developing stenosis limits the capacity of the resistance vessels to 
further dilate in response to an increase in oxygen demand related to exercise, 
resulting in angina pectoris and raising the risk for myocardial ischemia.  

This risk of ischemia is higher in the subendocardium than in the subepicardium, 
because of the more pronounced effect of extravascular compression on that layer 
of the heart wall. As mentioned above, the subendocardium is critically dependent 
on the duration of diastole and on perfusion pressure. 

There are several compensatory mechanisms by which the heart can withstand a 
pressure drop induced by a stenosis. A decrease in distal pressure to values below the 
autoregulatory range may lead to an increase in DTF [39]. The heart can also delay 
the onset of ischemia by decreasing myocardial oxygen demand in order to better 
match the diminished supply [11]. A very efficient way of the heart to prevent 
ischemia is the formation of collateral vessels which supply the myocardial region that 
is dependent on the stenotic vessel with blood coming from non- or less diseased 
arteries.  

Effect of stenosis on pulsatility in coronary flow 

A stenosis acts as a low-pass filter on the flow velocity waveform and makes its profile 
more flat. In contrast, pulsatility in distal perfusion pressure increases and the shape of 
the coronary pressure signal resembles more LV rather than aortic pressure. 

2.3.2. Structural changes in the resistance vessels induced by a stenosis 

The mechanisms of structural adaptation of the coronary microcirculation distal to 
epicardial stenoses are not yet fully understood [77]. According to clinical evidence, 
the long-term reduction in microvascular tone, because of the permanently low 
perfusion pressure distal to coronary stenoses, may induce compensating outward 
remodeling of the resistance vessels [78]. As a result, after stenosis removal and 
pressure restoration, the resistance vessels are not able to adapt immediately to the 
new perfusion conditions with vasoconstriction. Therefore, it is not only the hyperemic 
coronary resistance that has been decreased due to outward remodelling, but also 
the ability of the resistance vessels to generate tone [78]. On the other hand, studies 
on isolated small coronary arteries contradict these conclusions. Cannulated 
microvessels exposed to transvascular pressure profiles resembling those distal to a 
coronary stenosis, to the extent that such profiles can be defined, exhibited inward 
remodelling after a few days, which was reversed to outward remodelling with a 
calcium channel blocker [61]. 

2.3.3. Functional evaluation of the coronary circulation in humans 

Clinically used hemodynamic indices 

Coronary Flow Velocity Reserve (CFVR) is defined as the ratio between maximal flow 
velocity (obtained during exercise or with vasodilatory drugs) and coronary flow 
velocity at rest [25, 67]. This ratio can be measured by a Doppler-sensor-equipped 
guidewire. A cutoff value of <2 is indicative of a stenotic lesion that can lead to 
ischemia and therefore needs to be treated. CFVR is a combined measure of the 
capacity of both the epicardial arteries and the distal microvascular bed to achieve 
maximal velocity. This index was developed as a surrogate for Coronary Flow Reserve 
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(CFR), which is based on flow rather than flow velocity measurements. The 
disadvantage of this index is that its calculation depends on the accurate 
determination of baseline flow velocity and on the achievement of maximal 
vasodilation. 

Fractional Flow Reserve (FFR) describes the maximum achievable myocardial blood 
flow in the presence of a stenosis, given as a percentage of the flow that could be 
theoretically accomplished if the artery was normal [25, 67]. In clinical practice this 
index is calculated as the ratio of distal over aortic pressure during maximal 
hyperemia, under the assumption that venous pressure is negligible relative to aortic 
and coronary pressure and that minimal microvascular resistance is not different distal 
to a stenotic as opposed to a reference vessel. A cutoff value of <0.75 is associated 
with inducible ischemia. This index is based on pressure measurements alone and does 
not depend on the determination of baseline conditions, but is still dependent on 
maximal vasodilation. 

When both pressure and flow velocity measurements are available, it is possible to 
calculate a velocity-based index of stenosis severity under hyperemic conditions (HSR) 
as the ratio of pressure drop across the stenosis divided by flow velocity through it [25, 
40, 67]. This index refers to the impediment to maximal flow induced by the stenosis 
itself. A cutoff value of >0.8 mm Hg/cm/s is indicative of inducible ischemia.  

Pressure drop-flow curves 

Pressure drop-flow curves can be easily measured during and after 
pharmacologically-induced vasodilation by applying a dual-sensor guidewire 
(combowire) which combines a pressure and a flow velocity sensor [25]. When 
pressure drop (∆P) and velocity are averaged per beat, these curves follow the 
theoretical quadratic course and provide a comprehensive way of visualizing the 
hemodynamic performance of the stenosis within the physiological working range. 
The steeper the curve, the more severe the stenosis (Figure 2.9) [14, 86]. Additionally, 
the ∆P-velocity curves allow the detection of collapsible stenoses, since these stenoses 
induce an hysteresis-like behaviour, where the ∆P-velocity relation at increasing 
velocity is different from that of decreasing velocity (Figure 2.10) [60]. A further 
advantage of this approach is that the improvement of stenosis hemodynamics 
induced by percutaneous coronary intervention (PCI) can be readily demonstrated. 
After each step of PCI the ∆P-velocity curves drop in a clockwise fashion, 
approaching the shape of the reference vessel curve and maximum achievable 
velocity increases. 
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Figure 2.10: Pressure drop-flow velocity relationships recorded distal to a collapsible stenosis. Before treatment 
(pre) the presence of a loop is indicative of a collapsible stenosis. The curves become progressively less steep 
after balloon angioplasty (balloon), stent placement (stent) and upsizing the stent (UPstent), approaching the 
shape of the curve recorded in an angiographically normal vessel (ref). (From [60]). 

Nuclear medicine imaging techniques 

In nuclear medicine clinical information is derived from the measurement of the 
distribution of a radiopharmaceutical administered to the patient. The imaging is 
mostly carried out with gamma-cameras and the derived information is about 
function rather than anatomy.  

Single-Photon Emission-Computed Tomography (SPECT) and Positron Emission 
Tomography (PET) are the techniques that are commonly used for myocardial 
perfusion imaging. In terms of imaging quality PET generally provides higher spatial 
resolution and has enough accuracy to allow for the measurement of myocardial 
blood flow in absolute terms [23, 52]. On the other hand the cost for dedicated PET 
cameras remains significant. 

PET imaging performed under rest and stress provides qualitative and quantitative 
information about perfusion at different areas of the myocardium under different 
hemodynamic conditions and enables the non-invasive assessment of CFR. In that 
way the non-invasive evaluation of the functional significance of a coronary stenosis 
and the identification of the myocardial regions that are more prone to ischemia is 
possible. 

Because abnormalities in the control of the coronary microcirculation are often 
involved in ischemic heart disease [55-57], techniques for the assessment of 
myocardial perfusion are of great clinical importance. 
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2.4. Wave propagation in the coronary circulation 

2.4.1. Wave speed 

Historical note 

Thomas Young in his Croonian Lecture [88] was the first to tackle the subject of the 
propagation of the pressure pulse in elastic arteries. Two hundred years ago, based 
only on fundamental principles of physics and using experimental work by Stephen 
Hales [17] to support his arguments, he estimated the velocity of the ‘transmission of 
the pulsations of the heart’ in man to be approximately 15.5 ft/s or 4.7 m/s. This value is 
in good agreement with current wave speed measurements in the upper thoracic 
aorta of the man [35, 41] and the dog [29, 38, 41]. 

Importance of wave speed as a physiological parameter 

In arterial blood flow mechanics the terms wave speed and pulse wave velocity (c) 
are interchangeably used to describe the velocity of propagation of the pressure 
pulse generated by the heart. This velocity is superimposed on the convective velocity 
of blood (U), causing forward waves to travel with speed (c + U) and backward waves 
with speed (c - U) [21]. 

Wave speed is not only an important physiological parameter per se, but it is also a 
basic parameter needed in Wave Intensity Analysis (WIA). According to the one-
dimensional wave propagation theory, wave speed is inversely dependent on vessel 
wall distensibility (D): ρD1/c = , where ρ is blood density [4, 27]. The physiological 
importance of wave speed stems from this relation on vessel wall properties, which 
allows it to be used as an index of local vessel wall stiffness and thus as a potential 
identifier of risk of cardiovascular disease. Knowledge of wave speed also allows for 
the separation of pressure and velocity into forward and backward components, by 
implementing WIA. This separation is helpful for studying the mechanisms of blood flow 
dynamics in the arteries. 

Techniques for measuring wave speed 

Wave speed can be measured using two pressure sensors with a known distance 
between them and by determining the time of travel of the foot of the pressure wave 
from one sensor to the other [38, 41, 45]. This two-point technique is known as the foot-
to-foot method. Features on the pressure contour other than the foot may be used, 
such as the peak of its first time-derivative [15] or points along the rising limb of the 
pressure wave at a predefined percentage of peak systolic pressure [44]. The 
precision and reproducibility of the two-point methods mostly depend on the 
accuracy with which the foot or any other identification point can be defined on the 
pressure pulse. Due to the nature of the method, the resulting wave speed is the 
average wave speed along the arterial segment that is contained between the two 
measuring locations. This two-point technique has not only been applied in various 
animal and human vascular segments [41], but also in the LV of the dog [79], yielding 
values ranging from 1 m/s during diastole to 10 m/s during systole. 

Although two-point methods are commonly used for wave speed calculations, single-
point techniques that yield local wave speed are also popular, but rather laborious in 
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their application. Based on Fourier analysis, the impedance spectrum of the 
interrogated vascular bed can be calculated from pressure and flow measurements 
and then characteristic impedance may be derived by averaging the impedance 
moduli over a range of higher frequencies where the effect of wave reflections on the 
impedance spectrum is minimal [46, 83]. A different method for calculating 
characteristic impedance directly in the time domain has been presented by Dujardin 
et al. [9]. When characteristic impedance is known, pulse wave velocity can be 
derived from it [4]. Applying the method of Dujardin et al. a value of 2-3 m/s was 
calculated in the pulmonary artery of the dog [22]. 

 
Figure 2.11: PU-loop recorded in a latex tube with a diameter of 1 inch. A single, semi-sinusoidal wave was 
introduced into the system and measured pressure was plotted against measured velocity for the duration of 
the semi-sinusoid and until the system returned to steady state conditions. The slope of the initial part of the PU-
loop (dashed line) is equal to ρc. (From [28]). 

A new method based on simultaneous pressure (P) and velocity (U) measurements at 
a single location has been recently proposed [27]. The method originated from the 
observation that according to the water-hammer equation, in the presence of waves 
traveling only in one direction, P and U are linearly related and the slope of the P-U 
plot, with U as the independent variable, is proportional to wave speed. Provided that 
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a period of unidirectional wave travel occurs during the cardiac cycle, the slope of 
the linear portion of the PU-loop can be used for the determination of wave speed 
(Figure 2.11). The reproducibility and precision of the PU-loop method are dependent 
on the ability to identify the linear part. This method performed well when tested 
against the foot-to-foot method [28] and has been applied both on invasive and 
noninvasive measurements of P and U in various vascular beds [29, 89]. Using the PU-
loop method, values of approximately 7 m/s have been reported in the radial and 
brachial arteries and of the order of 5.5 m/s in the carotid artery of healthy subjects 
[89]. A similar method based on flow-vessel cross sectional area loops has also been 
recently proposed [51]. 

A different single-point technique uses simultaneous measurements of velocity and 
vascular diameter at a single location and was tested in human carotid artery 
measurements obtained non-invasively with diagnostic ultrasound and echo-tracking 
respectively. These measurements were used to derive the stiffness parameter of the 
artery and from that wave speed [20]. The technique performed well when compared 
against the PU-loop method and yielded values of approximately 7 m/s in normal 
subjects. 

Based on Wave Intensity Analysis, a single-point technique that also requires 
simultaneous pressure and velocity measurements was presented last year [7]. The 
advantage of this method over the PU-loop method is that it uses measurements 
during complete heart cycles without any limitation about unidirectional waves. In the 
human aorta wave speed determined by this method was compared to the value 
derived by the foot-to-foot method and satisfactory agreement was found between 
the two, with values of the order of 8 m/s. In the context of the same study the method 
was also applied in human coronary arteries, but this application will be discussed in 
detail in the next section. 

Wave speed in the coronary arteries 

Despite the wide range of techniques available for wave speed measurements, up to-
date there is a very limited number of studies on coronary wave speed. The coronary 
bed presents special challenges for the methods reviewed above. The coronary 
arteries are rather short, small in diameter and tortuous. As a result, locating a straight 
vessel segment with relatively uniform properties, large enough diameter to 
accommodate two pressure sensors without much disturbance in the flow pattern 
and sufficiently long to allow for enough distance between the two sensors is a difficult 
task. Therefore two-point techniques are not easily applicable in the coronary arteries. 
Single-point methods based on Fourier analysis require the properties of the arterial 
system under study not to be time-varying, a condition not satisfied by the coronary 
circulation because of heart contraction [75]. Further, due to the nature of wave 
generation in the coronary arteries, forward and backward traveling waves are 
simultaneously present along these vessels, rendering the application of single-point 
methods such as the PU-loop not possible.  

In 1979 two independent animal studies on coronary wave speed were published [1, 
53]. The experimental work reported by Arts et al. [1] was conducted in open-chest 
dogs. The heart was exposed and pressure was measured at two positions along the 
left anterior descending artery, approximately 2-3 cm apart from each other. An ECG-
triggered pressure pulse-generator was connected to the abdominal aorta and a 
pulse was generated, timed to arrive at the coronary bed 100ms after the closure of 
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the aortic valve. The time difference in the arrival of the pulse at the proximal and 
distal site was measured and coronary wave speed was found to be 8.6 m/s at a 
perfusion pressure of 100 mm Hg [1]. 

The study of Rumberger et al. was conducted on open-chest horses [53]. Coronary 
pressure was simultaneously recorded at two positions approximately 2 cm apart from 
each other and the sensors were successively moved along the left anterior 
descending artery, roughly covering the range from 2 to 15 cm distal to the left 
coronary ostium. The arterial wall was gently tapped in order to create a 5-10 mm Hg 
pressure pulse superimposed on the propagating pressure wave and the time 
difference in the arrival of the artificially induced waves at the two pressure sensors 
was measured. Measured wave speeds ranged from 4 to 11 m/s, depending on the 
level of coronary pressure and the distance from the ostium [53]. 

The highly invasive nature of these techniques renders them unsuitable for application 
in humans. Davies et al. recently proposed a new single-point technique that they 
tested in the aorta and they subsequently applied in the coronary arteries [7]. They 
obtained simultaneous intracoronary pressure and flow velocity measurements from 
patients with normal coronary angiograms in the left main stem, left anterior 
descending artery and left circumflex artery. Wave speed was calculated using a 
formula derived from Wave Intensity Analysis on the basis of minimization of net Wave 
Intensity. Coronary wave speed was 20.4 m/s on average, not significantly different in 
different coronary arteries. Coronary wave speed increased with age and decreased 
after administration of isosorbide dinitrate in the left main stem by 43%, reaching a 
value of 9.3 m/s [7]. 

2.4.2. Assessment of traveling waves: Impedance Analysis 

Theory 

Impedance Analysis (IA) is the method conventionally used for the assessment of 
propagating waves in the arterial system. According to the Fourier theorem every 
periodic signal can be written as a series of harmonics of appropriate amplitude and 
phase. Measured pressure and flow in the arterial system can be therefore subjected 
to Fourier analysis. Spectra of the modulus and of the phase of input impedance can 
be derived by dividing the amplitudes of pressure and flow and by subtracting their 
phase angles, respectively. The basic harmonic for these spectra is the heart rate 
frequency. Thus, vascular impedance is a concept similar to vascular resistance, but 
describes resistance to oscillatory flow at various frequencies. The spectrum of 
vascular impedance provides valuable information regarding the behavior of the 
arterial tree where it was measured and the interaction between the heart and the 
specific vascular system. These aspects of vascular IA have been reviewed extensively 
[41, 45, 46], but no emphasis is placed on how this technique can be used for the 
separation of the measured pressure and flow waves into their forward and backward 
components. 

From the input impedance modulus it is possible to derive characteristic impedance 
(Zc), which is input impedance in the absence of wave reflections. It is usually 
calculated by averaging the impedance moduli over a range of (high) frequencies 
where fluctuations in the impedance spectrum due to wave reflections can be 
considered almost completely diminished, but other frequency bands can also be 
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used [46]. Characteristic impedance is a real number in large vessels and 
independent of frequency [74, 81], contrary to input impedance which is complex 
and frequency-dependent. For the general case of Zc being a complex number, the 
method for the separation of the measured waves into forward and backward 
components has been thoroughly described by Westerhof et al. [83]. Briefly, the 
reflection coefficient Γ has first to be calculated for each harmonic and subsequently 
the Fourier components of the forward and backward pressure and flow waves can 
be derived per harmonic. The contours of the separated waves can then be 
reconstructed in the time domain by adding the harmonics. 

A tacit assumption for this method of analysis is that pressure and flow in the system 
under study are linearly related and that the properties of the system do not vary with 
time. The requirement for stable conditions means that when the arterial system is in a 
transient state, like for example during the Valsava maneuver, IA must be applied with 
great caution. The coronary circulation presents special challenges for this method, 
because both the assumptions of non-linearity and time-invariance are questioned. 

Pythoud et al. [50] reformulated the equations for wave separation presented by 
Westerhof et al. [83] for the purpose of taking into account the effects of dissipation 
and nonlinearities. They concluded that for in vivo applications the linear method is 
sufficient, because compared to the non-linear method not only does it not induce 
errors larger that 10%, but in addition it is considerably more simple to use. An earlier 
attempt for wave separation in elastic conduits, with a fully non-linear method based 
on the Split Coefficient Matrix method, led however to the conclusion that [69] 
application of linear analysis for wave separation in non-linear systems leads to errors.  

Some applications in the circulatory system 

The implementation of Impedance Analysis in human pressure and flow 
measurements evolved in parallel with the advances in the applicable in humans 
measuring techniques. The majority of human IA studies found in the literature are on 
the subject of wave reflections. 

Murgo et al. [42] demonstrated that in normal humans a more oscillatory aortic input 
impedance spectrum is associated with a larger late systolic rise in aortic pressure, 
which is induced by the later arrival of the reflected waves from the terminal 
abdominal aorta. The same group applied aortic IA in subjects with no cardiovascular 
disease while they were performing the Valsava maneuver [43]. Impedance Analysis 
was performed only during the steady part of the three phases of the maneuver 
(control, strain and post release) in order to abide by the theoretical restrictions of the 
method. Manipulating the magnitude and timing of the reflections by means of the 
changes induced in the arterial system with the Valsava maneuver, altered the 
magnitude of the backward waves and thereby the shape of the aortic pressure 
contour. Impedance Analysis performed in the ascending aorta and the pulmonary 
artery explained in terms of differences in the magnitude of the reflected waves, the 
differences between aortic and pulmonary pressure and velocity contours [74]. When 
either systemic resistance was decreased with nitroprusside or pulmonary resistance 
was increased with serotonin, the reflected waves respectively decreased in the aorta 
and increased in the pulmonary artery. These pharmacological interventions resulted 
in the recorded waveforms in the two vascular trees to show more resemblance to 
each other. A methodology for the analysis of wave reflection and transmission 
through stenoses, based on IA and wave separation, was proposed by Stergiopulos et 
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al. [68] and yielded good results compared to in vitro experiments. The way wave 
reflections in the aorta differ between healthy subjects and patients with Marfan’s 
syndrome (MFS) was recently tested using wave separation analysis as well as other 
methods [58]. The study was based on non-invasive measurements of pressure and 
flow and it demonstrated that the stiffening and dilation of the proximal aorta in MFS 
patients is not accompanied by profound changes in indices of wave reflection. 
Finally, reconstruction of the aortic pressure waveform from peripheral pressure and 
velocity measurements was also achieved with IA, by separating peripheral pressure 
into its forward and backward components and subsequently shifting these 
components in time, according to wave speed and vessel length [70]. 

2.4.3. Assessment of traveling waves: Wave Intensity Analysis 

Theory 

Wave Intensity Analysis (WIA) is an alternative method for the assessment of traveling 
waves in the cardiovascular system. It is based on the method of characteristics, a 
technique widely-used in gas dynamics. The problem of wave propagation in elastic 
arteries was first addressed with the method of characteristics less than two decades 
ago by Parker et al. [48] and Parker and Jones [47] and since then the theoretical 
foundation they developed has been applied in a variety of vascular beds. WIA is a 
time-domain method and assumes that every wave can be reconstructed by the 
superposition of infinitesimal wavefronts. No assumption regarding the periodicity of 
the interrogated signals or the linearity of the system under study is necessary. 

The derivation of Wave Intensity (WI) based on the method of characteristics is 
formulated in Chapter 9 of this thesis (Appendix). WI is the product dP·dU, where dP 
and dU are the incremental changes in measured pressure and flow velocity between 
successive time intervals. WI has dimensions of power per unit area and refers to the 
power carried by the waves traveling in the blood stream and not to the waves 
propagating in the vessel wall. Waves traveling in the same direction as flow (forward 
waves) make a positive contribution to the product and waves traveling in the 
opposite direction (backward waves) a negative contribution. As a result, in the 
presence of simultaneously running forward and backward waves in an artery, WI is 
positive for dominant/net forward waves and negative for dominant/net backward 
waves. This is the property of WI WIA takes advantage of, because it makes the 
distinction between forward and backward waves simple [47]. 

The way Wave Intensity Analysis is applied to simultaneous pressure and velocity 
measurements is presented in Chapter 5 of this thesis and has also been extensively 
presented elsewhere [6, 22, 26, 27, 72]. 
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Figure 2.12: (a): Pressure and flow velocity measured in the ascending aorta of a dog. (b): Calculated wave 
intensity. Peak ‘a’ corresponds to a forward compression wave, peak ‘b’ to a forward expansion wave and 
peak ‘c’ to a backward compression wave. (From [27]). 

An example of a typical WI contour in the ascending aorta is shown in Figure 2.12. 
Each peak (‘a’, ‘b’ and ‘c’) corresponds to an individual wave. Positive peaks denote 
forward waves and negative peaks denote backward waves. Peak ‘a’ is associated 
with increasing aortic pressure and is therefore a forward compression wave. Peak ‘b’ 
is associated with decreasing aortic pressure and is a forward expansion wave and 
peak ‘c’ is a backward compression wave. Compression waves push blood flow 
towards the direction they travel, whereas expansion waves suck blood flow away 
from their traveling direction. In case a forward and a backward wave occur 
simultaneously, what is seen on the net WI profile is the superposition of the two. 
However, when wave speed is known, it is possible to separate WI into forward and 
backward components (Figure 2.13) and study the waves without influence from 
each other. The area of the peak of each wave corresponds to the energy carried by 
that wave, normalized to the cross-sectional area of the vessel. 
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Figure 2.13: Separated wave intensity from pressure and flow velocity measurements at the ascending aorta of 
a dog, recorded while the upper thoracic aorta was totally occluded. Net wave intensity is indicated by the 
thick solid line. The thin solid line represents separated wave intensity (forward wave intensity is always positive 
and backward is always negative). The dashed lines show separated wave intensity when a wave speed of 
±20% of the value derived from the PU-loop method was used. (From [27]). 

Comparison: Impedance Analysis-Wave Intensity Analysis  

Wave Intensity Analysis has several advantages compared to Impedance Analysis [3, 
47, 49]. The major difference between the two methods is that the Impedance 
method is applied in the frequency domain whereas WIA is a time-domain tool. This 
makes WIA results easier to interpret, because relating events during the cardiac cycle 
to waves arriving at specific times is straight-forward, whereas this information is lost in 
the frequency spectrum. Further, WIA makes no assumptions about periodicity of 
pressure and flow or about the arterial system being linear and not varying in time, 
while these assumptions are incorporated in the Impedance method. As a result, the 
Impedance method is not suitable for application in cases of irregular heart rhythms or 
in cases of vascular beds with varying resistance over time, like the coronary system. 
Finally, another fundamental difference between the two methods is that unlike IA, 
which expresses pressure and flow waves as a numerical Fourier series, WIA assumes 
that any macroscopic wave can be considered as a succession of incremental 
expansive or compressive wavefronts. 

Applications in the coronary arteries 

A brief review of WIA applications in various vascular beds is given in Chapter 9 of this 
thesis (Appendix). This section will refer only to coronary applications. 

The first application of Wave Intensity Analysis in the coronary arteries was presented in 
2000 [72]. The study was conducted in open-chest dogs and pressure and flow 
velocity were simultaneously measured in the LCx. The recorded pattern of WI (Figure 
2.14) demonstrates a compression wave propagating from the microcirculation during 
isovolumic contraction, generated by the compression of the intramural vessels. This is 
followed, after the opening of the aortic valve, by a compression wave traveling 
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towards the opposite direction and associated with the rising aortic pressure. During 
LV relaxation an expansion wave traveling towards the microcirculation develops due 
to decreasing aortic pressure and is dominant until the closure of the aortic valve, 
when it is replaced by a dominant compression wave traveling in the same direction.  

 
Figure 2.14: A: LCx coronary flow velocity (ULCx) and pressure (PLCx), aortic pressure (PAo) and left ventricular 
pressure (PLV) during one heart beat. B: Net coronary wave intensity, derived from ULCx and PLCx. C refers to 
compression waves and E to expansion waves. For further explanation please refer to text. (From [72]). 

This wave is induced by the brief augmentation in pressure when the aortic valve 
closes. As LV relaxation continues, an expansion wave from the microcirculation 
becomes the dominant wave in the LCx and is generated by the release of the 
compression imposed on the intramural vessels [72]. This study demonstrated how WIA 
can be used to separate the influence of aortic and microcirculatory events in 
coronary pressure and flow. A later study conducted from the same group in the 
same experimental setting focused on the compression wave from the 
microcirculation and its determinants [73]. Cardiac contractility was modulated with 
paired pacing and coronary resistance with infusions of vasodilators and 
vasoconstrictors in the LCx. It was found that the energy carried by this wave increases 
with cardiac contractility and coronary conductance. It was further demonstrated 
that the energy of this wave is proportional to coronary systolic flow impediment, CSFI. 
This finding and the timing of the wave suggest a potential mechanistic explanation 
for CSFI [73].  

The first application of WIA in human coronary arteries was presented in 2006 [6]. In 
subjects with normal coronary angiograms, simultaneous pressure and velocity 
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measurements were obtained in vessels of the left heart. The wave pattern was not 
qualitatively different from what had already been presented by Sun et al. [72], but it 
was also shown that it is not different between different left coronary arteries. It was 
further pointed out that the expansion wave originating in the microcirculation during 
diastole is the largest wave during the cardiac cycle and it is mainly responsible for the 
increase in diastolic coronary flow. It was however shown that in patients with LV 
hypertrophy this wave decreases with increasing LV wall-thickness, suggesting 
potential changes in the flow pattern and impaired coronary perfusion in this group of 
patients. 
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Abstract 
Background: A novel measure of strength of pulsatility of coronary flow velocity, v, 
aortic pressure, Pa, and distal pressure, Pd, were used 1) to test hypotheses explaining 
pulsatility of v and Pd and 2) to quantify the physiological significance of a coronary 
stenosis without pharmacological vasodilatation.  

Methods: Pulsatile indices for Pa, Pd and v, denoted as PPIa, PPId and PvI, were derived 
in target vessels (29 patients) and reference vessels (subgroup of 23 patients). Stenosis 
resistance, SR, was defined as (Pa-Pd)/v, pulsatile stenosis resistance index, PRI, as 
abs(PPId – PPIa)/PvI and microvascular conductance, MC, as v/Pd. 

Results: PvI correlated well with MC at rest in the reference vessel (baseline and 
hyperemia) and target vessel (baseline) with r’s ranging from 0.62 – 0.79 and P< 0.005. 
In the target vessel during hyperemia the correlation was still significant (P<0.05) 
before but not after stent placement. PvI did not correlate with beat-averaged Pd or 
PPId for any of these conditions.  

Hyperemic SR correlated very well with SR at rest (r = 0.96, P<0.0001) and was also 
predicted rather well by PRI. The relation between PRI and hyperemic SR for the left (r 
= 0.93, P<0.0001) was different for the one at right (r = 0.97, P<0.005) target vessel. 

Conclusions: Our data are consistent with the intramyocardial pump model, but do 
not support the elastance hypothesis as explanation for coronary flow pulsations. PRI 
defines the physiological significance of a stenosis without the need for hyperemia 
and is not affected by drift in the pressure transducer.  
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Introduction 
In contrast to the time-averaged means of coronary flow and pressure, the pulsatile 
nature of these signals is much less exploited to study human coronary physiology in 
normal and diseased coronary arteries. Animal studies allow employment of a 
constant pressure or flow perfusion system so that the phasic characteristics are 
restricted to one of these two signals only, thereby facilitating the interpretation of the 
effects of cardiac contraction on coronary perfusion [9]. However, this approach is 
hardly possible in the clinical setting during coronary catheterization in humans.  

In this study we propose a simplified method for quantifying the pulsatility of coronary 
signals via the concept of signal energy applied to coronary pressure and flow 
velocity. In signal processing, the average energy of the pulsatile component of a 
signal is obtained by first subtracting the mean of the signal, which renders the 
average of the remaining signal zero, and then raising this signal to the power of two. 
What remains is a purely positive signal and the integral per beat is known as the 
energy of the pulsatile component [13]. The square root of this signal has the same 
physical units as the original signal and is referred to in this paper as the Pulsatile Index 
signal. The interaction between pulsatile indices of pressure and flow velocity can then 
be interpreted analogous to respective signal amplitudes in perfusion-controlled 
animal studies, but without specific demands on the shape of either signal.  

The pulsatile nature of coronary pressure and flow arises from the contraction of the 
cardiac muscle and hence the pulsatile signal content could reveal information on 
the underlying mechanism of the intramyocardial pump, IMP, action [7, 21]. The 
driving force for this IMP was assumed to be tissue pressure related to left ventricular 
pressure [16]. Some years later, findings obtained from perfusion-controlled isolated 
heart experiments suggested that flow pulsatility was dominated by myocardial 
elastance variations throughout the heart beat [10, 11]. The data were interpreted 
based on the assumption that hyperemic microvascular resistance was independent 
of perfusion pressure. However, the pressure-dependence of microvascular resistance 
at full dilation has been demonstrated in animals [6] and recently confirmed in 
humans [20]. Therefore we hypothesized that an attenuation of pulsatility in flow at a 
lower perfusion pressure may be caused by an increased hyperemic coronary 
microvascular resistance rather than a decreased elastance effect.  

The phasic characteristics of coronary pressure and flow velocity also change in the 
presence of a stenosis [3] and we hypothesized that this change is related to 
hyperemic stenosis resistance (HSR), which was shown earlier to be an excellent 
predictor of inducible ischemia [12]. We therefore defined a pulsatile stenosis 
resistance index, PRI, as the ratio of the difference between pulsatile indices of distal 
coronary and aortic pressure and of distal coronary flow velocity and correlated PRI 
with HSR. We did so since the application of PRI would have advantages over existing 
indices of the physiological significance of a stenosis since PRI is insensitive to drift of 
the pressure transducer and does not require pharmacological vasodilatation. 
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Methods 

Study population 

Twenty-nine patients (23 males) with stable angina pectoris scheduled for elective 
balloon angioplasty participated in this study. All patients had at least one 
angiographically normal vessel (<30% diameter stenosis) and one stenotic vessel with 
a single de novo lesion scheduled for angioplasty. Exclusion criteria for this study 
included diffuse or 3-vessel disease, significant left main coronary artery stenosis, 
subtotal lesions, hypertrophic cardiomyopathy, recent myocardial infarction (<6 
weeks) or prior cardiac surgery. The protocol was approved by the Medical Ethics 
Committee of our institute and all patients gave informed written consent. 

Medication and protocol 

Antianginal and antiplatelet medication was continued as prescribed. The patients 
received Lorazepam (1 mg, orally) before cardiac catheterization. After 
heparinization (7500 IU) nitroglycerine (0.1 mg, i.c.) was given to relax smooth muscle 
tone in the epicardial vessels. Transient maximal hyperemia was induced with an 
intracoronary bolus (20-40 µg) of adenosine. 

Hemodynamic data were acquired first in an angiographically normal vessel 
(reference vessel) and then in the stenotic vessel (target vessel) before and after stent 
placement. Data for each of these three conditions were collected continuously at 
rest and throughout the build-up and decline of maximal hyperemia. 

Aortic pressure, Pa(t), was obtained via a 5 or 6F guiding catheter that was advanced 
into the coronary ostium from the right femoral artery. Distal intracoronary perfusion 
pressure, Pd(t), and flow velocity, v(t), were measured simultaneously with a dual-
sensor guidewire (diameter 0.35 mm, Volcano Corp., Rancho Cordova, CA) equipped 
with a Doppler sensor at the tip and a pressure sensor 3 cm proximal to the tip [14]. The 
outputs of the two sensors were sent to their corresponding consoles (WaveMap and 
FloMap, Volcano Corp.) for processing. All hemodynamic signals and the ECG were 
recorded on a personal computer for off-line analysis, after digitization at a sampling 
rate of 120Hz. 

Prior to angioplasty, Pd(t) and v(t) in the target vessel were measured distal to the 
stenosis (condition denoted as pre) and at approximately the same location after 
angioplasty (denoted as stent). The position of the guidewire tip was checked with 
short angiographic sequences. Similarly, a distal measuring location was selected in 
the reference vessel (noted as ref). At all locations, the wire tip was manipulated until 
an optimum and stable flow signal was obtained. 

Data analysis 

Data analysis was performed using custom software (written in Delphi, version 6.0, 
Borland Software Corporation, Cupertino, CA). For each of the three steps of the 
protocol, a number of consecutive beats (2-3 for hyperemia, 8-9 at baseline) 
representative of resting and hyperemic conditions were selected.  

Based on this selection, mean baseline and hyperemic values for aortic pressure, Pa, 
distal coronary pressure, Pd, and flow velocity, v, and HR were calculated. We note 
that throughout this paper, the expression y(t) is used to refer to a time-varying signal, 
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while the symbol y refers to its mean value. Velocity-based indices of mean 
microvascular resistance and stenosis resistance were derived as MR = Pd/v and SR = 
(Pa-Pd)/v, respectively [12, 14, 20].  

From the same selections of signals, the respective pulsatile indices of aortic and distal 
pressure and flow velocity were derived as [13]:  
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The summation was taken over consecutive complete heart cycles and then divided 
by the total number of samples, n, in order to render these quantities independent of 
the number of sampling points included in each selection. The pulsatile aortic pressure 
index, PPIa and pulsatile coronary pressure index, PPId, and pulsatile velocity index, PvI, 
were then derived as the square root of the respective energies. 

The pulsatile resistance index of stenosis severity was derived from these indices as 

 
PvI
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In the absence of left ventricular pressure measurement, an index of cardiac 
contractility was calculated from the ratio of Pa(t) at the time of opening of the aortic 
valve divided by the time interval from the beginning of the cycle until the aortic 
valve opening. This index gives an indication of the rate of pressure build-up in the left 
ventricle. 

Statistical analysis 

Data are expressed as mean ± SEM. Hemodynamic data obtained for different steps 
of the protocol were compared using ANOVA with repeated measures followed by 
contrast analysis (SPSS, version 12.0). Results for resting and hyperemic conditions at 
the same step of the protocol were compared using paired t-tests. Possible relations 
between different parameters were evaluated using linear regression analysis. 
Statistical significance was assumed at P<0.05. 

Results 
The mean age of the patients was 59 ± 2 years. Vessel characteristics are summarized 
in Table 3.1. Reference vessel measurements were not available in 6 patients. Percent 
diameter stenosis varied between 27% and 76%, with a mean of 55.7 ± 2.2%. The 
majority of the studied vessels were main branches of the left coronary artery and 21% 
of the target vessels were right coronary vessels. 
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Table 3.1: Clinical characteristics. 

Age (y) 59 ± 2 
Gender (m/f) 23/6 
Diameter stenosis, mean (%) 55.7 ± 2.2 
Reference vessel  

 LAD/LCx/RCA (n) 
 (%) 

2/19/2 
9/82/9 

Target vessel  
 LAD/LCx/RCA (n) 
  (%) 

19/4/6 
65/14/21 

LAD: Left anterior descending artery; LCx: Left circumflex artery; RCA: Right coronary artery. 

Hemodynamic parameters 

Heart rate, contractility and aortic pressure remained essentially constant throughout 
the protocol (Table 3.2). Distal vasodilation caused an increase in flow velocity and a 
decrease in Pd (P<0.0001), with a 5 mm Hg reduction in Pa (P<0.0005). Both Pd and 
velocity increased after stent placement (P<0.05), concomitant with a decrease in 
stenosis resistance (P<0.001) and hyperemic MR (P<0.005). 

Table 3.2: Mean hemodynamic values. 

 stenosis 
(n = 29) 

stent 
(n = 29) 

reference 
(n = 23) 

Rest    
HR (bpm)  71 ± 2  71 ± 3  67 ± 3 
Pa (mm Hg)  103 ± 3  104 ± 3  103 ± 3 
Pd (mm Hg)  82 ± 4  101 ± 3†  100 ± 3 
v (cm/s)  16.0 ± 1.3  19.0 ± 1.1†  19.6 ± 1.6 
SR (mm Hg/cm/s)  1.75 ± 0.40  0.18 ± 0.03†  0.12 ± 0.02 
MR (mm Hg/cm/s)  5.90 ± 0.50  5.93 ± 0.44  5.79 ± 0.42 
Contractility (mm Hg/s)  1151 ± 62  1096 ± 62  1238 ± 70 
Hyperemia    
HR (bpm)  71 ± 2  70 ± 2  68 ± 3 
Pa (mm Hg)  99 ± 3*  97 ± 3*  97 ± 3* 
Pd (mm Hg)  61 ± 3*  87 ± 3*†  94 ± 3*† 
v (cm/s)  30.1 ± 2.9*  58.1 ± 3.1*†  54.9 ± 3.5* 
SR (mm Hg/cm/s)  1.99 ± 0.39*  0.19 ± 0.04†  0.06 ± 0.01*† 
MR (mm Hg/cm/s)  2.53 ± 0.23*  1.67 ± 0.13*†  1.82 ± 0.09*† 
Contractility (mm Hg/s)  1328 ± 99*  1178 ± 78  1315 ± 59 

HR, heart rate; Pa, aortic pressure; Pd, coronary pressure; v, flow velocity; SR, stenosis resistance; MR, 
microvascular resistance.  
*P<0.05 compared to rest; †P<0.05 compared to previous step. 

Pulsatile waveforms 

The effects of vasodilation on the phasic characteristics of coronary pressure and flow 
velocity are illustrated in Figure 3.1 before and after PCI of a 68% diameter stenosis in 
the left anterior descending artery of a 52 yr old male patient. The velocity waveform 
became more pulsatile during hyperemia compared to rest. This was more 
pronounced after stent placement (Figure 3.1B), as reflected by the increased energy 



 Pulsatile coronary hemodynamic indices 41 

 

3 

of the velocity signal, shown here by an instantaneous representation of the pulsatile 
velocity index, PvI (t) (third panel in Figure 3.1A and 3.1B).  
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Figure 3.1: Coronary hemodynamic signals during resting (left) and hyperemic (right) conditions before (A) and 
after revascularization (B) of a 68% diameter stenosis in the left anterior descending artery. With a stenosis, 
amplitude variations in distal pressure increased during hyperemia, resulting in marked differences in aortic and 
distal PPI. After stent placement with 8% residual stenosis, the pulsatility in velocity increased substantially.  
v, flow velocity; Pa, aortic pressure; Pd, distal coronary pressure; PvI, pulsatile velocity index; PPI, pulsatile 
pressure index.  
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The pulsatile amplitude of the distal pressure waveform during hyperemia displayed 
the typical enhancement induced by a stenosis (Figure 3.1A, right). Owing to the 
higher velocity in diastole, differences between Pa and Pd were largest in this phase of 
the cardiac cycle, which is also noticeable from the instantaneous variations of the 
corresponding pulsatile pressure indices, PPI(t) (bottom panels in Figure 3.1A and 3.1B). 
The signals obtained from the reference vessel (not shown) resembled those of the 
target vessel after stent placement, with a small effect of vasodilation on distal 
pressure.  

Pulsatile pressure and velocity indices 

The pulsatile index of aortic pressure (PPIa) remained essentially constant under all 
conditions, while that of stenosis resistance (PRI) significantly decreased after stent 
placement (P<0.0005) (Table 3.3). Changes in PPId and PvI are depicted in Figure 3.2A 
and B, respectively, as a function of average distal pressure. In the presence of a 
stenosis, PvI increased by only a factor of 1.3 (from 5.8 to 7.7 cm/s, P<0.01) with 
vasodilatation. PPId remained approximately constant at about 23 mm Hg, although 
Pd dropped from 82 to 61 mm Hg (P<0.0001). In contrast, PvI increased from 7.7 to 17.4 
cm/s (P<0.0001) during hyperemia after PCI, and PPId from 19.1 to 21.7 mm Hg 
(P<0.0001). Similarly, PvI increased with vasodilation by a factor of 2.3 (from 8.5 to 19.7 
cm/s) (P<0.0001) in the reference vessel, but PPId hardly changed (P<0.05). 

Stent placement restored PvI to reference values during baseline (P<0.01) and 
hyperemia (P<0.0001), but only had a significant influence on PPId at rest (P<0.05).  

Table 3.3. Pulsatile indices. 

 stenosis 
(n = 29) 

stent 
(n = 29) 

reference 
(n = 23) 

Rest    
PPIa (mm Hg)  18.5 ± 1.5  18.3 ± 1.6  19.3 ± 1.6 
PPId (mm Hg)  22.4 ± 1.6  19.1 ± 1.5†  19.7 ± 1.6 
PvI (cm/s)  5.8 ± 0.5  7.7 ± 0.6†  8.5 ± 1.0 
PRI (mm Hg·s/cm)  2.5 ± 0.3  0.9 ± 0.1†  0.5 ± 0.1† 
Hyperemia    
PPIa (mm Hg)  19.4 ± 1.5*  19.6 ± 1.5*  19.9 ± 1.5 
PPId (mm Hg)  23.6 ± 1.2  21.7 ± 1.4*  20.4 ± 1.5* 
PvI (cm/s)  7.7 ± 0.8*  17.4 ± 1.2*†  19.7 ± 1.7* 
PRI (mm Hg·s/cm)  2.8 ± 0.3  0.9 ± 0.2†  0.2 ± 0.03*† 

PPIa, aortic pulsatile pressure index; PPId, coronary pulsatile pressure index; PvI, pulsatile velocity index; PRI, 
pulsatile resistance index.  
*P<0.05 compared to rest; †P<0.05 compared to previous step. 
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Figure 3.2: (A) Distal pulsatile pressure index versus mean coronary pressure. Vasodilation caused a significant 
increase in PPId both after stent placement and in the reference vessel. (B) Pulsatile velocity index as a function 
of beat-averaged coronary pressure.  
*P<0.05 compared to rest; †P<0.05 compared to the previous step. Symbols for statistics refer to changes in the 
pulsatile indices and not to coronary pressure. 

Determinants of pulsatile velocity index 

PvI increased with coronary microvascular conductance (MC = 1/MR) both at rest 
and hyperemia (Figure 3.3) in all vascular conditions. The dependence of PvI on MC 
was stronger in the reference vessel than in the target vessel either before or after 
stent placement. Multiple linear regression on the combined influence of MC and 
stenosis resistance, SR, on PvI revealed a significant additional contribution of SR only 
in the stented vessel during hyperemia (r = 0.56, P<0.01). There was no significant 
correlation between PPId and MC. 

A 
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Figure 3.3: Positive correlations between pulsatile velocity index and microvascular conductance at rest (A) 
and hyperemia (B). Rest: r = 0.63, P<0.0005 (stenosis); r = 0.70, P<0.0001 (stent); r = 0.79, P<0.0001 (reference). 
Hyperemia: r = 0.45, P<0.05 (stenosis); r = 0.32, P = 0.09 (stent); r = 0.62, P<0.005 (reference). 

Although hyperemic PvI was weakly related (r = 0.4, P = 0.03) to coronary pressure, Pd, 
in the diseased vessel (Figure 3.4), a significant relationship between these two 
parameters was not maintained after stent placement or in the reference vessel. No 
significant correlation existed between PvI and mean aortic pressure or aortic pulsatile 
pressure index, PPIa. 
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Figure 3.4: Absence of correlation between hyperemic pulsatile velocity index, PvI, and distal coronary 
pressure, Pd. r = 0.40, P = 0.03 (stenosis); r = 0.18, P = 0.35 (stent); r = 0.08, P = 0.72 (reference).  
closed circles: stenosis; open circles: stent; triangles: reference 

Mean stenosis resistance and pulsatile resistance index 

There was an excellent correlation between baseline and hyperemic stenosis 
resistance for both the left and right diseased vessels as shown in Figure 3.5: SRhyp = 
0.93 * SRrest + 0.37 (n = 29, r = 0.96, P<0.0001). Note that the relation is not going through 
the origin and the slope is less than one. 
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Figure 3.5: Excellent linear relationship between stenosis resistance at hyperemia and at rest. r = 0.96, P<0.0001. 

PRI is based on the difference between the pulsatile pressure indices PPId and on PvI 
(Eq. 3.4) and the dependence of these indices on hyperemic SR is depicted in 
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Figure 3.6A and B, respectively. PvI did not correlate with hyperemic SR in either left (r 
= 0.287) or right (r = 0.330) target vessels. The absolute value of (PPId – PPIa) correlated 
nicely with hyperemic stenosis resistance, with different relationships for the left (r = 
0.826) and right coronary arteries (r = 0.918). A strong linear relationship was found 
between mean stenosis resistance at hyperemia and PRI at rest (Figure 3.7). These 
relations were distinctly different for the left SRhyp = 1.85* PRIrest - 0.04 (n = 23, r = 0.93, 
P<0.0001) and right target vessels SRhyp = 3.92 * PRIrest + 0.45 (n = 6, r = 0.97, P<0.001). 
Even when all vessels were grouped together the correlation between PRI at rest and 
hyperemic SR was rather good, SRhyp = 1.85 * PRIrest + 0.30 (n = 29, r = 0.85, P<0.0001). 
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Figure 3.6: (A) Significant correlations between abs(PPId – PPIa) and stenosis resistance for right coronary artery 
(closed symbols, r = 0.918) and left coronary artery (open symbols, r = 0.826). (B) Absence of correlation 
between PvI and stenosis resistance for right coronary artery (closed symbols, r = 0.330) and left coronary artery 
(open symbols, r = 0.287).  
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Figure 3.7: Excellent linear relationships were found between baseline pulsatile resistance index and hyperemic 
stenosis resistance for left (open symbols, r = 0.93, P<0.0001) and right (closed symbols, r = 0.97, P<0.0005) 
coronary vessels.  

Discussion 
Based on pulsatile indices of aortic and coronary pressure and flow velocity obtained 
at rest, a pulsatile index of stenosis resistance, PRI, has been derived that correlates 
highly with coronary stenosis resistance measured at hyperemia. This relationship is 
different for the right and left coronary arteries. Since hyperemic SR is a good 
predictor of inducible ischemia as determined by SPECT [12], PRI has the potential of 
becoming such a predictive index as well, with the additional advantage of being 
based on measurements at rest and not being sensitive to pressure-transducer-related 
drift. Furthermore, we found that the pulsatile velocity index, PvI, was strongly related 
to microvascular conductance, MC, but not to distal coronary pressure as predicted 
by the elastance model [11]. Our findings demonstrate a dominant role for coronary 
microvascular resistance in damping coronary flow pulsations both at rest and during 
hyperemia.  

Physiological interpretation of coronary pulsatile velocity index, PvI 

The intramyocardial pump model [16] assumes that the compression of the coronary 
microvessels displaces blood out of the intramural vessels into both arteries and veins, 
inducing a decrease in arterial systolic flow that in some circumstances may become 
negative and an increase in venous systolic flow. Consequently, the systolic-diastolic 
variations in arterial blood flow that are superimposed on its mean value are 
attributed to corresponding changes in intramyocardial blood volume. Therefore, the 
pulsatility of coronary flow depends on the force by which intramural blood volume is 
displaced and on the impediment of flow variations by resistance vessels. 

Originally it was assumed that the intramural vessels were compressed via transmission 
of left ventricular pressure, PLV, to tissue pressure. This hypothesis corresponded with the 
dominant effect of myocardial contraction on subendocardial flow [2]. However, later 
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studies demonstrated that coronary flow was still pulsatile in the empty beating heart 
and hence PLV = 0 [10]. In this condition subendocardial perfusion was still lower than 
epicardial perfusion [19]. These observations resulted in the elastance hypothesis 
where it is assumed that at the same elastance variations during systole, intramural 
pressure pulsations and consequently coronary arterial flow variations are larger when 
the intramural vascular volume is filled to a higher level [10]. This proposed relationship 
between coronary filling and coronary flow variations is similar to the elastance model 
proposed by Suga et al. [18] to describe ventricular function. During maximal 
vasodilatation intramural blood volume increases with coronary pressure, Pd, and 
therefore the elastance model predicts an increase in flow variations. This was indeed 
demonstrated by Krams et al.[11] in the isolated cat heart applying an external 
perfusion system with pressure control.  

However, the interaction between myocardial contraction and intramural vessels is 
complicated and varies throughout systole [15]. In the beginning and end of systole 
left ventricular pressure is transmitted to coronary flow [9] and epicardial lymph 
pressure [5] while in mid-systole that effect is absent and the increased myocardial 
stiffness protects the intramural vessels against further compression. The interaction of 
these contraction-related effects has not yet been studied thoroughly.  

Our data could not verify one of the observations on which the elastance model is 
based, namely that the pulsatility of flow in the hyperemic condition would increase 
with higher perfusion pressure. Using PvI as a substitute for coronary flow amplitude we 
found that also in the absence of a stenosis flow pulsations were not related to mean 
coronary perfusion pressure Pd during hyperemia (Figure 3.4). The range of perfusion 
pressures we covered was similar to that of Krams et al. [11], with stenotic vessels 
covering the lower range and revascularized and reference vessels the upper.  

We demonstrated earlier that microvascular resistance at hyperemia depends on 
Pd [20] and the earlier results of Krams et al. [11] may be explained by the pressure-
dependence of microvascular resistance, rather than by an elastance-driven 
intramyocardial pump. Our data clearly demonstrate the effect of microvascular 
conductance on the pulsatile velocity index, which is in agreement with the 
intramyocardial pump model. However, our dataset provides no information about 
the compressive forces on the intramural blood vessels. Additional experiments in 
which these forces are modulated are required to further our understanding of that 
mechanism. 

Physiological interpretation of coronary pulsatile pressure index 

As has been observed previously [3], the distal coronary pressure waveform in the 
presence of a stenosis is substantially altered between rest and hyperemia. It changes 
from an aortic pressure pattern to that of left ventricular pressure and distal pressure 
starts to increase in systole before the aortic valve opens (see Figure 3.1). Prominent 
features in this transition are a steeper and greater drop from systolic to diastolic Pd(t) 
and a slower decay of diastolic distal pressure. These features are augmented by 
stenosis severity and hyperemia in the presence of a stenosis (Figure 3.1). These 
changes in Pd(t) are due to the fact that the stenosis represents a load for the 
intramyocardial pump and impedes the retrograde flow component [16, 17] which 
results in an increase of PPId as shown in Figure 3.2A.  
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Since compression of intramural vessels is an important determinant of PPId one would 
expect differences between the right and left coronary artery, since right ventricular 
pressure is much lower than left and therefore abs(PPId-PPIa) would be smaller for the 
right coronary artery than for the left. Such a difference was indeed found, as 
demonstrated in Figure 3.6A where abs(PPId-PPIa) is plotted as function of hyperemic 
SR. However, the right coronary artery in humans supplies not only the RV free wall but 
also a variable portion of the septum and LV free wall. Hence, the pressure and 
velocity pulsations in the right coronary artery are the result of a combination of 
different compression effects and it is not clear how these superimpose and affect 
each other. We have not sufficient data from the RCA to further explore these 
differences between the left and right coronary arterial system.  

Recently changes in transmission of the high frequency content of aortic to distal 
pressure especially related to the dicrotic notch have been studied in relation to the 
functional significance of the stenosis as expressed by FFR [1]. A good correlation of r = 
0.81 was found for this relationship. The damping of the dicrotic notch is yet another 
manifestation of the uncoupling of distal pressure from aortic pressure. However, the 
dicrotic notch only contributes to the pulsatile energy when its pressure variation is 
around the mean of the aortic or distal pressure. Moreover, even if this were the case, 
its contribution to the pulsatile energy would be small since the amplitude of pressure 
variation is small compared to the changes induced by the intramyocardial pump 
action. 

Relation between stenosis resistance at rest and during hyperemia 

We found an excellent incremental-linear relation between mean stenosis resistance 
at rest and hyperemia (Figure 3.5). Hyperemic SR was on average about 12% higher 
than SR at rest, which is to be expected since pressure drop increases more than 
proportionally with flow-velocity [8]. This linear relation between stenosis resistance at 
rest and hyperemia seems at odds with the nonlinear pressure drop-flow relation that 
characterizes a stenosis and is caused by separation losses due to the convergence 
and divergence of flow as described by the law of Bernoulli [4, 22]. However, for mild 
lesions the Bernoulli effect is small and stenosis resistance will only marginally increase 
with increasing flow. With higher stenosis severity the curvature of the stenosis pressure 
drop-velocity relationship will be steeper but the vasodilation-induced rise in flow 
velocity will be small, thereby limiting the Bernoulli effect on SR [12, 14]. Our present 
findings suggest that hyperemia is not a necessary condition to determine the severity 
of a stenosis based on its resistance. However, the practical utilization of this 
observation is limited by the fact that the pressure gradient is low at basal flow rates 
and small errors in pressure measurement would translate into relatively large errors in 
stenosis resistance. 

Relation between pulsatile resistance index and mean stenosis resistance 

Since the means of pressure and velocity define SR and PRI is derived from variations 
around the means of these signals, a correlation between PRI and SR is to be 
expected and our data show strong corresponding relationships. These correlations 
are different for the right and left coronary artery mainly due to the difference in PPId 
for a given stenosis resistance, as discussed above. It is important to note that the 
correlations between hyperemic SR and PRI (LC: r = 0.928, RC: r= 0.973) are better than 
the respective correlations for the absolute value of the difference between PPId and 
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PPIa (LC: r = 0.827, RC: r = 0.919) thanks to the incorporation of PvI data which has no 
linear relation with SR itself (LC: r = 0.287, RC: r= 0.331). This illustrates that a stenosis 
resistance influences the pulsatile energies of velocity and distal pressure in a related 
manner. Hence, the PRI better reflects the mechanisms underlying the stenosis effect 
on pulsatility of pressure and velocity waveforms than the signals themselves do 
separately.  

Usefulness of pulsatile indices for clinical decision-making 

There is a great need for decision support during the catheterization procedure with 
respect to ‘yes’ or ‘no’ treatment of a coronary lesion [8]. Methods that result in 
decision-support without the need for inducing hyperemia have a distinct advantage 
since there is no uncertainty about the dose of vasodilator to be administered [1]. The 
combined measurement of pressure and flow velocity provides a number of 
possibilities for indices that can assist clinical decision-making, including fractional flow 
reserve (pressure-based), FFR, coronary flow velocity reserve (velocity-based), CFVR, 
and hyperemic stenosis resistance (combined pressure and velocity). This study 
demonstrates the potential of a new index, PRI. The basic strength of this dynamic 
index is two-fold. In the first place, it is a quantity obtained at rest and correlates well 
with stenosis resistance at hyperemia. It has been demonstrated that especially for 
intermediate lesions hyperemic SR is a better predictor of reversible ischemia than FFR 
and CFVR [12]. By using PRI, no adenosine injections are needed to derive hyperemic 
SR. Secondly, the determination of the pulsatile indices is independent of drift in the 
pressure sensor, a recurrent problem when using sensor-equipped guidewires, which 
limits the usefulness of SR at baseline to predict SR at hyperemia.  

With our increasing insight into the mechanisms determining the phasic patterns of 
coronary pressure and flow velocity in the diseased coronary artery, the future of 
clinical decision-making will most likely be assisted by a combination of indices 
derived from both mean and phasic characteristics of these signals.  

Conclusions 
In this study we demonstrate that pulsatile pressure and velocity indices are useful 
surrogates for changes in velocity and pressure amplitudes investigated in perfusion 
controlled studies. We find no dependency of PvI on distal pressure, but a good 
correlation between PvI and microvascular conductance, which disproves an 
accepted paradigm for explaining coronary flow pulsations. We further demonstrate 
that hyperemic stenosis resistance is well predicted by the pulsatile resistance index 
measured at baseline and therefore this index has high potential for clinical decision-
making with respect to stenosis revascularization. More clinical studies are warranted 
to further substantiate these conclusions. 
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Abstract 
Background: A novel single-point technique has recently been presented to calculate 
an index of local wave speed (c) in human coronary arteries, but its applicability has 
not yet been tested in diseased vessels. Wave speed is needed to separate forward 
and backward travelling components in wave intensity (WI) analysis. 

Methods: In 29 patients distal intracoronary pressure (Pd) and Doppler velocity (v) were 
recorded at rest and during hyperemia in a normal reference vessel and in a diseased 
vessel before and after revascularization. Large vessel tone was minimized with 
nitroglycerine. Microvascular resistance (MR) and c were calculated from Pd and v. 
For 3 subjects, the area under separated WI waveforms was determined for a range of 
c from 25% to 200% of its calculated value. 

Results: In the presence of a stenosis, microvascular vasodilation by adenosine 
decreased Pd by 20 mm Hg (P<0.0001) and c from 34.4 ± 18.2 to 27.5 ± 13.4 m/s 
(P<0.001). Stent placement reduced hyperemic MR by 26% (P<0.005) and increased 
Pd by 26 mm Hg (P<0.0001), but paradoxically further decreased c to 13.1 ± 7.7 m/s 
(P<0.0001). Changes in c correlated strongly with changes in MR (P<0.001). Varying c 
from -50% to +100% of the calculated value did not substantially alter separated WI, 
but a deviation of -75% introduced marked changes. 

Conclusions: Local coronary wave speed derived from the single-point method is 
influenced by distal microcirculation and proximal stenosis, thereby limiting its 
application in studying physiological responses. However, this parameter is still 
applicable for wave separation in coronary WI analysis. 
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Introduction 
Arterial wave speed is an important physiological marker of cardiovascular risk [2, 16, 
24] which results from its inverse relation to vessel wall distensibility. Consequently, 
wave speed is influenced by factors that affect wall stiffness, such as age, vascular 
disease, distending pressure and vascular tone [2, 10, 12, 14, 22]. It is also a 
fundamental parameter required in wave intensity analysis (WIA) for the separation of 
traveling waves into their forward and backward components [6, 15, 25]. 

Wave speed in the human peripheral arteries can be measured using the foot-to-foot 
method [11] or the pressure-velocity (PU) loop method [7, 8, 25]. The foot-to-foot 
method involves simultaneous pressure recordings at two locations with a known 
distance apart and derivation of the time it takes the wave to travel that distance. This 
technique yields the average wave speed between the two measuring points and 
therefore must be applied to vessel segments with fairly uniform wall properties. The 
PU-loop method involves simultaneous pressure and velocity recordings at a single 
location within a vessel. Local wave speed is then derived from the slope of the linear 
portion of the pressure-velocity loop. This linear portion must correspond to the period 
when only unidirectional waves are present in the system [6].  

Both methods are, however, unsuited to determine wave speed in human coronary 
arteries. The coronary vessels are too short and tortuous to apply the foot-to-foot 
method. On the other hand, because coronary waves are generated simultaneously 
from proximal and distal sources, there is no period during the heart cycle when only 
forward or only backward waves are present [3] and therefore the PU-loop method 
cannot be used either.  

Recently, Davies et al. [4] presented a new single-point technique for local wave 
speed calculation that uses complete heart cycles without restrictions about wave 
travel direction. Application of this technique in healthy human coronary vessels at 
resting flow conditions demonstrated good correlations between coronary and aortic 
wave speed. Furthermore, coronary wave speed increased with age and decreased 
substantially after pharmacological reduction of epicardial vessel tone. The authors 
therefore concluded that this method is suitable for implementation in human 
coronary arteries [4]. However, the applicability of this promising single-point 
technique has not yet been investigated for conditions frequently encountered in 
clinical practice. Diseased coronary vessels may introduce additional localized 
reflection sites that may render this method less accurate. Similarly, the potential 
influence of clinical procedures that alter coronary distending pressure has also not 
been studied.  

The aims of this study were to investigate 1) to what extent local wave speed in 
human coronary arteries as derived from the single-point technique differs between 
healthy and diseased vessels and 2) how it is affected by altered distending pressure 
due to microvascular vasodilation and revascularization of an epicardial stenosis. 
Since wave speed is needed for wave separation in WIA we also tested the sensitivity 
of wave separation to deviations from the calculated wave speed. 
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Methods  

Study population 

The study group consisted of 29 subjects (mean age 59 ± 9 yrs, 23 males) with stable 
angina pectoris who were scheduled for elective balloon angioplasty and stent 
placement. All patients had at least one angiographically normal vessel (<30% 
diameter stenosis) and one vessel with a single de novo lesion. Exclusion criteria 
included prior coronary intervention, recent myocardial infarction, cardiomyopathies, 
valvular disease and the presence of visible collaterals. The protocol was approved by 
the medical ethics committee of our institution and all patients gave written informed 
consent. 

Medication and protocol 

All patients continued their prescribed antianginal and antiplatelet medication. 
Cardiac catheterization was performed by the femoral approach using a 5F or 6F 
guiding catheter. An intracoronary bolus of 0.1 mg nitroglycerin was given at the 
beginning of the procedure and was repeated every 30 min thereafter to minimize 
large vessel tone throughout the protocol. Hemodynamic measurements were 
obtained in an angiographically normal reference vessel and in the diseased vessel 
before and after revascularization by stent placement. Data for each condition were 
collected continuously at rest and throughout the hyperemic response to a 20-40 µg, 
i.c. bolus of adenosine.  

Hemodynamic measurements 

Aortic pressure (Pa) was measured via the guiding catheter at the coronary ostium. A 
0.014-inch dual-sensor guidewire (Volcano Corp., Rancho Cordova, CA) was 
advanced to a distal position in the interrogated coronary vessel to record 
intracoronary perfusion pressure (Pd) and flow velocity (v) signals [19, 23]. The Doppler 
sensor was located at the tip and the pressure sensor 3 cm proximal to the tip. Care 
was taken to place the sensors in a smooth vessel segment without geometric 
discontinuities and to obtain an optimal and stable velocity signal. Sensor position was 
maintained before and after stent placement. After processing by the respective 
instrument consoles (WaveMap and FloMap, Volcano Corp.), the hemodynamic 
signals and ECG were digitized at 120 Hz for off-line analysis.  

Data analysis 

Data processing was performed using custom software written in Delphi (version 6.0, 
Borland Software Corporation, Cupertino, CA). Smoothed derivates of the Pd and v 
signals were obtained by the Savitzky-Golay convolution method using an 11-point 
third order polynomial filter [18]. Based on the ECG R-peak of selected consecutive 
heart beats, average Pa, Pd, v, and HR were calculated during resting and peak 
hyperemic flow conditions over 8-9 and 2-3 cycles, respectively. A corresponding 
velocity-based index of microvascular resistance was derived as MR = Pd/v [19, 23]. 
The local coronary wave speed c was obtained as [4] 
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where dPd and dv are the distal pressure and velocity differentials between successive 
sampling points and the summations were taken over consecutive heart cycles during 
resting and hyperemic flow periods. A value of ρ = 1050 kg/m3 was used for blood 
density. 

The sensitivity of separated waves in WIA to changes in local conditions was examined 
for examples of 3 patients with different wave speeds. For each condition, separated 
forward and backward wave intensity (WI) was calculated for ensemble averaged 
cycles according to [3]:  
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Note that this derivative calculation yields a wave intensity that is independent of the 
sampling rate. The ratio of the respective sums of all forward and backward wave 
energies was calculated to test whether integrated forward and backward waves 
cancel without summation of energy from one heart cycle to the next which is one of 
the assumptions underlying the derivation of the single-point wave speed equation 
[4]. 

The extent to which the integrated forward and backward wave energies depended 
on wave speed was tested for hyperemic data obtained in three patients in the 
reference vessel and in the diseased vessel before and after stent placement by 
varying wave speed from 25% to 200% of the corresponding actual value assessed 
from the single-point technique. 

Statistical analysis 

Data are expressed as mean ± SD. Hemodynamic data between different steps of the 
protocol were compared using analysis of variance with repeated measures, followed 
by contrast analysis (SPSS, version 12.0). Results obtained for resting and hyperemic 
conditions at each step of the protocol were compared using Student’s paired t-test. 
Linear regression analysis was used to investigate relations between continuous 
parameters. Statistical significance was assumed at P<0.05. 

Results 
Distal coronary artery measurements were obtained in all 29 patients before and after 
stent placement. Mean diameter stenosis was 55.7 ± 11.4%. Suitable measurements in 
the reference vessel were not available in six patients. Stenotic lesions were 
predominantly located in the left anterior descending artery (n = 19), while most 
reference vessels were the circumflex coronary artery (n = 19).  

A typical measurement sequence obtained in a reference vessel is depicted in 
Figure 4.1. The aortic pressure signal shows two short periods where adenosine was 
injected into the coronaries and the catheter was flushed. The subsequent 
vasodilation is apparent from the flow velocity increase in the top panel. The distal 
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coronary pressure, Pd, in the second panel from the top is hardly affected by the 
adenosine injection. The beat-averaged microvascular resistance decreased by a 
factor of three and the calculated wave speed fell concomitantly by a factor of two.  
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Figure 4.1: Response to vasodilation by adenosine recorded in a reference vessel. Tracings show continuous 
recordings of distal velocity (v) and pressure (Pd), aortic pressure (Pa) and ECG. Per-beat values of 
microvascular resistance (MR) and wave speed (c) are displayed in the two lower panels. Adenosine is 
injected between t = 7s and t = 12s. Vasodilation of the microcirculation has an immediate and prominent 
effect on wave speed. 

Table 4.1: Hemodynamic values and wave speed at baseline and during hyperemia 

 stenosis 
(n = 29) 

stent 
(n = 29) 

reference 
(n = 23) 

Baseline 
HR (bpm)  71 ± 13  71 ± 15  67 ± 13 
Pa (mm Hg)  103 ± 15  104 ± 16  103 ± 15 
Pd (mm Hg)  82 ± 19  101 ± 15†  100 ± 15‡ 
v (cm/s)  16 ± 6.7  19.0 ± 6.1†  19.6 ± 7.5 
MR (mm Hg/cm/s)  5.90 ± 2.70  5.93 ± 2.39  5.79 ± 1.99 
c (m/s)  34.4 ± 18.2  25.0 ± 14.6†  21.5 ± 8.0‡ 
Hyperemia 
HR (bpm)  71 ± 13  70 ± 13  68 ± 12 
Pa (mm Hg)  99 ± 15*  97 ± 14*  97 ± 15* 
Pd (mm Hg)  61 ± 16*  87 ± 14*†  94 ± 14*†‡ 
v (cm/s)  30.1 ± 15.7*  58.1 ± 16.9*†  54.9 ± 16.9*‡ 
MR (mm Hg/cm/s)  2.53 ± 1.25*  1.67 ± 0.73*†  1.82 ± 0.44*†‡ 
c (m/s)  27.5 ± 13.4*  13.1 ± 7.7*†  10.5 ± 4.1*‡ 

*P<0.001 compared to baseline; †P<0.05 compared to previous step; ‡P<0.05 reference compared to stenotic 
vessel. 
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Effect of distal vasodilation and revascularization 

Average hemodynamic and wave speed data are summarized in Table 4.1 for all 
three steps of the protocol. Heart rate did not change throughout the procedure. 
Mean aortic pressure was 103 ± 15 mm Hg at rest and decreased slightly during 
hyperemia, while coronary flow velocity increased substantially (P<0.0001). 

The effect of age on local wave speed is depicted in Figure 4.2 at rest (A) and during 
hyperemia (B) for the reference vessel as well as the target vessel before and after 
stent placement. There was a significant positive relation between local coronary 
wave speed and age at rest for all vessel conditions. After vasodilation, significant 
age-dependency was only maintained for the undiseased reference vessel. The 
slopes of the regression lines were not significantly different between vessel conditions 
or between rest and vasodilation. 
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Figure 4.2: Relation between coronary wave speed and age at rest (A) and during hyperemia (B). There was 
no significant difference in the slopes of the regression lines between healthy, treated and diseased vessels or 
between resting and hyperemic conditions. 
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Figure 4.3 illustrates changes in distal coronary pressure and wave speed induced by 
hyperemia and stent placement. Coronary wave speed decreased after 
microvascular vasodilation in all conditions (P<0.001). Both at rest and during 
hyperemia, local wave speed was substantially higher in the presence of a proximal 
stenosis than after revascularization or in the reference vessel (P<0.005): distal to the 
stenosis c decreased from 34.4 ± 18.2 m/s at rest to 27.5 ± 13.4 m/s at hyperemia, while 
after revascularization c decreased from 25.0 ± 14.6 m/s at rest to 13.1 ± 7.7 m/s at 
hyperemia. 
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Figure 4.3: Changes induced in coronary wave speed and distal coronary pressure by microvascular 
vasodilation and stent placement. Open symbols refer to resting and closed symbols to hyperemic conditions. 
The error bars represent standard error of the mean. Symbols for statistical significance refer to wave speed: 
*P<0.001 compared to rest, †P<0.005 compared to the previous step, ‡P<0.005 reference compared to stenosis.  

Corresponding relative changes are shown in Figure 4.4. Hyperemia induced by 
microvascular vasodilation (left panels) reduced MR by 64 ± 13% averaged over all 
vessel conditions (P<0.0001). This was associated with a reduction in distal pressure by 
20 ± 9 mm Hg with stenosis present, and by 14 ± 11 mm Hg and 7 ± 5 mm Hg after 
revascularization and in the reference vessel, respectively (all P<0.0001). Despite the 
larger drop in distal distending pressure in the presence of a stenosis, local wave 
speed decreased by the smallest amount in this condition: wave speed declined by 
6.9 ± 9.6 m/s (17%) in the presence of the stenosis (P<0.001) compared to 11.8 ± 10.9 
m/s (42%) in the treated and 10.9 ± 5.9 m/s (49%) in the reference vessel (both 
P<0.0001). Revascularization (right panels) lowered hyperemic MR by 26 ± 28% 
(P<0.005), while basal MR remained unchanged. Stent placement restored distal 
coronary pressure (P<0.0001) close to reference levels, but this increase in distending 
pressure was concomitant with a paradoxical decrease in wave speed: local wave 
speed fell by 9.4 ± 14.3 m/s (18%) at resting conditions (P<0.005) and by 14.3 ± 12.9 m/s 
(43%) during hyperemia (P<0.0001).  
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Figure 4.4: Relative changes in distal pressure, MR and wave speed due to distal vasodilation (A) and proximal 
stent placement (B). Local wave speed decreased despite an increase in distal pressure after 
revascularization. The error bars represent standard error of the mean. *P<0.005 compared to rest, †P<0.05 
compared to the previous step, ‡P<0.005 reference compared to stenosis.  

Figure 4.5 depicts the relationships between changes in wave speed and changes in 
MR and Pd. The decrease in wave speed induced by adenosine vasodilation (top 
panels) was positively correlated with the corresponding reduction in MR (top left 
panel) both in the reference and the stented vessel (r = 0.46, P<0.03 and r = 0.69, 
P<0.0001, respectively), but not in the stenotic vessel (r = 0.29, P = 0.13). Although the 
hyperemia-induced decrease in distending pressure was in general associated with a 
decrease in wave speed, no significant linear relation could be found between ∆c 
and ∆Pd for either of the vessel conditions (top right panel). Similar to the findings after 
vasodilation, stent placement (Figure 4.5 bottom panels) resulted in significant positive 
correlations between ∆c and ∆MR (lower left panel) for both resting (r = 0.58, P<0.001) 
and hyperemic (r = 0.61, P<0.001) conditions. In contrast, the increase in distending 
pressure after revascularization was associated with an unexpected paradoxical 
decrease in local wave speed (lower right panel), with a significant negative 
correlation between ∆c and ∆Pd at hyperemia (r = 0.48, P<0.01). 
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Figure 4.5: Relationship of changes in wave speed with the associated changes in MR and distal coronary 
pressure. Changes in wave speed induced by vasodilation (A) were positively correlated with changes in MR 
(left), but not with changes in coronary pressure (right). In contrast, changes due to stent placement (B) were 
positively correlated to changes in MR (left), but there was a negative correlation between changes in wave 
speed and changes in distal pressure (right).  

Effect of variations in c on separated wave intensity 

Figure 4.6 shows the effect of varying wave speed from one half to twice its 
calculated value on separated forward and backward wave intensity (WI) for 
examples of a diseased (top) and a reference vessel (bottom) from the same patient. 
Wave intensities are shown for a single ensemble-averaged heart cycle, during 
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hyperemia, starting with the R-peak of the ECG. The separated waves resulting from 
application of the calculated wave speed (Eq.4.1) are shown with grey filled areas. 
No additional self-canceling waves were induced nor was the WI profile or timing 
during the heart cycle substantially altered when c deviated in a positive direction. 
Lowering c had a larger influence on the separated waves. 
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Figure 4.6: Separated forward and backward wave intensity (WI) from the diseased right coronary artery (62% 
diameter stenosis) (top) and the healthy left anterior descending coronary artery (bottom) of a 62 yr old 
patient. Separated WI is displayed for the value calculated with the single-point technique and variations of c 
of -50%, +50% and +100% of this value. The ensemble-averaged beat starts with the R-peak of the ECG. 

In order to quantify these changes in WI, we determined the integrated backward 
and forward wave area, representing the total energy during a complete heart cycle 
carried by backward and forward waves, respectively, and their ratio (B/F ratio). 
Results are shown in Figure 4.7 for three patients with calculated wave speeds 
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between 21 and 57 m/s in the diseased vessel at hyperemia. For wave speed 
variations within ± 25%, the increase in forward wave area was on average not higher 
than 5.5% and the increase in backward wave area was lower than 3.5%. This led to a 
change in B/F that was 2.3% in the stenotic vessel, 0.4% after revascularization, and 
0.5% in the reference vessel. These examples also illustrate that the B/F ratio (bottom 
panels) was closer to unity after stent placement and in the reference vessel than in 
the stenotic vessel. Variations in c affected the B/F ratios to a larger extent the more 
they differed from unity at the calculated wave speed. 
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Figure 4.7: Total wave energy carried during the heart cycle by forward (F, top panels) and backward traveling 
waves (B, middle panels), and their ratio (B/F, bottom panels). Results during hyperemia are shown for different 
percent deviations from the wave speed calculated with the single-point technique. The selected examples 
from three patients cover different wave speeds (indicated in B/F panels), percent diameter stenoses and 
vessels. Separated wave energies markedly increase when a wave speed less than half of the calculated 
value is used. The B/F ratio is closer to unity in the absence of a stenosis.  
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Discussion 
The results of this study show that local coronary wave speed as derived with the 
single-point technique [4] from epicardial hemodynamic measurements, is influenced 
by the presence of a stenosis and by alterations in downstream microvascular tone. 
Contrary to arterial wave speed behavior determined by other methods, the single-
point measurement in coronary vessels did not correlate with changes in distending 
pressure in the expected positive way: 1) This paradoxical behavior was especially 
obvious when distending pressure was raised by revascularization and local wave 
speed decreased instead of increased. 2) In the presence of a proximal stenosis, 
wave speed measured at a distal location was not related to a decrease in 
distending pressure, but to a decrease in microvascular resistance. These two 
observations suggest that the assumptions underlying the derivation of wave speed by 
the single-point technique may not be met in diseased vessels and are likely to result in 
an inaccurate estimate of coronary wave speed. However, even considerable 
changes in wave speed values did not strongly affect the magnitude of separated 
wave intensities.  

Coronary wave speed in normal and diseased vessels 

The wave speed of 21.5 m/s we determined in reference vessels at rest compares 
favorably with the value of 20.4 m/s reported for healthy human coronary vessels [4]. It 
should be noted that our data were obtained after reducing conduit vessel tone by 
administration of nitroglycerin (0.1 mg i.c.) while those of Davies et al. [4] were 
determined in the absence of vasoactive drugs. Moreover, when in the study of 
Davies et al. 1 mg of intracoronary isosorbide dinitrate was given, wave speed 
dropped to 9.3 m/s, close to the value of 10.5 m/s that we obtained at full arteriolar 
vasodilation with adenosine [21]. It is not unlikely that this dose of isosorbide dinitrate 
induced a drop in perfusion pressure as well as transients in microvascular resistance 
during the 1-min measurement period. However, no data on coronary pressure or 
microvascular resistance were given in that study to test this possible explanation.  

Animal studies on coronary wave speed [1, 17] report values in the order of 10 m/s for 
healthy vessels at resting conditions, which seems low compared to our values at rest 
for the reference vessel. Assuming that coronary c can be correctly determined by 
the single-point method, two possible explanations for this difference should be 
considered. In the first place the relative age of the animals was likely lower and 
secondly, anesthesia-related reduced systemic pressures and/or microvascular 
dilation may have been present. 

To the best of our knowledge this is the first study to report on coronary wave speed 
after full vasodilation and in diseased human coronary vessels. For rational assessment 
of our findings we therefore depend on internal consistency of our data. At rest we 
found a local wave speed of 34.4 m/s in an angiographically normal vessel segment 
downstream of a stenosis. This higher value of wave speed at a lower distending 
pressure than in the reference vessel could be indicative of a stiffer and diseased 
vessel wall. However, it is improbable that the wall properties downstream of the 
stenosis were affected by the (upstream) stent placement, yet, local wave speed 
dropped to the value in the reference vessel after revascularization. It is therefore 
unlikely that the higher wave speed distal to a stenosis as assessed with the single-
point method reflects only local wall properties. On the other hand, the observed 
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effect of age on coronary wave speed is consistent with the generally accepted 
concept of an age-dependent increase in wall stiffness [9]. Hence the single-point 
wave speed is certainly influenced by vessel wall properties but not solely. 

Relationship between c, intraluminal pressure and downstream microvascular 
conditions 

Wave speed in arteries is directly linked to distending pressure and elastic properties of 
the vessel wall [1, 5]. From the data shown in Figure 4.3 it is apparent that both wave 
speed and distal perfusion pressure decreased with vasodilation. However, they 
changed in opposite directions after revascularization of a proximal stenosis, when 
local coronary wave speed declined despite the increase in distending pressure.  

The absence of a relation between changes in wave speed and distending pressure 
became more apparent when we examined individual patient data. The decrease in 
c induced by vasodilation was not related to changes in Pd (Figure 4.5, top right) and 
there was a paradoxical inverse correlation between changes in c and Pd after stent 
placement (Figure 4.5, bottom right). In contrast, we found that changes in c induced 
either by vasodilation or by angioplasty were positively related to changes in MR 
(Figure 4.5, left panels).  

We believe that our observations clearly indicate that epicardial wave speed as 
derived from the single-point technique is influenced by changes in distal 
microvascular resistance. Davies et al. [4] briefly discussed this possibility but 
concluded that this was unlikely because they found similar wave speeds in different 
coronary vessels. However, our observations demonstrate that perfusion conditions of 
the downstream vascular bed can affect wave speed derived from the single-point 
method.  

Assumptions of the single-point technique 

One of the assumptions for the application of the wave speed single-point technique 
is that there is no summation of energy from one heart cycle to the next [4], i.e., B/F = 
1. We demonstrated in Figure 4.7 for 3 patients that, although this assumption is roughly 
fulfilled in the reference and the treated vessel, it does not hold in the presence of a 
stenosis proximal to the measurement location. This observation suggests that a crucial 
prerequisite for the application of the single-point technique is not satisfied in diseased 
coronary arteries, and that the wave speed values calculated in these vessels may 
not be accurate. Further, the formula given in Eq. 1 was derived based on 
minimization of total wave intensity over complete heart cycles [4] since an incorrect 
wave speed would generate self-canceling artifacts in the calculation of separated 
forward and backward wave intensity. However, as discussed by the authors [4], local 
reflection sites generate real forward and backward waves which would not 
necessarily cancel each other out. Since a stenosis basically represents a proximal 
reflection site for our distal measurements [13, 20], this could provide an explanation 
for the unusually high wave speeds we obtained in angiographically normal vessel 
segment distal to a stenosis. 

Possible reflections from the stent do not seem to affect the single-point technique, 
because the c values we calculated after revascularization both at resting and 
hyperemic conditions were close to the values measured in the reference vessel and 
not exceedingly high like the values before stent placement. 
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Implications for WIA 

It is important to note that our critique of the single-point technique concerns mainly 
the case of a diseased coronary vessel. We confirmed that the separated WI remains 
relatively unchanged for large variations of the wave speed in normal vessels [3, 6] 
and that this conclusion also applies in diseased vessels and after revascularization . 
This suggests that even if the single-point technique yields values that considerably 
over- or underestimate the true wave speed, it can still provide a useful parameter for 
wave separation. This is an important finding since it enables the separation of 
traveling waves in the coronary arteries into forward and backward components and 
therefore allows for a better understanding of aortic, left ventricular and 
microcirculatory interactions in the coronary circulation.  

Conclusions 
We conclude that coronary wave speed derived from the single-point technique is 
coupled to changes in microvascular resistance, MR, which limits its applicability to 
study local wall properties or physiological responses. Despite the fact that c may not 
accurately represent true wave speed in diseased coronary arteries, it still is a useful 
parameter for the purpose of wave separation in coronary WIA applications. 
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Abstract 
Background: Wave Intensity (WI) Analysis applied to epicardial pressure and flow 
velocity signals is a powerful tool that can distinguish between forward- (aortic origin) 
and backward-traveling (microcirculatory origin) waves. We hypothesized that the 
size of the backward waves is dependent on coronary microvascular resistance (MR) 
and that they can therefore be used for assessment of the coronary microcirculation. 

Methods: ECG, aortic pressure (Pa) and distal coronary pressure (Pd) and flow velocity 
(v) were recorded at rest and during maximal hyperemia in 26 patients in a normal 
reference vessel and in a diseased vessel before and after stent placement. From the 
WI contour the areas of two major backward and two major forward waves were 
calculated, representing wave energy. Microvascular resistance was computed as 
MR = Pd/v and microvascular conductance, MC, as its inverse: 1/MR. 

Results: Vasodilation induced a decrease in Pd and MR (P<0.0001) and was associated 
with an increase in the area of both backward waves (P<0.005). The changes induced 
by stent placement in the energy of hyperemic backward waves were strongly 
correlated to the accompanying changes in MC (P<0.0005). Wave intensities at 
hyperemia and at rest were strongly correlated as well. 

Conclusions: The increase in the energy of the hyperemic backward waves after stent 
placement is indicative of a decrease in hyperemic coronary microvascular 
resistance, occurring concomitantly with coronary pressure restoration. Wave intensity 
is more strongly determined by MR than stenosis resistance.  
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Introduction 
Assessing the effect of treatments designed to improve myocardial perfusion is 
becoming increasingly important [3]. However, the means available in the 
catheterization laboratory to assess the coronary microcirculation in patients are 
limited. Currently available techniques to quantify coronary microvascular resistance 
rely on time-averaged indices derived from hemodynamic measurements in 
epicardial vessels. Moreover, the interpretation of changes in microvascular resistance 
is model-dependent and no consensus exists on the underlying model structure [22].  

Wave intensity analysis (WIA) is a time domain method that can serve as an 
alternative tool to obtain information about the coronary microcirculation from 
epicardial measurements [2, 10, 17]. Coronary wave intensity is derived from 
incremental changes in local pressure and velocity and describes the rate of energy 
transported per unit area by traveling waves generated by cardiac contraction and 
relaxation. WIA discriminates forward-running waves, propagating in the direction of 
blood flow, and backward-running waves, which propagate in the opposite direction. 
These waves are further classified as compression and expansion waves according to 
whether they increase or decrease pressure, respectively. The four possible types of 
waves are therefore forward and backward compression and expansion waves. 
Pressure and flow change together in forward waves, but with opposite sign in 
backward waves. Coincident forward and backward waves are superimposed to 
form the net wave intensity at the measuring location. If local pulse wave velocity is 
known, the measured pressure and velocity waveforms and net wave intensity can be 
separated into their forward and backward components.  

Forward coronary waves arise from changes in proximal aortic pressure and 
backward waves originate from tissue compression of the small intramyocardial 
vessels. WIA is therefore uniquely suited to investigate the coronary circulation as it 
distinguishes between the relative influence of upstream (aortic) and downstream 
(microcirculatory) events from a single set of measurements at a site remote from 
where the waves are initiated. 

Coronary wave intensity profiles [5, 24] typically display a sequence of four dominant 
waves related to ventricular contractile events: a backward compression wave (BCW) 
in early systole generated by isovolumic contraction, followed by a forward 
compression wave (FCW) after the opening of the aortic valve; a forward expansion 
wave (FEW) arises as coronary pressure decreases with the onset of ventricular 
relaxation, and a backward expansion wave (BEW) as relaxation continues after 
aortic valve closure. Coronary blood flow is accelerated by either a FCW or BEW, and 
decelerated by either a BCW or FEW.  

Our goal was to exploit wave intensity to address the controversial issue of the 
pressure-dependency of microvascular resistance in the fully dilated bed in humans. 
Previous studies in animals demonstrated that the intensity of backward waves 
increases by reducing microvascular resistance by vasodilatation [24, 25]. We 
hypothesized therefore that similar changes in wave intensity during hyperemia would 
be induced by PCI as a result of decreased hyperemic coronary resistance.  
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Methods 

Study group 

Twenty-six patients (21 males) with stable angina pectoris scheduled for elective PTCA 
and stent placement were studied. Inclusion criteria were a single lesion in one 
coronary artery and one angiographically normal reference vessel, defined as <30% 
diameter stenosis. Exclusion criteria included diffuse disease, significant left main 
coronary artery stenosis, subtotal lesions in the target vessel, hypertrophic 
cardiomyopathy, serious valve abnormalities or recent myocardial infarction. All 
patients gave informed written consent and the Medical Ethics Committee of our 
institute approved the study protocol. 

Protocol 

Antianginal and antiplatelet medication was continued as clinically indicated. All 
patients received lorazepam (1 mg) before cardiac catheterization. Heparin was 
administered at the beginning of the procedure (7500 IU IV). Catheterization was 
performed by standard femoral approach using a 5F or 6F guiding catheter, followed 
by an intracoronary bolus of 0.1 mg nitroglycerin in order to minimize epicardial vessel 
tone.  

Measurements were obtained at rest and throughout the hyperemic response to an 
intracoronary bolus injection of 20-40 µg adenosine in the reference vessel, and in the 
target vessel before and after percutaneous coronary intervention (PCI) with stent 
placement. At each step of the protocol, vessel dimensions were angiographically 
recorded at rest.  

Hemodynamic measurements 

Aortic pressure (Pa) was measured via the guiding catheter. A 0.014-inch dual-sensor 
guidewire (Volcano Corp., Rancho Cordova, CA ) with a Doppler transducer at the 
tip and a pressure sensor 3 cm proximal to the tip was used to simultaneously measure 
coronary pressure (Pd) and blood flow velocity (v) in a distal segment of the reference 
and target vessel. Care was taken to position the sensors at the same location after 
stent placement. After processing using standard equipment (WaveMap and FloMap, 
Volcano Corp.) the analogue signals and ECG were recorded on a personal 
computer after 12-bit A/D conversion at a sampling rate of 120 Hz for off-line analysis. 

Time delay 

The hardware-related time lag between pressure and velocity was measured in a 
closed-loop fluid-filled system made of stiff plastic tubing. Corn starch was added to 
improve the quality of the Doppler velocity signal. A step-increase in pressure and flow 
velocity was induced by rapidly pushing the plunger of a 20 ml syringe connected to 
the loop. All signals were sampled at 1 kHz. The time delay was determined in 42 
observations based on initiation of the step increase. The pressure signal lagged the 
velocity signal by 0.9 ± 0.9 ms (mean ± SEM). The sampling rate in the clinical setting 
was 8.3 ms and no time shift was necessary to align the recorded distal pressure and 
velocity waveforms. 
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Data analysis 

Quantitative coronary angiography (QCA-CMS version 5.1, MEDIS) was performed to 
obtain percent diameter stenosis. Hemodynamic data were processed using custom 
software written in Delphi (vs. 6.0, Borland Software Corp., Cupertino, CA). From the 
continuous recordings, 8-9 heart cycles at resting conditions and 2-3 heart cycles at 
maximal hyperemia were selected. Respective means were calculated for the 
measured hemodynamic signals as well as for velocity-based indices of hyperemic 
stenosis resistance, HSR = (Pa-Pd)/v, microvascular resistance, MR = Pd/v, and 
conductance, MC = 1/MR [14, 27]. Fractional Flow Reserve (FFR) was obtained as the 
ratio of mean hyperemic Pd over Pa.  

The distal pressure and velocity signals were smoothed with a Savitzky-Golay filter to 
reduce signal noise with minimal influence on peak magnitudes [18]. Net wave 
intensity normalized for the sampling interval (in W·m-2·s-2) was calculated from the 
time-derivatives of the filtered signals as [5, 17]  

 
dt
dv

dt
dP WI d ⋅=  (5.1) 

The separated forward (WI>0) and backward (WI<0) waves (in W·m-2·s-2) then follow 
from [5, 9]  
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The coronary pressure derivative (in mm Hg/s) was separated by [10]  
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Blood density was taken as ρ =1050 kg/m3 and wave speed (c, in m/s) was 
determined from the single-point method [6] as  
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with summations over consecutive heart cycles.  

Using ECG for alignment, ensemble averages for all waveforms were derived over the 
respective resting and hyperemic cycles. The sign of the respective wave intensity 
identified forward and backward waves. Compression and expansion waves were 
classified based on the sign of the net and separated (Eq. 5.3) distal pressure 
derivatives. The resulting dominant separated waves were quantified by calculating 
the area under the curve, which represents the energy (in J·m-2·s-2) transported by the 
wave, normalized to the cross-sectional area of the vessel.  

Since left ventricular pressure was not measured, an index of cardiac contractility 
reflecting the rate of pressure build-up in the left ventricle was calculated from the 
ensembled aortic pressure waveform as the minimum Pa divided by the time interval 
between the R-peak of the ECG and the time of minimum Pa. 
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Statistical analysis 

Continuous data are expressed as mean ± SEM unless otherwise indicated. Average 
values within each step of the protocol were compared using paired Student’s t test. 
Results from different steps of the protocol were compared using ANOVA with 
repeated measures followed by contrast analysis (SPSS version 12.0.1). Relationships 
between variables were investigated with linear regression analysis and compared 
using Student’s t test. Values of P<0.05 were considered statistically significant.  

Results 

Patient characteristics 

The mean age of the patients was 59 ± 2 years (Table 5.1). Mean diameter stenosis of 
55.4 ± 2.4% was reduced to 4.0 ± 2.7% after stent placement. The majority (65%) of the 
target vessels were left anterior descending arteries and 85% of the reference vessels 
were left circumflex arteries. Suitable reference measurements were not available in 6 
patients.  

Table 5.1: Clinical characteristics (n = 26)  

Age, y 59 ± 2 
Male Gender, n 21 
Diameter Stenosis (%) 55.4 ± 2.4 
Target vessel, n  
 LAD/LCx/RCA 17/4/5 
Reference vessel, n  
 LAD/LCx/RCA 1/17/2 
Coronary risk factors, n (%)  
 Diabetes mellitus 2 (8%) 
 Hyperlipidemia 14 (54%) 
 Hypertension 10 (38%) 
 Positive family history 17 (65%) 
 Prior coronary angioplasty in other vessel 7 (27%) 
 Prior myocardial infarction >6 weeks 9 (35%) 
 Smoking 8 (31%) 
Medication n (%)  
 ACE inhibitors 5 (19%) 
 Aspirin 25 (96%) 
 β-blockers 22 (85%) 
 Calcium antagonists 14 (54%) 
 Lipid-lowering drugs 21 (81%) 
 Nitrates 11 (42%) 

LAD, left anterior descending artery; LCx, left circumflex artery; RCA, right coronary artery. 

Hemodynamic parameters 

Heart rate (70 ± 1 bpm) and contractility index (1194 ± 32 mm Hg/s) remained 
constant throughout the protocol. Mean aortic pressure at rest was 103 ± 2 mm Hg 
and slightly decreased to 98 ± 2 mm Hg during hyperemia (P<0.0001). Figure 5.1 
illustrates changes in blood flow velocity, distal coronary pressure and microvascular 
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resistance induced by vasodilation and by PCI. Distal vasodilation significantly 
increased flow velocity and reduced MR and distal pressure (P<0.0001). Stent 
placement raised basal velocity by 18% (P<0.05) and hyperemic velocity by 90% 
(P<0.0001), to a value close to that obtained in the reference vessel. Distal pressure 
increased by 20% at rest after PCI and by 39% during hyperemia (P<0.0001). Basal MR 
did not change significantly throughout the protocol, whereas hyperemic MR 
decreased by 33% after PCI (P<0.01), becoming lower than in the reference vessel 
(P<0.05). FFR increased from 0.64 ± 0.03 to 0.90 ± 0.02 with stent placement (P<0.0001) 
and HSR was reduced from 1.83 ± 0.39 to 0.20 ± 0.04 mm Hg·s/cm (P<0.001).  
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Figure 5.1: Mean flow velocity, coronary pressure (Pd) and microvascular resistance (MR) at rest and hyperemia 
before and after revascularization by stent placement and in the reference vessel. Vasodilation reduced distal 
pressure and increased flow velocity in all conditions. Stent placement restored hyperemic coronary pressure 
and decreased hyperemic microvascular resistance.  
*P<0.05, †P<0.01, ‡P<0.001, §P<0.0001. 

Coronary wave intensity pattern 

Typical examples of coronary wave intensity obtained in the reference (left circumflex 
artery) and target vessel (right coronary artery) of a 59 year old patient are depicted 
in Figure 5.2. In each panel, the ensembled pressure and velocity waveforms are 
displayed above the corresponding net wave intensity (thick lines) and its separated 
forward and backward components. In all cases, coronary wave intensity 
demonstrated the characteristic pattern in relation to pressure and velocity 
waveforms during the cardiac cycle. As illustrated in Figure 5.2A for the reference 
vessel, a net BCW occurs at the start of cardiac contraction before the opening of the 
aortic valve, followed by a net FCW as soon as the valve is opened. With the onset of 
cardiac relaxation, a net FEW appears as pressure decreases, followed by a net BEW 
after closure of the valve. These waves are also discernable in the separated wave 
intensities, with compression and expansion waves indicated by shaded and dotted 
areas, respectively. Vasodilation of the coronary microvasculature induced an 
increase in the size of all waves without altering the characteristic WI pattern 
(Figure 5.2A, right panel). In the presence of a 66% diameter stenosis (Figure 5.2B), the 
same pattern of four dominant waves was observed, but all waves were 
comparatively reduced in size and distal coronary vasodilation had little effect on the 
size of the waves in the stenotic vessel. The residual stenosis after stent placement was 
11%. Revascularization preferentially induced an increase in the basal FCW and 
augmented all waves during hyperemia (Figure 5.2C).  
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Figure 5.2: Hemodynamic waveforms and associated coronary wave intensity pattern at rest (left panels) and 
hyperemia (right panels) for a reference vessel (A), and target vessel before (B) and after (C) revascularization. 
The typical pattern of four dominant waves was maintained in all vessel conditions. Vasodilation increased the 
size of both net (thick line) and separated (thin lines) waves. Distal to a 66% diameter stenosis (B), wave 
intensities were markedly reduced, both at rest and vasodilation. Removal of the stenosis (C) increased 
velocity, distal pressure and wave intensity. BCW, backward compression wave; FCW, forward compression 
wave; FEW, forward expansion wave; BEW, backward expansion wave. Compression waves are shaded in 
gray; expansion waves are dotted. 
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Changes in wave energy induced by PCI and vasodilation 

The energies of the four dominant waves are summarized in Table 5.2 for both net and 
separated wave intensity. The net wave energies were comparatively smaller than 
their respective contributing backward and forward components, but generally 
demonstrated similar changes with hyperemia or stent placement. After 
revascularization, the total energy carried by the four separated waves increased by 
15% (P<0.05) at rest and by 82% (P<0.0005) during hyperemia. 

Table 5.2. Net and separated wave energies 

 stenosis 
(n = 26) 

stent 
(n = 26) 

reference 
(n = 20) 

 Net waves, J/m2/s2 × 103 
Rest  
 BCW  2.9 ± 0.5  1.6 ± 0.4  2.3 ± 0.6 
 FCW  2.0 ± 0.3  3.9 ± 0.6†  6.5 ± 1.6‡ 
 FEW  1.3 ± 0.3  1.6 ± 0.4  1.9 ± 0.5 
 BEW  4.9 ± 0.9  2.9 ± 0.5†  3.4 ± 1.1 
Hyperemia  
 BCW  7.2 ± 1.0*  13.4 ± 1.3*†  10.2 ± 2.2* 
 FCW  4.1 ± 1.0  7.9 ± 1.3*  9.7 ± 2.1*‡ 
 FEW  2.6 ± 0.6*  3.1 ± 0.7*  4.4 ± 1.0* 
 BEW  6.2 ± 0.8  10.0 ± 1.1*†  8.7 ± 1.8* 
    

 Separated waves, J/m2/s2 × 103 
Rest  
 BCW  4.5 ± 0.6  4.6 ± 0.5  5.9 ± 1.0 
 FCW  4.0 ± 0.5  6.4 ± 0.8†  9.5 ± 1.8‡ 
 FEW  2.1 ± 0.3  2.7 ± 0.4  3.1 ± 0.7 
 BEW  6.8 ± 1.0  6.2 ± 0.7  6.6 ± 1.4 
Hyperemia  
 BCW  8.1 ± 1.0*  15.2 ± 1.3*†  14.1 ± 2.5*‡ 
 FCW  5.3 ± 0.8  10.2 ± 1.4*†  14.4 ± 2.2*‡ 
 FEW  3.6 ± 0.6*  5.1 ± 0.7*  6.5 ± 1.2* 
 BEW  7.8 ± 0.9  14.3 ± 1.3*†  14.5 ± 2.6*‡ 

BCW, backward compression wave; BEW, backward expansion wave; FCW, forward compression wave; FEW, 
forward expansion wave.  
*P<0.05 compared to rest; †P<0.05 compared to previous step; ‡P<0.05 reference compared to stenosis. 

The separated wave energies are depicted in Figure 5.3. The BCW was in all cases 
larger at hyperemia than at rest (P<0.005). The hyperemic BCW further increased by 
87% after stent placement (P<0.0005), carrying approximately the same energy as in 
the reference vessel, while no changes occurred at rest (Figure 5.3A). Energy changes 
in the BEW followed the same pattern, except that it was not influenced by hyperemia 
prior to revascularization. The backward expansion and compression waves carried 
the same energy except for the diseased and treated vessel at rest, where the BEW 
exceeded the BCW (P<0.005).  
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Figure 5.3: Average energies of the dominant backward (A) and forward (B) separated waves. Distal 
vasodilation generally augmented the size of the waves. Stent placement increased the size of the forward 
compression wave and of the hyperemic backward waves.  
*P<0.05, †P<0.01, ‡P<0.001, §P<0.0001. 

The energies of the two separated forward waves were affected differently (Figure 
5.3B). Hyperemia enhanced the FCW in the treated and in the reference vessel 
(P<0.001), but not in the stenotic vessel. Stent placement increased the energy of the 
FCW by 61% at rest and by 94% during hyperemia (both P<0.05), with no significant 
difference between the treated and the reference vessel. Vasodilation augmented 
the FEW in all vessels (P<0.01), but revascularization had no influence on its energy. The 
FEW was in all cases smaller than the FCW (P<0.01). As shown in Figure 5.4, the 
individual energies of expansion and compression waves traveling in the same 
direction were remarkably correlated regardless of vessel condition. Since there was 
no difference between vessel conditions, only the combined relationship is shown in 
each panel. For the backward waves (panel A) the slope between compression and 
expansion waves was close to 1 (rest: slope = 1.2, r = 0.80, P<0.0001; hyperemia: slope 
= 0.76, r = 0.74, P<0.0001). The energy of the forward expansion wave (panel B), 
however, was less than that of the forward compression wave (rest: slope = 0.31, r = 
0.76, P<0.0001; hyperemia: slope = 0.44, r = 0.84, P<0.0001).  
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Figure 5.4: Relationship between individual compression and expansion at rest (left panels) and during 
hyperemia (right panels). The slope approaches 1 for the backward traveling waves (A), while forward 
expansion waves (B) were significantly smaller than forward compression waves (P< 0.001). 

For the reference vessel and target vessel after stent placement there was a good 
correlation between the backward waves at rest and at hyperemia (Figure 5.5). 
Similar correlations were found for the forward waves between hyperemia and rest 
(data not shown). 
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Figure 5.5: Relationship between backward wave energies at rest and hyperemia in the reference vessel (top) 
and after stent placement (bottom). The relationship was not different between backward compression (BCW, 
solid line) and expansion (BEW, dashed line) waves (P>0.05). 

Relation between wave energies and microvascular resistance and conductance 

The backward wave energies in the reference vessel were positively related to 
microvascular conductance (P<0.05), with a rightward shift after vasodilation (Figure 
5.6A). The resulting distinct regimes are also clearly distinguishable in the inverse 
relationship to microvascular resistance (Figure 5.6B). Backward wave energies 
remained low at the larger basal resistance values and increased progressively with 
declining resistance values during hyperemia. The effect of PCI in the target vessel is 
illustrated in Figure 5.6B by the arrows representing the magnitude and direction of 
changes at rest (dotted lines) and during hyperemia (solid lines). The hyperbolic 
relationship to microvascular resistance was essentially also present in the target vessel 
despite confounding effects of different stenosis severities, which precluded a 
meaningful correlation with microvascular conductance.  
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Figure 5.6: (A) Correlation between backward compression (left) and expansion waves (right) with 
microvascular conductance in the reference vessels. Distinct relationships exist at rest and during hyperemia. 
Corresponding plots in terms of microvascular resistance (MR) yield hyperbolic dependencies (B). The arrows 
indicate the magnitude and direction of changes observed due to revascularization of the target vessel at rest 
(dotted lines) and during hyperemia (solid lines). Note that these changes follow the non-linear relationship 
observed in the reference vessel. 

The PCI-related increase in microvascular conductance was strongly related to the 
increase in the energy of both the BCW (slope 27.2 x 103, r = 0.73, P<0.0001) and BEW 
(slope 24.2 x 103, r = 0.68, P<0.0005) during hyperemia (Figure 5.7). A weaker 
correlation was still present during basal conditions. These results underline the 
hyperbolic relationship between the backward waves and microvascular resistance 
(Figure 5.6B).  
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Figure 5.7: Relationship between the PCI-induced changes in energy of the backward compression (BCW, left) 
and expansion (BEW, right) waves and the corresponding change in microvascular conductance (MC).  

The presence of a proximal stenosis damped the energy in the backward waves, with, 
especially at hyperemia, a hyperbolic relation between backward wave energy and 
stenosis resistance (Figure 5.8). However, no correlation was found between backward 
wave energy and stenosis resistance for HSR values above 0.8 mm Hg·s/cm, the 
threshold for inducible ischemia [14]. Both forward waves demonstrated much more 
dispersion with respect to microvascular parameters (not shown) and no relationship 
was found with the decrease in microvascular resistance after revascularization. The 
forward waves were also not related to stenosis resistance, percent diameter stenosis, 
or their respective changes after PCI. 
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Figure 5.8: Relationship between backward compression (BCW, left) and expansion (BEW, right) waves and 
hyperemic stenosis resistance (HSR). Backward wave energy did not depend on stenosis severity for clinically 
significant lesions (HSR>0.8 mm Hg·s/cm). 
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Discussion 
In this first study to report on coronary wave intensity in diseased human coronary 
arteries we examined the effect of angioplasty and stent placement on wave energy 
in relation to changes in microvascular parameters. Revascularization of an epicardial 
stenosis increased the energy carried during hyperemia by the backward (upstream) 
traveling expansion and compression waves, which serve to accelerate and 
decelerate coronary blood flow, respectively. These waves originate from the 
coronary microcirculation and their increase was related to a concomitant decrease 
in hyperemic microvascular resistance after PCI. The forward compression wave, 
which travels downstream from the ostium and is associated with systolic acceleration 
of blood flow, also benefited from removal of the proximal stenosis. 

Mechanisms underlying wave generation and microvascular impediment 

The magnitude of waves propagating in the epicardial conduit arteries is the 
consequence of the force by which waves are generated and the parameters that 
cause their attenuation. A backward wave is generated by ventricular interaction 
with the intramural microcirculation, originating in a diffuse way from the smallest 
vessels in different myocardial layers and merging to become a discernible wave in 
the proximal conduit arteries. Forward waves, caused by rapid increase and decrease 
in aortic pressure, arrive in the proximal conduit arteries and travel downstream to be 
divided and diffusively absorbed in more distal vessels. Since a stenosis is a disturbing 
factor in wave propagation, mechanistic insight can best be obtained from the 
measurements in the reference vessel.  

Contraction and relaxation of the left ventricle affected backward traveling 
compression and expansion waves to a similar degree, as indicated by similar 
energies in the BCW and BEW and their remarkably close relationship both at rest and 
in hyperemia (Figure 5.4). This finding is in line with the concept of the intramyocardial 
pump, where compressive and relaxation forces are coupled by an intramyocardial 
compliance [21].  

Forward waves also increase by microvascular dilation suggesting that the ease by 
which a wave can leave the conduit vessels and propagate downstream additionally 
determines the energy of these waves. During systole myocardial stiffness is 
continuously changing and the forward waves occur at higher muscle stiffness than 
the backward waves. This demonstrates that the microcirculation remains compliant 
despite being embedded in stiff tissue during systole [12, 20]. The forward waves were 
also closely related, but the FCW was significantly larger than the FEW in all conditions. 
This is most likely due the difference in myocardial stiffness, which increases during 
systole and is larger at the time of the FEW than at the time of the FCW. A stiffer 
myocardium will attenuate wave formation for which intramural vascular volume 
change is needed. 

An indication of how waves are affected by left ventricular contraction may be 
derived from the pressure waveform in epicardial lymphatic vessels [8, 26]. These 
patterns suggest that during the isovolumic contraction phase of the left ventricle, the 
stiffness of the ventricular wall is still so low that the change in left ventricular pressure, 
PLV, dominates lymph pressure. Hence, the rise of PLV in early systole is generating the 
compression waves. Similarly, at the end of systole the myocardial stiffness again 
becomes so low that the drop in PLV gives rise to the expansion waves. This sequence 
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of events is directly supported by the near absence of backward waves in mid-systole 
when elastance is greatest. This absence of backward waves in mid-systole 
contradicts the view that changes in elastance cause the pulsatility in coronary blood 
flow [13], but supports the hypothesis that elastance shields the microcirculation from 
compression by left ventricular pressure [11].  

These basic mechanisms also apply to the target vessels before and after treatment, 
although a stenosis substantially impeded energy transmission of both forward and 
backward waves especially during hyperemia. 

Wave intensity, microvascular conductance and stenosis resistance  

A heart with a high backward wave energy at rest also had a high wave energy at 
hyperemia (Figure 5.5), which indicates that vascular anatomy has an important 
influence on these backward waves. Vasodilation substantially alters the relative 
distribution of resistance over the coronary arterial tree [4], thereby altering the 
transmission of the waves in the microcirculation. This change of resistance distribution 
results in different relationships between backward waves and coronary conductance 
at rest and during hyperemia.  

Although revascularization increased backward wave energy (Figure 5.7), there was 
no relationship between backward energy and stenosis resistance prior to treatment 
(Figure 5.8). Moreover, in case stenosis removal would increase the backward wave 
energy, this should also occur at rest, which was not the case (Figure 5.3). Therefore, it 
is most likely that the higher backward wave energy after stent placement results from 
a reduction in microvascular resistance rather than stenosis resistance. 

It has been demonstrated in vitro and in vivo that a stenosis attenuates transmitted 
waves, decreasing their magnitude as they propagate through it [15, 16, 23]. Although 
the FCW was on average lower in the presence of a stenosis, forward wave energy 
measured downstream of the stenosis was not related to lesion severity. Similarly, 
alterations after treatment did not correlate with the corresponding changes in HSR.  

Methodological considerations 

The characteristic sequence we observed of backward and forward compression 
waves during cardiac contraction followed by forward and backward expansion 
waves during early relaxation in both the reference and target vessel agrees with that 
reported by others for healthy coronary vessels [5, 24]. It should be noted that our 
measurements were made in a distal segment of the coronary artery, while in previous 
WIA studies wave intensity was assessed at a proximal location closer to the ostium, 
which may affect the relative magnitudes of the dominant waves [7].  

Davies et al. [5] described two successive BCWs during early ventricular compression. 
We were rarely able to differentiate these two BCWs, especially in the presence of a 
stenosis, and we treated them as one BCW. We also did not consistently observe the 
previously reported [5] late FCW that is associated with the brief augmentation in 
pressure during aortic valve closure. The dicrotic notch was rarely maintained in the 
presence of a stenosis and the percentage FCW was previously shown to decrease 
with age [5]. For all cases where it was discernable, the late FCW amounted only to 
about 5% of the total wave energy and was therefore not included in our analysis. 
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Distal pressure and velocity were not recorded at the same location, since the sensors 
were mounted 3 cm apart on the dual-sensor guidewire used in the present study. 
However, both sensors were placed in a distal vessel segment without focal 
obstructions and it is unlikely that the pressure waveform was affected by this 
distance. Moreover, the same configuration was used to determine the time delay 
correction in vitro and at a coronary wave speed in the order of 20 m/s [6], the 3-cm 
distance was covered by the traveling pressure waves in less than one sampling 
interval. The WI waveforms we obtained provide evidence that no sizable errors were 
introduced by this sensor distance. 

Clinical implications 

Most of the models that are presently in use to interpret clinically obtained coronary 
flow and pressure signals make use of simplifying assumptions regarding the 
biophysical processes generating these signals. These models are static and essentially 
limited to the interpretation of beat-averaged pressure and flow signals, and resulted 
in widely used indices such as FFR and CFVR. However, because of its unique 
dynamics the coronary circulation is too complicated a system to study by static 
models alone. Hence, application of a dynamic analysis as afforded by WIA may 
shed light on underlying mechanisms that are not revealed unambiguously by static 
models.  

Our present analysis of the dynamic coronary pressure and velocity signals based on 
WIA clearly demonstrates that wave intensity in the coronary artery is associated with 
changes in microvascular resistance induced by vasodilatation and by stent 
placement [19, 27]. This outcome provides plausible evidence that the mathematical 
transformation of coronary pressure-flow relations at maximal vasodilation to yield a 
pressure-independent hyperemic resistance [1] is not justified and is likely to result in an 
overestimation of collateral blood flow. One may anticipate that some kind of 
integration of dynamic and static models will result in a better estimate of collateral 
flow and pressure-dependence of coronary microvascular resistance at maximal 
dilation [22]. A recent clinical study has shown that wave intensity is altered in 
hypertrophy [5] and animal studies demonstrated the effect of cardiac contractility 
on WI [25]. It is therefore to be expected that dynamic analysis based on WIA will 
provide an additional and powerful means to advance the study of coronary and 
myocardial interaction. 

Conclusions 
The backward waves derived from the coronary pressure and Doppler velocity signals 
in early and late systole are consistent with the intramyocardial pump model relating 
coronary flow variations to intramural blood volume variations. While the forward 
waves occur more towards the middle of systole, no waves of significant energy are 
discernable in mid-systole. Forward waves, which are generated by the transients in 
aortic pressure, are absorbed by the coronary microcirculation, thus demonstrating 
the presence of vascular compliance within the stiff myocardium. The increase in 
hyperemic wave intensity after PCI indicates that hyperemic coronary microvascular 
resistance is pressure-dependent and is reduced with restoration of coronary pressure 
after stent placement, thereby contributing to the therapeutic effect of stent 
placement. The study of flow and pressure pulsations by WIA in the coronary artery 
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can deliver a useful contribution to our understanding of the mechanisms of perfusion 
of the coronary microcirculation.  
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Abstract 
Background: The effect of alpha1-receptor blockade with urapidil on coronary blood 
flow and left ventricular function has been attributed to relief of diffuse coronary 
vasoconstriction following percutaneous coronary intervention (PCI). We hypothesized 
that an increase in diastolic time fraction (DTF) contributes to this beneficial action of 
urapidil. 

Methods: In eleven patients with a 63 ± 4% diameter stenosis, ECG, aortic pressure (Pa) 
and distal intracoronary pressure (Pd), and blood flow velocity were recorded at 
baseline and throughout adenosine-induced hyperemia. Measurements were 
obtained before and after PCI, and after subsequent α1-receptor blockade with 
urapidil (10 mg ic). DTF was determined from the ECG and the aortic pressure 
waveform. Functional parameters such as rate pressure product (RPP), coronary flow 
velocity reserve and fractional flow reserve were assessed, as well as an index of 
hyperemic microvascular resistance (HMR). 

Results: Urapidil administration after PCI induced an upward shift in the DTF-heart rate 
relationship resulting in a heart rate-independent increase in hyperemic DTF by 3.1 ± 
0.8% (P<0.005). Hyperemic Pa and Pd decreased, respectively, by 6.1 ± 2.0% (P<0.05) 
and 5.7 ± 1.8% (P<0.01) after α1-blockade and RPP was reduced by 5.9 ± 2.2% (P<0.05). 
Although on average no other functional parameter was altered by α1-blockade due 
to confounding changes in pressure and heart rate, individual changes in HMR 
revealed the concerted action of acute changes in distal pressure and DTF.  

Conclusions: Alpha1-receptor blockade after PCI significantly prolonged DTF at a 
given heart rate, thereby providing an adjunctive beneficial mechanism for improving 
subendocardial perfusion, which critically depends on DTF.  
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Introduction 
Post-ischemic left ventricular dysfunction and impaired coronary flow reserve after 
percutaneous transluminal coronary angioplasty (PTCA) have been attributed to 
stimulation of α-adrenergic pathways in the vessel wall [9, 11, 12, 15], leading to 
vasoconstriction not only of the manipulated coronary artery, but also of a normal 
control vessel [9, 18]. These adverse effects could be diminished by prior or 
subsequent α-receptor blockade [9, 11, 12, 18, 25].  

Coronary flow occurs predominantly during diastole [17, 29], and is therefore critically 
dependent on diastolic duration. Animal studies have demonstrated that in the 
maximally dilated coronary bed the duration of diastole is an important factor that 
limits subendocardial perfusion [1, 8]. The diastolic time fraction, DTF, decreases with 
increasing heart rate both in healthy humans and in patients with coronary artery 
disease [3]. Notably, diastolic perfusion time was shown to be closely related to 
stenosis severity at the onset of stress-induced myocardial ischemia in humans, while 
no correlation was found between DTF and heart rate at the ischemic threshold [7].  

It has recently been demonstrated that DTF also depends inversely on coronary 
pressure [22], which is an important determinant of coronary perfusion, since it 
influences microvascular resistance in the vasodilated coronary bed [13, 32]. We 
hypothesized that the reported improvement in coronary blood flow and cardiac 
function with α-receptor blockade after PTCA may in part be due to a concomitant 
increase in the duration of diastole. Accordingly, the aim of this study was to assess the 
effect of α-adrenergic receptor blockade after PTCA and stent placement on DTF. 

Methods 

Study population 

Eleven patients (9 males; age 61 ± 2 years) scheduled for elective coronary 
angioplasty were enrolled in this study. All patients suffered from stable angina and 
had a single de novo stenosis in the target vessel. Exclusion criteria were diffuse or 
triple-vessel disease, left main coronary artery stenosis >50% or a subtotal lesion in the 
vessel targeted for angioplasty, recent myocardial infarction (< 6 weeks), prior cardiac 
surgery, serious heart valve abnormalities, hypertrophic cardiomyopathy, or visible 
collateral vessels. The local Medical Ethics Committee approved the study protocol 
and all patients gave written informed consent. 

Hemodynamic measurements 

All data were acquired during cardiac catheterization using a right femoral artery 
approach. Aortic pressure (Pa) was obtained via a 5F or 6F guiding catheter which 
was advanced into the coronary ostium. Intracoronary pressure (Pd) and blood flow 
velocity (v) distal to the target lesion were measured via a novel 0.014-in dual-sensor 
guidewire (Volcano Corp., Rancho Cordova, CA), equipped with a Doppler sensor at 
the tip and a pressure sensor 3 cm proximal to the tip. The position of the wire was 
manipulated until an optimum and stable velocity signal was obtained and attention 
was paid to maintain sensor position for measurements taken at different phases of 
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the protocol. All signals were recorded on a personal computer at a sampling rate of 
120 Hz after 12-bit A/D conversion for off-line analysis. 

Protocol 

The patients continued their antianginal and antiplatelet medication as clinically 
indicated and received 1 mg Lorazepam before cardiac catheterization. Heparin was 
administered at the beginning of the procedure (5000-7500 IU, intravenous bolus) 
followed by 0.1 mg intracoronary nitroglycerin in order to minimize vascular tone in the 
large epicardial vessels. 

Hemodynamic measurements were obtained at resting conditions and during 
maximal hyperemia induced by 20-40 µg intracoronary adenosine, first in an 
angiographically normal reference vessel and then in the target vessel before and 3 
min after stent placement. The measurements were repeated 10-15 min after stent 
placement, at a time when maximal α-adrenergic coronary vasoconstriction had 
been reported [9, 18]. Finally, data were acquired 5-8 min following a 10 mg 
intracoronary bolus of the selective α1-receptor antagonist urapidil, when urapidil had 
reached its maximum effect [10, 11]. 

Data processing 

Per-beat data analysis was performed using custom-made programs (Delphi, version 
6.0, Borland Software Corporation). The duration of each heart cycle (TRR) was 
determined from consecutive ECG R-peaks. Systolic duration (TS) was defined as the 
time interval between the ECG R-peak and closure of the aortic valve as identified by 
the dicrotic notch in the aortic pressure signal, corresponding to the first local 
maximum of the first derivative of the aortic pressure signal after the ECG T-wave 
(Figure 6.1). From this, the duration of diastole was calculated as TD = TRR-TS and 
diastolic time fraction as DTF = TD/TRR.  

Mid-systolic and end-diastolic hemodynamic values were derived during time intervals 
corresponding to the highest and lowest 10%, respectively, of the distal pressure signal 
as illustrated in Figure 6.1. Rate pressure product (RPP), calculated as the product of 
heart rate and systolic Pa served as an estimate of oxygen consumption. An index of 
cardiac contractility was derived as minimal end-diastolic Pa divided by the time 
interval to the preceding R-peak. Fractional flow reserve (FFR) was determined as the 
ratio of Pd/Pa at maximal hyperemia and coronary flow velocity reserve (CFVR) as 
hyperemic divided by resting flow velocity. An index of microvascular resistance 
during hyperemia was computed as HMR = Pd/v [28, 32]. 

Statistical analysis 

All variables are expressed as mean ± SEM. Average per-beat data obtained at 
successive steps of the protocol were compared using analysis of variance with 
repeated measures, followed by contrast analysis. Paired Student’s t-test was used to 
compare means before and after α-receptor blockade. Linear regressions were 
obtained for DTF and heart rate data obtained after PCI. The slopes of the regression 
lines obtained before and after urapidil administration were compared using a t-test. 
Analysis of covariance was performed to determine whether urapidil administration 
had a significant effect on the DTF-heart rate relationship (SPSS, version 12.0).  
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Figure 6.1: Representative example of the hyperemic hemodynamic signals as a function of time in one patient 
15 min after stent placement. Starting from the top panel, the ECG, aortic pressure (Pa) and its first derivative 
(dPa/dt), blood flow velocity (v) and coronary perfusion pressure (Pd) are plotted. The vertical solid lines show 
the position of the R-peak and the dashed lines the position of the dicrotic notch used to determine systolic 
duration. The thick tracings indicate those periods of the hemodynamic signals that were used to derive mid-
systolic and end-diastolic values. 

In order to remove effects of acute changes in heart rate prior to α-blockade and at 
maximum action of urapidil, representative values of diastolic time fraction, DTFC, were 
derived from the respective regression lines at a common center heart rate halfway 
within the range of recorded heart rates. Statistical significance was assumed at 
P<0.05.  
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Results 
Clinical and angiographic features of the study population are listed in Table 6.1. Two 
lesions were located in the right coronary artery, six in the left anterior descending, 
and three in the left circumflex coronary artery. Diameter stenosis ranged from 43.0 to 
86.8% prior to PCI. Treatment was successful with a residual stenosis of 0 ± 4%. No 
patient had diabetes mellitus and all but one patient received beta-blocking 
medication. 

Table 6.1: Clinical and angiographic characteristics. 

Age (yr)  61 ± 2 
Gender (male/female) 9/2 
Coronary risk factors  
 Diabetes mellitus 0 (0%) 
 Hyperlipidemia 7 (64%) 
 Hypertension 4 (36%) 
 Positive family history 4 (36%) 
 Smoking 4 (36%) 
 Prior myocardial infarction >6 weeks 3 (27%) 
 Prior angioplasty in different vessel  2 (18%) 
Medication  
 ACE inhibitors 3 (27%) 
 Aspirin 10 (91%) 
 β-blockers 10 (91%) 
 Calcium antagonists 5 (45%) 
 Lipid-lowering drugs 9 (82%) 
 Nitrates 6 (55%) 
% Diameter Stenosis  
 Before PCI  62.9 ± 4.0 
 After PCI  0.0 ± 3.7 
Minimum lumen diameter (mm)  
 Before PCI  1.15 ± 0.12 
 After PCI  3.08 ± 0.13 

PCI indicates balloon angioplasty and stent placement. Values are mean ± SEM or n (%). 

Hemodynamic effects of PCI and α-receptor blockade 

Figure 6.2 depicts average hemodynamic parameters at each step of the protocol. 
Values obtained shortly and 15 min after stent placement, and after α1-blockade are 
listed in Table 6.2. On average, hemodynamic or functional parameters did not 
change in the period between stent placement and 15 min later. While hyperemic 
aortic pressure remained constant during the revascularization period, it decreased 
by 6.1 ± 2.0% after α-blockade (P<0.05). Distal hyperemic coronary perfusion pressure 
increased with PCI (P<0.0001) and decreased by 5.7 ± 1.8% after urapidil 
administration (P<0.01). Mid-systolic and end-diastolic pressures followed the same 
pattern. Rate pressure product during maximal hyperemia decreased by 5.9 ± 2.2% 
after α-blockade (P<0.05).  
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Figure 6.2: Average hemodynamic parameters at each step of the procedure. All measurements were 
obtained under hyperemic conditions unless otherwise indicated. pre, before treatment; stent, shortly after 
stent placement; stent15, 15 min after stent placement; ura, after urapidil administration; ref, reference vessel. 
Pa, aortic pressure; Pd, distal pressure; v, velocity; FFR, fractional flow reserve; CFVR, coronary flow velocity 
reserve; HMR; hyperemic microvascular resistance index; DTF, diastolic time fraction; HR, heart rate.  
*P<0.05, †P<0.005 compared to the previous step. 

These changes were similar at resting conditions. Flow velocity at rest remained 
constant throughout the protocol. Hyperemic blood flow velocity, CFVR, and FFR were 
restored to reference vessel values after PCI (P<0.0005), but remained unchanged 
thereafter. HMR decreased as perfusion pressure increased with treatment (P<0.05) 
and was not affected thereafter. 
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Table 6.2: Hemodynamic data before and after α-blockade. 

 Stent 
(n = 10) 

Stent (15 min) 
(n = 11) 

Urapidil 
(n = 11) 

baseline v (cm/s)  22.8 ± 1.8  22.7 ± 3.3  22.3 ± 3.7 
 systolic  17.0 ± 2.2  16.9 ± 3.1  16.5 ± 3.4 
 diastolic  24.7 ± 2.0  25.5 ± 3.7  25.6 ± 4.2 
hyperemic v (cm/s)  62.9 ± 4.4  63.0 ± 4.8  60.5 ± 5.7 
 systolic  54.9 ± 4.7  54.0 ± 5.5  49.6 ± 6.7 
 diastolic  69.7 ± 4.4  72.3 ± 4.8  71.2 ± 5.4 
Pa (mm Hg)  98 ± 3  101 ± 4  95 ± 3* 
 systolic  136 ± 7  139 ± 6  128 ± 4† 
 diastolic  78 ± 2  80 ± 3  76 ± 2* 
Pd (mm Hg)  92 ± 4  95 ± 4  89 ± 3† 
 systolic  131 ± 6  134 ± 6  123 ± 4† 
 diastolic  70 ± 3  73 ± 3  69 ± 3* 
contractility (mm Hg/s)  1338 ± 114  1372 ± 104  1298 ± 87 
RPP (bpm·mm Hg)  9659 ± 503  10092 ± 592  9434 ± 464* 
FFR  0.93 ± 0.01  0.94 ± 0.01  0.94 ± 0.01 
CFVR  2.84 ± 0.22  3.05 ± 0.29  2.95 ± 0.23 
HMR (mm Hg·s/cm)  1.52 ± 0.13  1.58 ± 0.11  1.60 ± 0.15 
heart rate (bpm)  72 ± 3  73 ± 3  74 ± 3 
TRR (s)  0.85 ± 0.04  0.84 ± 0.04  0.83 ± 0.04 
 TS (s)  0.42 ± 0.01  0.42 ± 0.01  0.40 ± 0.01* 
 TD (s)  0.43 ± 0.03  0.42 ± 0.03  0.42 ± 0.04 
DTF  0.497 ± 0.016  0.497 ± 0.014  0.505 ± 0.015 

All values are mean ± SEM and represent hyperemic conditions unless otherwise indicated. v, coronary blood 
flow velocity; Pa, aortic pressure; Pd, distal pressure; RPP, rate pressure product; FFR, fractional flow reserve; 
CFVR, coronary flow velocity reserve; HMR, hyperemic microvascular resistance index; T, duration of heart 
cycle (TRR), of systole (TS), of diastole (TD); DTF, diastolic time fraction.  
*P<0.05, †P<0.01 compared to previous condition. 

DTF-heart rate relation before and after α-receptor blockade 

Changes in heart rate ranged from -7 to 9 bpm but were not in all cases associated 
with the expected inverse changes in DTF (Figure 6.3). 
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Figure 6.3: Individual changes in diastolic time fraction (DTF) and heart rate before (stent15) and after urapidil. 
The observed changes do not follow the expected inverse relationship between DTF and heart rate in many 
cases. 
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A significant inverse linear relation between DTF and heart rate was present in all 
patients before (P<0.005) and after (P<0.02) administration of urapidil, as illustrated in 
Figure 6.4. The DTF-heart rate relations at rest and during maximal hyperemia shifted 
upwards after α-blockade in 8 out of 11 patients (P<0.001). Based on the regression 
lines before urapidil administration, DTF would have decreased by 2.0% taking into 
account the changes in heart rate after urapidil, whereas actual DTF increased by 
1.7% (P = 0.2, Table 6.2). DTFC evaluated at respective center heart rates increased 
after urapidil by 3.1 ± 0.8% from 0.496 ± 0.014 to 0.511 ± 0.015 (P<0.005) at maximal 
hyperemia and by 3.8 ± 0.9% from 0.498 ± 0.017 to 0.516 ± 0.017 (P<0.005) at rest. These 
values increased to 4.1 ± 0.9% during vasodilation and 4.6 ± 1.1% at rest (both P<0.005) 
when the three non-responders were excluded. No significant difference was found 
between DTFC values at resting conditions and during maximal hyperemia (P = 0.77 
before and P = 0.33 after urapidil). 
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Figure 6.4: Example of DTF-heart rate relations for one patient at rest (top) and during maximal vasodilation 
(bottom) showing measurements in the target vessel after PCI (PTCA and stent placement) and after urapidil. 
Linear regressions were obtained for respective data before and after urapidil administration. After α1-
blockade the DTF-heart rate relation shifted upwards (P<0.001) and actual DTF did not change despite an 
increase in heart rate after urapidil. Representative values for DTFC were assessed at the center heart rate 
(vertical line). 



98 Chapter 6  

 

Effect of changes in pressure and DTF on microvascular resistance at maximal 
vasodilation 

In order to separate concomitant changes in heart rate and perfusion pressure after 
urapidil administration, Figure 6.5 illustrates individual changes in HMR and hyperemic 
Pd and DTF after α-receptor blockade. In four patients (open circles) where distal 
pressure decreased by 9.8 ± 1.3%, hyperemic microvascular resistance increased after 
urapidil at an almost unchanged DTF. In one patient (cross), HMR fell despite a 16.1% 
decrease in distal pressure. This patient had a marked 8.9% increase in DTF after 
urapidil. In all other patients (closed circles), distal pressure stayed constant and HMR 
decreased at a constant DTF. The reduction in HMR in these patients is therefore to a 
large extent due to the blocking action of urapidil following α-receptor stimulation 
after PCI. The average decrease in HMR in this group was 10.5 ± 2.3% and was 
proportional to the value of HMR prior to urapidil administration (R2 = 0.93). 
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Figure 6.5: Individual patient data showing hyperemic microvascular resistance index (HMR), distal perfusion 
pressure (Pd) and DTF before and after α1-receptor blockade. The solid gray line in each graph is the identity 
line. Hyperemic Pd decreased after urapidil in four patients (open circles) resulting in an elevated HMR at an 
essentially unchanged DTF. In one patient (cross), HMR decreased despite a decrease in Pd, which is attributed 
to the substantial increase in DTF after urapidil. In all other patients (filled circles), Pd and DTF remained 
essentially constant and HMR decreased by about 10% due to the vasodilating action of urapidil. 
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Discussion 
The key finding of the present study is that intracoronary administration of the selective 
α1-receptor blocking agent urapidil after PCI induced an upward shift in the diastolic 
time fraction-heart rate relationship, which amounted to a 3.1% increase in DTFC 
(range 1.4 to 8.2%). Changes in DTF and perfusion pressure after urapidil administration 
acted in concert to alter microvascular resistance of the maximally vasodilated bed. 

Hemodynamic effects of α1-blockade after angioplasty 

Coronary resistance vessels receive autonomic innervation and α1-adrenoreceptors 
are present in vessels with a diameter <300 µm [5, 15]. Although α-adrenergic coronary 
constrictor tone is negligible under resting conditions, it has been shown to decrease 
hyperemic coronary resistance in normal coronary vessels [16, 21]. Pathophysiological 
conditions such as atherosclerosis sensitize resistance vessels to the constrictive effect 
of α-receptors [2, 15].  

Previous studies have furthermore demonstrated that α-adrenergic pathways in the 
vessel wall were acutely stimulated in patients who underwent PTCA [9, 11, 18]. 
Gregorini et al. observed that α1-mediated vasoconstriction developed over time [9, 
12] and reached a maximum 15 minutes after PTCA, resulting in a blunted flow reserve 
compared to shortly after PTCA [11]. 

Our results in terms of CFVR do not concur with these earlier findings in that CFVR was 
restored to values equal to the reference vessel after PCI and was not depressed 
15 minutes later nor enhanced by subsequent administration of urapidil. These 
contrasting findings may be due to differences in adjunctive medication and initial 
outcomes of PCI. Patients in the former study were sedated with neuroleptic analgesia 
and CFVR was not improved by PCI [11]. In addition, vasoactive medication was not 
discontinued in the present study and all patients received an initial dose of 
intracoronary nitroglycerin, thereby attenuating the vasoconstrictive effects of PCI-
induced α-receptor stimulation as can be measured by CFVR.  

In terms of hyperemic coronary resistance, α1-blockade with doxazosin demonstrated 
a reduction not only in normal humans [21] but also 5 days after PTCA [25]. In contrast, 
our measurements do not confirm an overall effect of urapidil on HMR. When studying 
the drug-induced effect on HMR one has to be aware of altered mechanical 
conditions that also influence HMR and in this respect especially DTF and perfusion 
pressure, which were shown to exert opposite effects on subendocardial 
conductance, are important [8]. Our data revealed interactive effects that occurred 
after α-blockade. Administration of urapidil resulted in a significant elevation of the 
DTF-heart rate relationship, effectively prolonging diastolic perfusion time by 3.1% 
irrespective of heart rate. Additionally, coronary perfusion pressure, which has been 
shown to increase minimal microvascular resistance in humans, was reduced after 
urapidil [32]. Our observation of an inconsistent change in minimal coronary 
microvascular resistance after α-blockade can therefore be explained as the result of 
concerted action of altered distending pressure and DTF. In cases where distal 
perfusion pressure decreased, HMR increased unless a substantial increase in DTF took 
place, as was the case for one patient. In all other patients, HMR decreased 
proportionally to the value before urapidil, indicating urapidil-induced release of α-
receptor mediated microvascular vasoconstriction in this subgroup.  
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It should be noted that HMR represents the lumped resistance downstream from the 
measurement location including all layers of the cardiac muscle and that 
conductance in the subepicardial layer was not related to DTF or perfusion pressure in 
the study by Fokkema et al. [8]. HMR therefore only partially reflects a change in 
subendocardial conductance.  

Potential mechanisms for DTF increase after α-blockade 

Pharmacologic agents can have a significant effect on diastolic time [4]. Urapidil is a 
selective α1-antagonist, which has a central hypotensive effect without reflex 
tachycardia due to serotonergic activation [2, 6, 27]. Urapidil has a 90-fold larger 
preference for α1- than for α2-receptors [6]. To some degree it causes presynaptic α2-
blockade and thereby β-receptor stimulation and increased norepinephrine release 
[26], which shortens the duration of systole and could allow for an increase in the 
duration of diastole at a given heart rate. However, all but one patient received β-
blocking medication, which limits the effectiveness of this mechanism.  

Merkus et al. [22] demonstrated in an animal study an inverse nonlinear relation 
between DTF and intracoronary perfusion pressure and flow, suggesting a possible 
protective mechanism whereby DTF increases when coronary perfusion is impaired 
distal to a stenosis. However, this regulatory mechanism only takes action at perfusion 
pressure below 50-60 mm Hg, while average distal pressure after PCI was >90 mm Hg 
in our study group. There is no reference in the literature directly relating α-
adrenoreceptors and DTF. A possible link exists via stimulation of myocardial α1-
adrenergic receptors, which has been shown to exert a positive inotropic effect in a 
large number of species, including humans [19, 24] and is associated with a 
prolongation of contraction [14, 20]. Hence, α1-receptor blockade by urapidil may 
counteract this prolongation and thereby increase DTF. Interestingly, cardiac 
myocytes have been shown to release a substance that stimulates production of the 
potent vasoconstrictor endothelin-1 in coronary microvessels in response to α1-
adrenergic stimulation, which is blocked by administration of an α-adrenergic 
antagonist [30] and augmented by decreased bioavailability of nitric oxide [23, 31], a 
hallmark of endothelial dysfunction associated with atherosclerotic coronary artery 
disease. Regulation of DTF may be an additional player in this scenario. 

Methodological considerations  

Because in the present study heart rate in individual patients did not change 
spontaneously for more than 20-25 bpm throughout the protocol, we fitted the heart 
rate-DTF relations with a linear rather than a curvilinear relationship as it is obtained 
over a larger range of heart rates that is usually achieved by pacing [3, 4]. 

We defined systole as the period between the ECG R-peak and the dicrotic notch on 
the Pa signal. In that way systolic time includes both the isovolumic contraction phase 
and the left ventricular ejection period. This method has been used throughout this 
study and while the absolute magnitudes of DTF might have been different for a 
different definition of systolic duration, it is unlikely that the relative changes in DTF 
would have been affected [22].  

Because of the pressure dependence of DTF [22], we did not use any measurements 
obtained in the presence of a stenosis for the DTF-HR regression lines before α-
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blockade, in order to avoid mixing DTF values obtained at substantially lower perfusion 
pressures. 

The size of our study group was small and although the effect of α1-blockade on heart 
rate-independent DTFC was significant, future studies in a larger population should be 
carried out to confirm this mechanism and further investigate potential implications for 
functional parameters. 

Implications 

Animal microsphere studies have shown a beneficial effect of prolonged DTF via an 
enhanced subendocardial perfusion [1, 8]. When extrapolated to the clinical setting, 
these studies provide sustaining evidence to the supposition that an increased DTF 
after α1-blockade augments improvement of impaired myocardial performance after 
PCI by increasing oxygen supply to the subendocardium. The observed increase in 
DTFC, although small, may well be of clinical importance, since it can be inferred from 
experimental studies [1] that a 1% increase in DTF increases subendocardial flow by 2.6 
to 6.1%, which for the present 3.1% prolongation in DTFC translates to a potential 18.3% 
increase in subendocardial perfusion.  

Conclusions 
We conclude that α1-receptor blockade after coronary angioplasty significantly 
prolongs DTF, independent of heart rate. This suggests a possible adjunctive 
mechanism to the well-established beneficial effect of urapidil after PCI via an 
improvement in subendocardial perfusion, which is critically dependent of DTF. 
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Abstract 
Background: The subendocardium is most vulnerable to ischemia, which is 
ameliorated by relaxation during the Diastolic Time Fraction (DTF) and coronary 
pressure. Recent clinical techniques permit measurement of subendocardial 
perfusion, it is therefore important to gain insight in how measurements depend on 
perfusion conditions of the heart. 

Methods: Using data from microsphere experiments a layered model of the 
myocardial wall was developed. Myocardial perfusion distribution during hyperemia 
was predicted for different degrees of coronary stenosis, at different levels of DTF. 

Results: At the reference DTF, perfusion was rather evenly distributed over the layers 
and the effect of the stenosis was homogenous. However, at shorter or longer DTF, the 
subendocardium was the first or last to suffer from shortage of perfusion. 

Conclusions: It is therefore concluded that large values of DTF will underestimate the 
possible occurrence of subendocardial ischemia at exercise when heart rate is 
increased and diastolic time fraction is lower. 
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Introduction 
Myocardial tissue that depends for its perfusion on a stenotic coronary artery, may 
become deprived from blood supply with increasing stenosis resistance, leading to 
ischemia and ultimately to cell death. In the presence of a mild stenosis the normal 
autoregulatory control of the distal vascular bed compensates for the pressure loss 
over the stenosis. However with a severe stenosis, this autoregulatory vasodilatation 
may be exhausted at moderate exercise or even at rest.  

Several diagnostic tests have been developed to support clinical decision-making 
with respect to treatment of an epicardial stenosis by percutaneous transluminal 
coronary angioplasty, PTCA, or stent placement. These tests are based on the 
measurement of distal pressure, flow velocity or combination of both by applying a so-
called guidewire (tip 0.3 mm diameter) having a pressure and/or velocity sensor at its 
tip [16]. These measurements result in indices like Coronary Flow Velocity Reserve, 
CFVR, Fractional Flow Reserve, FFR, or Stenosis Resistance, SR [14, 18]. These indices 
provide a threshold level, below or above which the cardiologist will treat the stenosis. 
However, the fact that the perfusion of the myocardium differs over the various 
myocardial layers depending on the proximity of the left ventricular cavity, is 
neglected in the decision protocols. 

Presently, techniques are being developed to measure perfusion differences over the 
myocardial wall. Especially MRI is a promising technique in this respect. These 
measurements confirm the earlier findings in animals that the subendocardium is 
particularly vulnerable to ischemia [1, 5]. The reason for this is that myocardial 
contraction has an impeding effect on blood flow especially in the inner layer of 
myocardial tissue while in the subepicardium or outer layer this compression effect is 
minimal [21]. These new image-based modalities to measure the perfusion distribution 
provide great new opportunities to evaluate the physiological impact of an epicardial 
stenosis on tissue perfusion. The simplest stress test to apply is the local or systemic 
injection of adenosine which mimics the perfusion condition when autoregulatory flow 
adaptation is exhausted. However, the microvascular resistance in the 
subendocardium at hyperemia strongly depends on the pressure distal to the stenosis 
and the Diastolic Time Fraction [8], DTF, which in turn strongly depends on HR [3]. For a 
proper interpretation of an adenosine test it is therefore needed to have insight in how 
the pressure distal to a stenosis and DTF affect the perfusion distribution in the wall of 
the beating heart. 

In the present model study we apply data of animal studies [8] to the prediction of 
changes in myocardial perfusion distribution during an adenosine stress test. This bears 
clinical importance since changes in DTF and perfusion pressure are not taken into 
account when applying this adenosine test in the clinical setting. We hypothesized 
that above a certain HR adenosine would underestimate the subendocardial 
perfusion as result of steal induced by subepicardial vasodilation. Furthermore, we 
expect that subendocardial perfusion will be underestimated for low HR. We further 
define the conditions of coronary pressure and DTF where perfusion is to be expected 
homogenously distributed over the different layers and relate this condition to 
threshold values of currently used clinical indices to quantify the significance of a 
coronary stenosis.  
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Methods 

Arrangement of myocardium in parallel layers 

In the model, the heart is assumed to be a hollow muscle with an arrangement into 
three parallel myocardial layers as previously used for data representation [8], i.e. the 
subepicardial, midmyocardial and the subendocardial layer as depicted in 
Figure 7.1A. Each of the myocardial tissue layers possesses an autoregulatory 
resistance so that flow in each layer is controlled within the normal range. The 
reference condition of the model was defined by a perfusion pressure of 90 mm Hg 
and a venous pressure of 5 mm Hg. We assumed a human reference heart weighing 
300 gram, and the coronary artery supplies 100 gram of tissue, subdivided into three 
layers of equal weight. In the reference condition there is no coronary stenosis and DTF 
is taken as 0.5. Collaterals are not included in the model. 

 
Figure 7.1A: Schematic illustration of the arrangement of the left ventricle wall into a series of concentric tissue 
slices organized as parallel layers.  

Each tissue element is represented by a total resistance, Rtot, which is the sum of a 
series of two resistances, one representing hyperemic resistance, Rhyp, and one 
representing autoregulatory resistance, Rauto (see Figure 7.1B).  

 
Figure 7.1B: Arrangement of myocardial layers, stenosis resistance and autoregulation resistances. Here Paorta 
is the aortic pressure, Pc is coronary pressure distal of an epicardial stenosis and Pvenous denotes the venous 
pressure. The autoregulatory resistances of each tissue layer are denoted by variable resistances, whereas the 
hyperemic resistances are denoted by their respective name. P1, P2 and P3 are the pressures that perfuse the 
hyperemic resistance.  
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Table 7.1: Parameters used in the model. 

Myocardial layer Hyperemic conductance 
(ml/min/g/mm Hg) 

Assumed maximal 
flow in hyperemia * 

(ml/min) 

Normal flow per 
myocardial layer * 

(ml/min) 
Subepicardium 0.0149 – 0.0137 DTF  

+ 0.0003 Pc # 
98.5 26.5 

Midmyocardium -0.0288 + 0.0756 DTF  
+ 0.00029 Pc 

99.6 24.9 

Subendocardium -0.0618 + 0.118 DTF  
+ 0.00044 Pc 

104.5 27.8 

Total coronary flow  302.6 79.2 

* The reference DTF is assumed as 0.5, normal aortic and venous pressures are assumed 90 and 5 mm Hg 
respectively.  
# Subepicardial conductance was obtained from data by Fokkema et al [8]. represented in their Figure 2B. 
Please note that subepicardial conductance is only weakly influenced by subepicardial pressure and DTF.  

Parameterization of the model 

Layer blood flow conductance is expressed as ml·min-1·g-1·mm Hg-1 and for the 
hyperemic state it depends on DTF and perfusion pressure (Pc) of the myocardial layer 
[8]. This data set results in the hyperemic conductances for the model. Bache at al. 
determined flow reserve for the different layers at different heart rates but only one 
value for Pc [1]. We used these regional flow reserves (4.36, 4.28 and 4.02 for the 
subepicardial, midmyocardial and subendocardial layer respectively), at HR = 100 for 
estimating the autoregulatory resistances. In case the dependency of the hyperemic 
resistances on DTF and Pc would be equal for all layers, the autoregulatory resistances 
of all layers would be equal as well. However, as shown by Fokkema et al. the 
hyperemic resistances have a layer specific response to a change in pressure. 
Therefore, the autoregulatory resistances and the pressures proximal to the hyperemic 
resistance become layer-specific as well.  

Since the mean goat myocardial conductance as found by Fokkema et al. is 
somewhat increased as compared to human myocardial conductance [20], e.g. 
approximately 0.014 versus 0.0083 ml·min-1·g-1·mm Hg-1 in humans assuming a 225 
ml·min-1 flow, 90 mm Hg and a 300 gram myocardium, the myocardial conductance 
of each layer as given by Fokkema et al. was reduced by 40%. In Table 7.1 an 
overview of the conductance of each myocardial layer is given.  

Subsequently, from the normal flow and the fractional flow increase it is possible to 
obtain the distribution of resistance between the autoregulatory and the hyperemic 
resistances. The hyperemic resistance depends on DTF, coronary pressure and the 
myocardial layer. The autoregulatory resistances are calculated from pressure and 
flow that matches the assumed local oxygen demand and the layer-specific 
hyperemic resistances. These pressure and flow data result in Rtot. As long as Rtot > Rhyp, 
Rauto = Rtot - Rhyp. In case Rtot < = Rhyp, the corresponding autoregulatory resistance is 
zero and Rtot is made equal to Rhyp. In that case, the flow will be lower than needed 
according to demand and flow will follow from the resistance value and pressure. 
Administration of adenosine in the normal situation sets the resistance of the 
autoregulation to zero, i.e. causing maximal flow in each layer.  
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Modeling of coronary stenosis 

Modeling the influence of an epicardial stenosis was done as previously [14, 15]. In 
brief, the combined stenosis resistance results from viscous friction according to 
Poiseuille’s law and the resistance resulting from convective acceleration within a 
narrowed flow channel according to Bernoulli’s law [15, 22]. The total stenosis 
resistance as a consequence of these combined affects is: 

 BernoulliViscousStenosis RRR +=  (7.1) 

where [15]: 
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where C1 and C2 represent dimensionless constants, µ is the blood viscosity, ρ is the 
blood density, D0 is the normal coronary artery diameter, A0 is the normal coronary 
artery area and A1 is the minimal area inside the stenosed segment. QStenosis represents 
the coronary flow through the stenosis. Both coefficients kv and kt, depend on the 
stenosis area and the inlet and exit angles of the convergent and divergent part of 
the stenosis [15]. In case there is no coronary stenosis, A0 = A1, RBernoulli becomes zero 
and the pressure loss over the coronary artery is determined by RViscous only.  

Table 7.2 

Parameter Description and Units 
C1 Constant (dimensionless) 4/(π·60·1333.33)  
C2 Constant (dimensionless) 16/(π2·602·1333.33·2)  
A0, A1  Area of vessel without or with stenosis (cm2) 
D0 Normal vessel diameter (cm) 
L Stenosis length (cm) 
kv Viscous coefficient (dimensionless)  
kt Turbulence coefficient (dimensionless) 1.21+0.08·L/D0 
µ Blood viscosity 0.036 (Poise)  
ρ Blood density 1.06 (g ml-1) 
QStenosis Flow through the stenosis (ml min-1) 

In case of a coronary stenosis the pressure loss resulting from the flow through the 
stenosis reduces the coronary pressure for perfusion of the segments. To maintain 
normal perfusion, the autoregulatory resistance Rauto per segment is reduced except 
when it becomes zero. In that case, autoregulation resistance is exhausted, and 
myocardial flow cannot be enhanced by a further reduced autoregulatory 
resistance.  



 Model prediction of subendocardial perfusion distribution 111 

 

7 

Table 7.3 

% Diameter stenosis Dmin (cm) kv 
0 0.30 19.9 
20 0.24 48.6 
30 0.21 82.9 
40 0.18 154 
50 0.15 318 
60 0.12 778 
70 0.09 2457 
80 0.06 12440 
90 0.03 199040 

Calculation of myocardial resistances, pressures and flows in case of coronary 
stenosis  

In the model, first all resistances are calculated on the basis of perfusion pressures in 
the myocardial layers. Subsequently, the total resistance of the stenosis resistance 
connected with the three parallel myocardial layers is determined. Then, from the 
aortic and venous pressure gradient, total tissue flow can be obtained. From the 
resistances of the myocardial layers, the flow per layer and thus the tissue perfusion 
can be obtained. In case of a lower or higher tissue perfusion than normal, the 
autoregulation resistance of the myocardial layer is reduced or increased and the 
procedure is repeated. The iteration is terminated when the difference between the 
flow for each layer with the normal flow is less than 10-3 or the autoregulation of the 
specific layer is exhausted. In case of simulated adenosine administration, the 
autoregulation resistances are set to zero.  

Definition of Fractional Flow Reserve and Coronary Flow Velocity Reserve 

In this study, the influence of collateral flow is ignored and FFR is defined as:  
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with QS the maximum flow in hyperemia with stenosis and QN the maximum flow in 
hyperemia in absence of a stenosis. Here, Pb is the coronary outflow pressure which 
can be obtained from the intercept of the flow pressure curve with the abscissa. In 
experiments, Pb actually is often higher than Pvenous due to partial collapse of the 
coronary microcirculation. In our study however we assumed Pb = 0. 

The CFVR is defined as the ratio of the maximal MaxV and normal NV blood flow 
velocities. This can be measured clinically using a Doppler flow velocity wire. The 
coronary flow reserve (CFR) was developed to describe the fractional increase in 
coronary blood flow to the heart in case of increased oxygen demand of the heart. In 
our study however we will use the ratio of maximal hyperemic and normal blood flow, 
so that the CFVR is approximated by the CFR as:  
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Simulations 

Simulations were done for the normal controlled situation with intact autoregulation 
and varying DTF and stenosis severity. In addition, these simulations were repeated for 
the hyperemic situation with absent autoregulation. Also, the DTF yielding equal 
endocardial and epicardial flow, defined as DTF1, is simulated as a function of 
coronary pressure.  

Results 

Epicardial stenosis 

Flow predictions for the different layers for increasing stenosis degree in the presence 
of autoregulatory control are illustrated in Figure 7.2 for three DTF values. On the x-axis 
the distal coronary pressure (Pc) is plotted, which is reduced by the increasing stenosis 
degree. Depending on the layer and DTF, flow is maintained at the prescribed value 
up to a certain threshold of pressure below which the autoregulatory response is 
exhausted and flow drops. The subendocardial hyperemic resistance is strongly 
affected by DTF while subepicardial hyperemic resistance is rather independent of DTF 
and pressure. Please note that for the reference condition (DTF = 0.5, no stenosis and 
Paorta = 90 mm Hg), myocardial flow at the subendocardium is somewhat higher 
than subepicardium for low stenosis values. 

The dependence of subendocardial perfusion on DTF is such that for DTF values 
smaller than the reference value autoregulatory response is earlier exhausted than in 
the subepicardium but for larger DTF values the opposite is found. In any case 
subendocardial underperfusion will occur earlier at low coronary pressure and at a 
higher HR (smaller DTF). 

 
Figure 7.2: Model outcomes for coronary pressure and myocardial flow per layer for different values of DTF.  
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Figure 7.3 demonstrates the hyperemic pressure-flow relation during pharmacological 
vasodilation for the three layers. Panel A for the reference DTF and all three layers, 
Panel B for the three DTFs studied but only for the subepicardium and the 
subendocardium. The curves depicted in this figure correspond to the trajectories of 
relationships in Figure 7.2 where autoregulation was exhausted. The pressure-flow 
relations are convex to the pressure axis, indicating that with decreasing pressure, 
myocardial hyperemic resistance is increased. As can be seen in Figure 7.3B, the 
model predicts a shift of the pressure-flow relations to the right with decreasing values 
of DTF for the subendocardium, but to the left with decreasing DTF for the 
subepicardium. For reference the average mean flow for the case of autoregulation is 
shown as well. Also this figure demonstrates that subendocardial reserve is exhausted 
earlier at higher heart rate and for higher stenosis resistance. 

 
Figure 7.3A: Myocardial layer flow expressed as the percentage of normal flow as a function of coronary 
pressure for DTF = 0.5. 

 
Figure 7.3B: Subepicardial and subendocardial flow per layer as a function of coronary pressure. As can be 
seen from the level of flow increase, subendocardial layer conductance strongly depends on DTF (0.4, 0.5 and 
0.6). 
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Myocardial autoregulation resistance 

Myocardial autoregulation resistances in the model are adjusted such that myocardial 
layer flow tends to remain normal, independent of changes in a range of coronary 
pressures. Autoregulation resistances decrease with decreasing perfusion pressure as 
with epicardial stenosis. Since the hyperemic resistances depend on DTF, a reduced 
DTF may lead to a higher hyperemic resistance and consequently a lower level of 
autoregulation resistance to maintain normal prescribed flow. Autoregulatory 
resistances as a function of DTF in the absence of coronary stenosis at reference 
arterial pressure are depicted in Figure 7.4. It is shown that subepicardial 
autoregulatory resistance (black column) is relatively uninfluenced by DTF, but for 
midmyocardial and subendocardial layers (grey columns), these resistances are lower 
at lower DTF because more dilatory compensation is needed for the increased 
hyperemic resistance. This implies that these myocardial layers have a smaller range of 
autoregulatory compensation to correct for a pressure drop over a stenosis. Note that 
the subendocardium has a higher autoregulation resistance and is therefore better 
protected from low coronary pressure for larger values of DTF. 

 
Figure 7.4: Autoregulation resistances in the absence of a coronary stenosis of the myocardial layers as a 
function of DTF. 

Comparison of endocardial and epicardial flow 

With intact autoregulation and without stenosis the endocardial and epicardial flow 
ratio (Endo/Epi) equals 1.05 and is the result of autoregulatory compensation in each 
layer. In the hyperemic state however, this Endo/Epi ratio will in general be different 
from 1.05 but a DTF1 can be defined as function of coronary pressure for which the 
Endo/Epi range is 1. This relationship between DTF1 and coronary pressure is depicted 
in Figure 7.5. Since a decrease in coronary perfusion pressure corresponds to a higher 
increase in the hyperemic subendocardial resistance, a higher DTF (lower HR) is 
required for preservation of even flow distribution. The area below this curve indicates 
the DTF for which hyperemic perfusion in the subendocardium is lower than in the 
subepicardium. For higher DTF values it is the opposite. 
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Figure 7.5: DTF1 as a function of coronary pressure.  

Pressure loss across a coronary stenosis 

The influence of changes in DTF on the subendocardial, midmyocardial and 
subepicardial flows can be investigated for different stenoses severities. For these 
simulations we chose stenoses so that for reference values DTF = 0.5 and Paorta = 90 
mm Hg FFR resulted in the following values: FFR = 1, FFR = 0.75 and FFR = 0.5 These FFR 
values correspond to a 0%, 56% and 72% diameter occlusion of the vascular lumen 
respectively. The pressure loss for these three stenoses as a function of coronary flow is 
given in Figure 7.6. 

 
Figure 7.6: Pressure loss across the stenosis as a function of coronary flow. The black dots indicate the pressure 
drop where FFR equals 1, 0.75 and 0.5 respectively for the reference conditions of DTF and aortic pressure. 

The effect of stenosis resistance is demonstrated in Figure 7.7A-C, where for each 
stenosis flow distributions at autoregulatory and hyperemic conditions are shown for 
three different DTF values. In the absence of a coronary stenosis and for the 56% 
stenosis autoregulatory flow is not affected by DTF, whereas the hyperemic flow values 
depend on DTF and layer type. For the reference value of DTF = 0.5 hyperemic flow is 
rather constant for both stenosis conditions. For the 72% stenosis hyperemic flow in the 
subendocardial layer is lower than in the subepicardium. Note that adenosine 
increases subepicardial flow but drops subendocardial flow and induces 
subendocardial ischemia. This difference in layer response is even larger for lower DTF 
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values where subendocardial flow was already below flow demand in the presence 
of autoregulation.  

The drop in flow in one layer related to vasodilation in all layers is referred to as 
coronary steal. It is the result of increased pressure drop over the stenosis following 
vasodilatation in the layers with some reserve, i.e. autoregulatory resistance, left. Note 
that in Figure 7.7C for DTF = 0.6 the steal works in the opposite direction and 
subendocardial flow increases upon adenosine administration at the expense of a 
reduced subepicardial flow. 

 
Figure 7.7A-C: This figure illustrates that for a mild stenosis, (56% occlusion), changes in DTF do not result in 
endocardial underperfusion. However, with a more severe stenosis present (72% occlusion) in absence of 
normal autoregulation following the administration of adenosine, the flow to the entire myocardium may be 
enhanced at the expense of reduced endocardial flow.  
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Increase of flow demand by exercise 

During exercise regional vasodilation is related to regional increased oxygen demand 
and may become exhausted at either the endocardial or the epicardial layer first, 
depending on DTF. This is illustrated by Figure 7.8 where the ratio between endocardial 
and epicardial flow is plotted as a function of normalized flow demand, NFD, with the 
value 1 corresponding to oxygen demand at rest. Hence, the normalized flow 
demand is proportional to the change in fractional oxygen consumption change. 

For the reference case (no stenosis, Paorta = 90mm Hg, DTF = 0.5) represented by a 
solid black line, the relationship is horizontal and ends at the designed maximal flow 
where all autoregulatory resistances have become zero corresponding to a 
normalized flow of about 4 for each layer. In the absence of a stenosis and DTF = 0.4 
the subendocardial autoregulation is exhausted first and, endocardial/epicardial flow 
ratio will start to fall at a normalized flow demand of 2.7. For DTF = 0.6 it is the 
subepicardium where autoregulation is exhausted first but at a higher normalized flow 
demand.  

In the presence of a stenosis this model behavior remains but now the Endo/Epi ratio 
cannot be maintained at 1.05 for the entire range but will start to drop at lower 
normalized flow demand values: at the reference DTF for 56% diameter stenosis at NFD 
= 2.2 and for 72% diameter stenosis at NFD = 1. However, for DTF = 0.6 it remains the 
subepicardium that is underperfused first. For DTF = 0.4 the subendocardium is already 
severely underperfused for NFD = 1, which is only worsened with increasing flow 
demand.  

 
Figure 7.8: Ratio of subendo- and subepicardial flow as a function of normalized flow demand for different 
values of DTF.  

Modulation of stenosis effect on myocardial perfusion by DTF  

Figure 7.9 provides a graphical analysis of the interaction between hyperemic 
myocardial perfusion and stenosis hemodynamics related to two often used clinical 
indices, FFR and CFVR. The top panel relates to the whole heart and the bottom panel 
to the subendocardium. Myocardial flow is expressed per gram tissue. The curves 
related to tissue perfusion are similar to those depicted in Figure 7.3. The curves 
depicting the stenosis hemodynamics are similar to those of Figure 7.6, but now the 
axes are switched and the pressure drop is plotted with respect to aortic pressure. The 
intersection of a perfusion and stenosis relationship defines the operating point at full 
vasodilation.  
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It is clear that for a given stenosis a change in DTF shifts the tissue perfusion curve and 
thereby the intersection with the stenosis relationship. This reflects the reduction in 
pressure drop over the stenosis when flow is reduced by increasing microvascular 
resistance. The change in DTF induces also changes in FFR and CVFR for the same 
stenosis degree. When decreasing DTF from 0.5 to 0.4 FFR increases from 0.75 to 0.79 
which usually is seen as indicative for reduction in stenosis significance while 
practically the range for subendocardial flow reserve is reduced to the bare minimum. 
Obviously these responses are even more serious for the higher stenosis degree. 

 
Figure 7.9A-B: (Top) Model results for pressure-flow curves for different values of DTF for the myocardium as a 
whole and (Bottom) for the subendocardium alone. Flow is expressed per gram tissue. Note that FFR and CFVR 
are not constant for a stenosis degree but vary with DTF. 
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Discussion 
In this model study, we demonstrate the dependence of subendocardial layer 
perfusion on DTF. Since perfusion of the myocardial layers depends on DTF, clinical 
measurements that are performed by artificial hyperemia by infusing adenosine, may 
overestimate subendocardial layer perfusion at exercise when DTF is reduced 
compared to the clinical measurement.  

This model study demonstrates the importance of standardization of conditions of 
cardiac function in testing the physiological state of the coronary circulation. More 
specifically, cardiac function assessment by using a hyperemia stress test, is 
dependent on myocardial testing conditions. This is especially important for these 
factors that dominate subendocardial perfusion: DTF and perfusion pressure. The 
absolute values of the perfusion predictions depend on parameterization of the 
model for which animal data were used. Therefore, extrapolation of distribution of 
perfusion in the human has to be done with care. However, the model behavior is 
rather general and can be interpreted in the following way. There is a reference 
condition, DTF1, defined by coronary perfusion pressure and DTF for which perfusion of 
the myocardial layers is evenly distributed. Increasing DTF from this reference value will 
increase hyperemic subendocardial perfusion while decreasing DTF will do the 
opposite. It further may be concluded that a clinical test applied e.g. adenosine to 
obtain maximal vasodilatation may deviate from perfusion distribution during real 
exercise induced hyperemia.  

Microsphere data 

The literature contains numerous studies in which microspheres have been applied to 
study blood flow distribution over the myocardium in hyperemic conditions. The 
general conclusion is that the subendocardium is the location where blood flow is 
most sensitive to contraction-related flow impeding mechanisms [21]. In contrast, 
perfusion of the subepicardium is hardly or oppositely affected by cardiac contraction 
[8]. Therefore the Endo/Epi ratio has been used as an index to define the perfusion 
state of the subendocardium with the subepicardium as reference. 

In experiments where coronary perfusion pressure is maintained but the heart arrested 
the Endo/Epi ratio is about 1.5 [6] which indicates that intrinsic subendocardial 
vascular resistance (no effect of contraction) is lower than in the epicardium [23]. This 
agrees with the observation that luminal volume percentage of resistance arteries in 
the subendocardium is higher than that at the subepicardium [23]. At very high HR, 
around 180 beats/min, the Endo/Epi ratio is about 0.5. Hence, with rather constant 
epicardial resistance the contraction of the heart may vary the subendocardial 
resistance by a factor of three.  

For model purposes however, a data set is needed under normal controlled 
conditions and with sufficient variation in the parameter values for parameter 
estimations. Few studies do deliver this information. The classical dataset from Bache 
at al. [1] provides the effect of DTF on hyperemic flow distribution but only at Pc = 100 
mm Hg. However, it also provides information on flow distribution at rest and hence 
allows for the estimation of Rhyp and Rauto at this value of Pc. The more recent dataset 
of Fokkema et al. [8] provides the information on how the relation between Rhyp and 
DTF is modulated by Pc, essential for prediction of the effects of a stenosis.  
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Limitations 

The model we used is empirical and the dependence of the Rhyp on DTF is not based 
on physical principles of compressed intramural vessels. Several of these models relate 
the dynamic changes of diameter of intramural vessels to changes in their resistances 
and predict in that way the effect of DTF and Pc [17]. This latter approach is certainly 
useful in order to arrive at a more detailed understanding of how the contracting 
myocardium affects its perfusion [21]. However, the present model allows 
extrapolation from relationships obtained in animal studies to the clinical situation 
without assumptions related to the actual perfusion-contraction interaction.  

The experimental data used to parameterize the model were obtained in controlled 
conditions applying anesthesia [1] and an extra-corporeal perfusion system [8]. Most 
likely the parameters of Rhyp (DTF, Pc) may differ between man and animals. Therefore, 
human studies are needed to arrive at reliable parameters. However, it is unlikely that 
the general trends of the model behavior will drastically change and likely that a 
reference condition under which flow distribution over endocardial and epicardial 
layers is even will hold. For DTF values lower than the DTF value at this reference 
condition the subendocardium is at risk but it is relatively safe for higher DTF values.  

In this study we kept aortic pressure constant and at 90 mm Hg as to stay close to the 
range of experimental data on flow distribution. It will be especially interesting to see 
what happens during more pathophysiological conditions as hypertension and 
hyperthrophy.  

The distinction between hyperemic and autoregulatory resistance is very practical for 
the model design but rather artificial. Autoregulation is caused by changing the 
smooth muscle tone in small arteries with diameters varying between 10 and 400 µm. 
Hyperemic conditions occur when this tone is reduced to zero and the vessels obtain 
their maximal diameter determined by the connective tissue in the wall. Hence, in this 
condition where Rauto = 0 these vessels still have resistance which contributes to our 
hyperemic resistance parameter Rhyp. Hence, the distinction between Rauto and Rhyp 
does not relate to anatomical location, but is to be considered as a functional model 
characteristic that describes the experimental data. 

Clinical implications 

Currently, MRI-based methods for routine measurements of myocardial perfusion 
distribution are being developed. It is therefore of paramount importance that the 
clinician is able to interpret the data resulting from such a new functional imaging 
technique. An important benefit is that the spatial resolution of these novel image-
based flow distribution modalities, approach that of the earlier microsphere studies in 
animals. Therefore, a model able to describe quantitatively the earlier findings on 
perfusion distribution obtained by that technique, can be of great help. The present 
model demonstrates how important it is to standardize the conditions of measurement 
with respect to DTF and coronary perfusion pressure. 

In general it is recognized that the subendocardium is most vulnerable to ischemia 
and this has been related to the increased subendocardial resistance as a result of 
heart contraction. This model study demonstrates that this paradigm needs 
modification since the vulnerability, expressed as reduced hyperemic subendocardial 
flow, depends on DTF and perfusion pressure.  
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Patients with signs of cardiac ischemia are in general medicated with beta-blockers in 
order to reduce their heart rate and systemic blood pressure. Two important beneficial 
effects then result; myocardial oxygen demand is reduced and the DTF-related 
hyperemic flow potential at the subendocardium is increased. The positive effect of 
reduction in oxygen demand is better recognized than the effect of increased 
hyperemic flow potential. However, it can be shown that the sensitivity of hyperemic 
flow potential to a change in HR is larger than the sensitivity to a change in oxygen 
demand [17].  

Exercise-induced hyperemia is difficult to realize during catheterization or MRI 
measurements. Therefore, adenosine is administered to induce maximal vasodilation 
and thereby hyperemic conditions. However, the present model clearly demonstrates 
that in the presence of a stenosis pharmacological vasodilation has different effects 
on the heart than exercise-induced vasodilation. Pharmacological vasodilation 
augments ‘steal’ of perfusion from one layer to another and depending on DTF can 
favor perfusion of the subendoardium or subepicardium.  

During catheterization the physiological severity of a stenosis is often indicated by the 
Fractional Flow Reserve, FFR. Assuming that the venous pressure is zero, FFR simply is 
the ratio between pressure distal to the stenosis and aortic pressure but measured at 
hyperemic conditions where all autoregulatory resistances are zero. In terms of 
resistance circuit analysis such as depicted in Figure 7.1B, this ratio equals Rm/(Rs +Rm) 
where Rm is the replacement of all distal resistances in parallel and Rs is the stenosis 
resistance. Consequently, FFR only reflects Rs when Rm is well defined. In the clinical 
literature it is often assumed that Rm is constant but this model study indicates clearly 
that Rm, and therefore FFR, depends on DTF and does not uniquely reflect the stenosis 
resistance. This dependency is not unimportant since in clinical practice a threshold of 
FFR = 0.75 is applied below which a stent is placed. Hence, a change in HR during the 
measurement of FFR may result in a change of treatment decision [16]. 

Although FFR and CFVR depend on DTF, the changes in these epicardially-determined 
indices reflect the changes in subendocardial perfusion only in a rather attenuated 
manner, as indicated by Figures 7.7A and B. Obviously, this is the result of the 
subepicardial layer in which resistance is rather independent of DTF and blunts the 
response of the subendocardium on epicardial measurements. Using a SPECT stress 
test, threshold values for FFR = 0.75 and CFVR = 2 have been reported in the literature 
[9, 11, 13] below which ischemia is induced. Figure 7.9B demonstrates that these 
values correspond to the reference value chosen for this study where Endo/Epi is 1 at 
a DTF = 0.5. Based on this figure one might conclude that at FFR = 0.75 a flow reserve is 
left of about 2. However, this flow reserve will be lost with an increase in oxygen 
consumption that most likely is the result of an increased HR inducing a downward shift 
in the subendocardial hyperemic pressure-flow relationship. As a consequence, 
pharmacologically determined flow reserve, without simultaneously increased oxygen 
demand, may prove an overestimation of the actual increase in oxygen demand that 
the coronary circulation may facilitate. 

An important clinical implication of this study is the finding of epicardial hyperemic 
steal [2, 4, 7], where flow is increased in the epicardium at the expense of a decrease 
in the subendocardium. Figure 7.7 illustrates that upon administration of adenosine the 
autoregulatory resistances are set to zero, after which flow distribution to the 
myocardium may change significantly. These changes in flow distribution may 
especially be significant when, due to a coronary stenosis, the endocardial 
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autoregulation resistance prior to adenosine administration was absent or reduced 
[10]. In that case endocardial flow may significantly decrease due to decreased 
coronary pressure, which is reduced as a consequence of increased flow to the entire 
myocardium through the stenosis after adenosine administration. This effect is 
illustrated in Figure 7.7C.  

In case microvascular dysfunction has significantly increased the hyperemic resistance 
[5], an increased myocardial flow by lowering of autoregulatory resistances may 
cause abnormal distribution of flow and result in endocardial ischemia [12]. This type 
of flow redistribution in hyperemia, has been suggested with the use of MRI [12, 19]. 
However, the reduction in endocardial perfusion was not confirmed in a recent study 
[19], but instead the Endo/Epi ratio was reduced. The second effect here, precluding 
an accurate assessment of endocardial flow is the influence of DTF. As established 
previously, changes in DTF may change hyperemic resistance significantly; causing 
either adequate endocardial perfusion or significant underperfusion as is illustrated by 
Figures 7.9A and B.  

This study also confirms the beneficial action of drugs that prolong DTF, e.g. 
dobutamine [3, 8] without affecting HR, or propranolol, a beta-blocker which 
increases DTF and reduces HR [3], or isoproterenol which is a beta adrenergic agonist 
similar to dobutamine and increases DTF by shortening systole while increasing HR [3].  

Conclusions 
In conclusion, using a simple model of the coronary circulation with hyperemic 
resistances dependent on DTF and coronary pressure, the concept of epicardial 
hyperemic steal of flow at the expense of endocardial flow is illustrated. This 
hyperemic steal is especially influential when endocardial autoregulation is low as a 
consequence of reduced coronary pressure, and may preclude an accurate clinical 
assessment of endocardial perfusion. In addition, for identical stenosis severity, DTF 
influences the coronary pressure, implying in our model, that DTF alters the measured 
FFR ratio for identical stenosis and aortic pressure. These results may bear highly 
significant importance for the adenosine assisted evaluation of subendocardial 
underperfusion involved in the treatment of coronary stenosis by interventional 
cardiology stent placement.  
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In this thesis we investigated the human coronary circulation based on combined 
intracoronary pressure and flow velocity measurements obtained by dual-sensor 
guidewires. Functional indices of coronary stenosis severity derived from these 
measurements, such as fractional flow reserve and coronary flow velocity reserve, are 
routinely used in the catheterization laboratory for clinical decision-making [8]. The 
currently used clinical indices are based on the per-beat mean values of pressure 
and/or flow velocity and do not utilize information derived from the time-dependent 
nature of these pulsatile signals. As outlined in the introduction and background 
(Chapters 1 and 2), recent technological advances allow simultaneous acquisition of 
high-fidelity coronary pressure and velocity waveforms, which presents new 
possibilities for improving our understanding of the influence of vascular pathologies 
on myocardial perfusion.  

Chapters 3-5 explored different approaches of phasic signal analysis that may 
ultimately lead to new clinical indices for the assessment of epicardial and 
microcirculatory disease. The analysis of both signal energy and wave intensity was 
introduced to gain mechanistic insight about coronary-myocardial interaction in 
healthy and diseased vessels. Chapters 6 and 7 focused on the influence of cardiac 
contraction on coronary perfusion, with special interest on the role of the Diastolic 
Time Fraction (DTF). Chapter 6 describes the contribution of an increase in DTF to the 
beneficial effect of alpha-receptor blockade after percutaneous coronary 
intervention. Chapter 7 is a theoretical study predicting the distribution of perfusion 
over the different myocardial layers as a function of DTF and perfusion pressure. 

Our major findings and conclusions are discussed below, separated by relevant 
clinical and physiological topics. 

Determinants of pulsatility in coronary blood flow 

Coronary blood flow is pulsatile, but the mechanistic determinants are still unclear. 
Current theories explaining pulsatility in coronary blood flow are mostly based on 
results from animal studies that employed coronary perfusion systems. In such an 
experimental setup, pressure or flow can be maintained constant during the cardiac 
cycle and the effect of cardiac contraction is investigated by the variations in the 
uncontrolled signal. Such an approach is not feasible in the catheterization laboratory 
and a technique had to be developed to analyse the pulsations in pressure and flow 
velocity without the need to keep one of the two constant. 

Based on the concept of signal energy we introduced indices to describe the pulsatile 
content of pressure and flow velocity. It may be assumed that when coronary pressure 
is kept constant, as is possible in animal experiments, the pulsatile velocity index (PvI) 
depends on myocardial contraction in the same way as the amplitude of coronary 
blood flow. A similar assumption holds for the relation between the pulsatile pressure 
index (PPI) and the amplitude of pressure pulsations under conditions of constant flow 
perfusion.  

We found that the pulsatility of coronary flow velocity depended on microvascular 
conductance (Chapter 3), which supports the intramyocardial pump model, 
according to which the systolic-diastolic variations in coronary blood flow are 
attributed to the corresponding changes in intramural intravascular volume and are 
impeded by the coronary resistance vessels. However, there is still a dispute with 
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respect to the cause of these intramural volume variations. On the one hand there is 
evidence that left ventricular pressure, especially in the early and late phase of 
systole, is responsible [12], while on the other hand there are also theories that define 
the cause for these volume variations on the basis of the time-varying elastance 
concept [9, 10]. According to this concept changes in the stiffness of the cardiac 
muscle cause the intramural vascular volume changes. However, support for this 
hypothesis stems from experiments where flow variations were related to coronary 
perfusion pressure. Using PvI as an index for flow variations, we could not confirm a 
relationship between flow variations and coronary pressure. Hence, our findings based 
on signal energy analysis do not support the elastance concept. 

We also found discrepancy with the elastance concept from our study on coronary 
Wave Intensity Analysis (WIA), as described in Chapter 5. The flow-limiting effect of 
cardiac contraction was identifiable by a backward compression wave which was 
consistently found in early systole, when elastance is still low and left ventricular 
pressure has a large influence on myocardial tissue pressure. This observation is at 
odds with the elastance concept, since the largest effect on coronary blood flow 
occurs when elastance is still rather low. Also the fact that no backward waves are 
generated in mid-systole, when elastance is maximal, suggests that a dominant direct 
effect of elastance on coronary blood flow pulsatility is unlikely. 

Pulsatile stenosis resistance index 

The indices currently used in clinical practice for the assessment of the physiological 
significance of a coronary stenosis are based on the per-beat averages of pressure 
and/or flow velocity and require drug-induced vasodilation of the microvascular 
resistance vessels [8]. A practical problem when using sensor-tipped guidewires is the 
stability of the pressure transducer, which frequently results in drift of the pressure 
signal, thereby introducing uncertainty in the determination of the pressure-related 
indices. An index of functional stenosis severity that does not require pharmacological 
vasodilation and is not sensitive to drift of the pressure signal has therefore great 
potential. 

From the pulsatile energy-based indices for aortic pressure and distal coronary 
pressure and flow velocity we derived a pulsatile resistance index (PRI) for the stenosis. 
We found that PRI at rest correlated remarkably well with the mean stenosis resistance 
determined at maximal vasodilation. Notably, a different relation was found for left 
and right coronary arteries. We believe that this difference derives from the influence 
of myocardial contraction on the distal coronary pressure waves. Since right 
ventricular pressure is much lower than in the left ventricular chamber, the stenosis-
induced resistance to pulsatile flow variations was lower in right compared to left 
coronary arteries. 

PRI at rest demonstrated an excellent correlation with mean stenosis resistance at 
hyperemia, which in turn has an excellent predictive value for inducible ischemia as 
determined by SPECT [11]. Because its determination circumvents practical problems 
associated with achievement of maximal vasodilation and drift in the pressure sensor, 
this pulsatile resistance index represents a promising new parameter for the clinical 
decision-making.  
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Pressure-dependence of hyperemic coronary microvascular resistance 

Both animal and clinical studies have convincingly demonstrated that microvascular 
resistance at hyperemia depends on arterial distending pressure [6, 14]. The physical 
explanation of this phenomenon is simply related to the elasticity of the passive vessel 
wall. An increase in luminal pressure will distend vessels with relaxed smooth muscle 
tone and thereby decrease their flow resistance proportional to the fourth power of 
the increase in vessel diameter. A recent clinical study [1] has challenged this 
straightforward physical principle of a pressure-dependent microvascular resistance, 
based on simplifying assumptions regarding the interpretation of coronary pressure-
flow lines [13]. 

The debate with respect to the pressure-dependence of minimal coronary 
microvascular resistance could be examined in a different context by studying 
coronary Wave Intensity (WI). In Chapter 5 we employed coronary WI analysis as a 
tool for assessing the coronary microcirculation. It was shown that the energy carried 
by backward-travelling waves increases when microvascular conductance is 
augmented by distal vasodilation. Similarly, we found an increase in the energy 
carried by the hyperemic backward waves after stent placement. Consequently, this 
effect of revascularization can also be attributed to an improved conductance of the 
coronary microcirculation. Since distal coronary perfusion pressure is restored after the 
removal of the stenosis, we postulate that our findings are in agreement with a 
pressure-dependent hyperemic microvascular resistance.  

Wave speed 

Wave speed is an important physiological parameter because of its relation to vessel 
wall distensibility, but it is also a fundamental parameter needed by WIA to separate 
waves into their forward and backward components. Due to their unique anatomy, 
the coronary arteries introduce difficulties to all commonly used invasive and non-
invasive techniques to assess pulse wave velocity. A recent study presented a 
promising new method to derive local coronary wave speed in humans [4]. This single-
point technique yielded satisfactory results in healthy coronary arteries at resting flow 
conditions, but its applicability had not yet been tested in diseased coronary vessels or 
after vasodilation of the downstream vascular bed. Focal coronary obstructions may 
generate localised reflection sites that affect the accuracy of this method.  

These considerations prompted the study presented in Chapter 4, where we applied 
the single-point technique to pressure and velocity measurements obtained in 
diseased coronary vessels before and after revascularization. It was found that wave 
speed was linked to distal coronary microvascular resistance, limiting its accuracy to 
reflect local vessel wall properties. However, the shape and timing of separated WI 
contours were not very sensitive to relatively large deviations of wave speed from its 
calculated value. Consequently, despite the fact that this method may not yield true 
wave speed in diseased coronary vessels, our results suggest that it is still applicable for 
wave separation in WI analysis (Chapter 5).  

Improvement of subendocardial perfusion with α-receptor blockade 

The beneficial effect of α-receptor blockade after percutaneous coronary 
intervention (PCI) is well-established in the literature and it is generally attributed to 
relief of diffuse coronary vasoconstriction [5, 7]. The possibility of a change in the 
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cardiac contractile pattern as an explanation for this effect has not been investigated 
before. The results presented in Chapter 6 demonstrate that diastolic duration was 
prolonged by α-receptor blockade after PCI, irrespective of heart rate. Animal studies 
have provided evidence that an increase in the diastolic time fraction enhances 
especially subendocardial perfusion. This mechanism, which could be mediated by 
direct action on myocardial α1-adrenergic receptors, therefore may represent a 
possible adjunctive effect of α-receptor blockade after PCI benefitting 
subendocardial perfusion in patients. 

Indices of functional stenosis severity and subendocardial perfusion 

The model study presented in Chapter 7 further highlights the importance of diastolic 
time fraction for subendocardial perfusion. The model predictions illustrate how the 
interplay of DTF and perfusion pressure during maximal hyperemia can alter the 
distribution of perfusion in different layers of the myocardial wall, leading to epicardial 
steal at the expense of endocardial flow.  

These findings have bearing on functional tests in the catheterization laboratory where 
the physiological significance of a stenosis is determined during pharmacologically 
induced vasodilation. The model predictions indicate that hemodynamic 
measurements performed during adenosine-induced hyperemia may overestimate 
the subendocardial perfusion during physical exercise, when heart rate is elevated 
and therefore DTF is reduced. As a consequence, ischemic thresholds of functional 
stenosis severity derived from epicardial hemodynamic measurements should take 
into account DTF and coronary pressure as determining factors for coronary perfusion 
distribution.  

Future Outlook 

The research carried out for this thesis was motivated by the goal to learn more about 
the mechanics of coronary blood flow by “looking beyond means” and examining 
the pulsatile nature of pressure and flow velocity waveforms in healthy and diseased 
coronary arteries in humans. 

Arterial waves have in the past decades predominantly been considered in the 
classical impedance analysis as the superposition of harmonic waves with different 
magnitudes and phase shifts. The underlying frequency-domain analysis makes it 
impossible to maintain a temporal relation between events occurring at a specific 
time in the cardiac cycle and the resulting frequency spectrum. In contrast, wave 
intensity analysis is carried out in the time domain, which facilitates interpretation of 
the resulting waves with respect to timing of events during the cardiac cycle [2]. 

Although the new techniques introduced in this thesis for the analysis of the phasic 
content of these coronary hemodynamic signals achieved promising results, they 
currently require off-line processing. A number of steps need to be taken before these 
methods can be applied in catheterization laboratories in daily clinical practice. 
Software has to be developed to allow immediate and online calculation of pulsatile 
energy and wave intensity. Moreover, clinical studies in a larger patient population 
are warranted in order to confirm the results presented in this thesis and to establish 
cut-off values separating physiological and pathological conditions.  
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The coronary microcirculation represents an increasingly important research area, 
since microcirculatory dysfunction is a marker of several risk factors and contributes to 
the pathogenesis of myocardial ischemia even in the absence of epicardial vessel 
disease [3]. In order to evaluate the effectiveness of novel pharmacologic or 
subcellular treatment modalities, an integrative hemodynamic framework is required.  

In this context, WI analysis yielded promising results in its first application in diseased 
human coronary arteries reported in this thesis and it is worth exploring its full potential 
to provide a “window” to investigate the coronary microcirculation in humans from an 
accessible site remote from where the waves are initiated.  
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Wave Intensity Analysis  

Theory 

Bernhard Riemann’s method of characteristics was first presented in 1859 and has 
been a valuable tool for wave propagation studies ever since [10, 12]. The method 
may be applied to liquids, gases and solids for studying linear or non-linear wave 
propagation in the time domain. The method of characteristics forms the foundation 
of Wave Intensity Analysis (WIA). 

Parker et al. [11] and Parker and Jones [10] were the first to apply the method of 
characteristics for solving the one-dimensional problem of flow in elastic arteries. The 
derivation of Wave Intensity (WI) with the method of characteristics involves 
advanced mathematics and only the main points will be discussed here. 

The differential equations describing mass and momentum conservation in uniform, 
elastic arteries, assuming no viscous losses and negligible flow in/out of the arterial 
wall, can be transformed into a pair of hyperbolic, partial differential equations with 
the use of the appropriate ‘tube law’. By using a tube law that states that the cross-
sectional area (A) of the artery depends only on the instantaneous, local pressure (A = 
A(P(x, t)) we get the following system:  
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P and U are average pressure and velocity across the cross-sectional area of the 
artery, D is wall distensibility, ρ is blood density and the subscripts denote partial 
differentiation over time (t) and along the axis of the artery (x). The characteristic 
directions for these equations are defined from the eigenvalues of the above system: 

c  U dx/dt ±= , where ρD1/c =  is wave speed. The physical interpretation of the 
characteristic directions is that every perturbation introduced in the flow is going to 
generate pressure and velocity waves that will propagate with speed U ± c along the 
characteristic directions (‘+’ refers to the forward and ‘-’ to the backward 
characteristic). Along the characteristic directions the above equations are reduced 
to a pair of ordinary differential equations: 

 0  P
ρc
1  U tt =±  (9.2) 

Assuming that wave speed is a function of pressure only, the above equations can be 

formulated in terms of the Riemann functions ∫±=±

P

P0
ρc
dP  U  R  (P0 is an arbitrary 

reference pressure) as: 

 0)
ρc
P(U)(R tt =±=±  (9.3) 
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We note that along the characteristic directions the Riemann functions are constant 
with respect to time and are called the Riemann invariants. It can be deduced from 
the previous equations that: 

 
ρc
dPdUdR ±=±  (9.4) 

where the operator ‘d’ is defined as the difference between two characteristics. 

By solving these two equations for dP and dU we get: 
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The product  
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is Wave Intensity, has dimensions of power per unit area and refers to the power 
carried by the waves traveling in the blood stream. Forward-traveling waves make a 
positive contribution to the product and backward-traveling waves a negative 
contribution. As a result, WI is positive for dominant forward-running waves and 
negative for dominant backward-running waves. When local wave speed is known, it 
is possible to separate net WI into its forward and backward components. 

Another way of deriving Wave Intensity in the arterial system, placing more emphasis 
on its physical meaning rather than on the mathematics is given by Jones et al. [4]. 

In vivo applications 

A brief review of applications of WIA in the circulatory system is given in this section, in 
order to demonstrate the kind of mechanistic explanations WIA can provide to 
cardiovascular mechanics problems. Unless stated otherwise, the results mentioned in 
this section refer to separated WI. 

The first application of WIA in aortic pressure and velocity measurements indicated, 
due to the timing of the waves, that aortic flow deceleration is mediated by a net 
expansion wave that travels from the aorta towards the periphery [11]. A decade 
later it was proposed that the timing and magnitude of the compression wave arriving 
in the aorta during mid-systole could be used to study wave reflections, since the WIA 
results were in good agreement with the traditionally used augmentation index in the 
aortic pressure waveform [7]. However, the influence of reflected waves from the 
periphery on the aortic pressure contour is challenged by Wang et al. who propose 
that when the aortic Windkessel is taken into account, the backward-traveling 
reflected waves are minimal [14]. In order to explain the deterioration of left 
ventricular (LV) function during clamping of the abdominal aorta in patients, Khir et al. 
studied the effect of clamping on the reflected waves arriving in the aorta from 
downstream [6]. They found that during clamping the reflected waves arrived earlier, 
had longer duration and carried more energy, increasing in that way the afterload to 
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the heart and the work of the LV and possibly triggering myocardial ischemia [6]. The 
effect of changes in cardiac contraction and systemic vasomotor tone on the pattern 
of the waves generated by the LV during aortic flow acceleration and deceleration 
was also studied with aortic WIA [5]. It was found that inotropic changes affect only 
the net forward compression wave, while changes in vascular tone affect both the 
net forward compression and expansion wave, but in a different way: compressive WI 
is reduced by vasoconstriction whereas expansive WI is reduced during vasodilation 
[5]. 

When applied in left ventricular pressure and velocity measurements, WIA showed 
that left ventricular diastolic suction (the property of the ventricle to tend to refill itself 
during diastole) can be attributed to the presence of an expansion wave that travels 
from the apex of the ventricle towards the left atrium after the opening of the mitral 
valve [15]. The energy of this wave is inversely related to end-systolic LV volume and to 
the rate of decrease of LV pressure [15]. The same conclusions were drawn for the 
right ventricle for the expansion wave that travels towards the right atrium after the 
opening of the tricuspid valve [13]. A modification of ‘classical’ WIA was recently 
proposed in order to compensate for the time-varying elastic properties of the LV 
during diastole. According to this modification it is a compression wave that travels 
from the left atrium towards the apex of the LV rather than an expansion wave 
traveling in the opposite direction that appears after the opening of the mitral valve 
[8]. When the left-heart reservoir (Windkessel) function is taken into account before 
WIA application, the wave energy associated with left ventricular diastolic filling is 
more than twice the energy calculated omitting the reservoir effect [1]. 

Wave Intensity Analysis has also been applied in the pulmonary circulation. Due to the 
considerable increase in the total cross-sectional area of the vasculature distal to the 
pulmonary trunk, negative wave reflections were recorded in the proximal pulmonary 
artery during systole [3]. These reflected waves, that are of the expansion type, 
augment right ventricular ejection [3]. Pulmonary artery WIA also helped reveal that 
waves from the left atrium are not transmitted to the proximal pulmonary artery only 
via the vasculature by retrograde propagation, but also directly via the heart wall [2]. 

Wave Intensity Analysis assessed non-invasively in the carotid arteries showed that the 
net compression and the expansion wave recorded to travel from the carotid arteries 
towards the brain in early systole and near end-ejection respectively, may be used for 
the non-invasive assessment of systolic and early-diastolic LV function [9]. 

Finally, WIA applied in various peripheral arteries illustrated how the wave pattern 
changes from one peripheral location to another [16]. 
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Summary 
Pulsatility in coronary blood flow results from the combined action of pulsatile aortic 
pressure and the compression/relaxation exerted by the beating heart on the 
intramural coronary vessels that penetrate the heart muscle. In addition, the pattern 
of coronary blood flow and pressure is strongly influenced by the presence of an 
atherosclerotic narrowing and the vasodilatory status of the coronary microcirculation. 
Although recent technological advances have made high-fidelity acquisition of 
phasic intracoronary pressure and flow velocity possible in humans, clinical assessment 
of coronary artery disease and microvascular function is traditionally limited to the 
analysis of beat-averaged hemodynamic data.  

We hypothesized that information on the condition of the coronary vessels and 
cardiac-coronary interaction can be extracted from the pulsatile characteristics of 
coronary blood flow and pressure. In this thesis we developed and applied various 
analysis techniques with the aim to investigate the mechanisms underlying the 
pulsatile nature of pressure and flow velocity in healthy and diseased coronary vessels 
in humans.  

The first and second chapters provide a general introduction and a comprehensive 
review of physiological concepts relevant for coronary and stenosis hemodynamics.  
Chapter 2 concludes with a description of wave propagation in arteries and its 
assessment in the frequency and time domain. In particular, wave intensity analysis 
(WIA) has recently been explored as a promising time domain-based method to 
investigate cardiac-coronary interaction. The analytical background and in vivo 
applications of this method in systemic vessels are further described in the Appendix. 

The clinical studies presented Chapters 3-6 of this thesis are based on simultaneous 
intracoronary pressure and flow velocity measurements obtained in patients 
undergoing treatment of a coronary artery stenosis with balloon angioplasty and stent 
placement. Hemodynamic signals were acquired using a 0.3-mm guidewire equipped 
with both a pressure and a flow velocity sensor. Data were collected at resting flow 
and during maximal flow after adenosine-induced coronary vasodilation in normal 
epicardial arteries and in diseased vessels before and after revascularization. The 
findings from data obtained in these patient groups are summarized below.  

In Chapter 3, we investigated determinants of coronary blood flow pulsations in the 
context of cardiac-coronary interaction. Indices for strength of pressure and velocity 
pulsations were established based on the classical concept of signal energy. We 
demonstrated that the pulsatile energy in coronary blood flow velocity depends on 
microvascular conductance, thus supporting the concept of the intramyocardial 
pump model. According to this model, systolic-diastolic variations in coronary blood 
flow are caused by corresponding changes in intravascular intramural volume, which 
in turn are induced by heart muscle contraction/relaxation. On the other hand, flow 
velocity pulsations were not related to prevailing coronary pressure, thereby refuting 
one of the observations on which the elastance model is built, another well-accepted 
theory explaining cardiac-coronary interaction.   

Based on these pulsatile pressure and velocity indices, we also defined an index 
representing the pulsatile component of stenosis resistance, PRI. We demonstrated 
that PRI obtained at baseline flow correlated strongly with the beat-averaged 
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hyperemic stenosis resistance, a clinically validated predictor of reversible ischemia. 
This is an important clinical finding, because the new dynamic stenosis index does not 
depend on pressure sensor-related drift, a common problem in clinical measurements 
conducted with sensor-equipped guidewires. Furthermore, the use of PRI may obviate 
the need for pharmacologically induced microvascular vasodilation, a recognized 
source of variability in the clinical assessment of functional stenosis severity.   

Pulse wave velocity is an important physiological parameter due to its relation to 
vessel wall distensibility. The peculiar anatomy of the coronary circulation has in the 
past prevented wave speed determination in epicardial arteries. In Chapter 4, we 
investigated the applicability of a newly developed technique to assess wave speed 
in human coronary arteries. The technique utilizes instantaneous changes of pressure 
and velocity measured simultaneously at a single location and integrated over 
complete cycles. We found that the index of local wave speed derived from this 
single-point technique was paradoxically influenced by distal microvascular resistance 
and by the presence of a stenosis. Our findings therefore challenge the applicability of 
this parameter for studying local coronary vessel wall properties in conditions 
commonly encountered in clinical practice. In spite of this shortcoming, we showed 
that the single-point parameter is still useful to separate forward and backward 
traveling waves in wave intensity analysis, which we found to be relatively insensitive 
to variations in wave speed. 

Wave intensity analysis, WIA, is a time-domain method that interprets incremental 
changes in pressure and velocity signals as the local sum of energies carried by 
incident forward and backward traveling waves. It is uniquely suited to study the 
coronary circulation as it distinguishes between forward waves generated by the 
variations in aortic pressure and backward waves arising from the microcirculation 
during cardiac contraction and relaxation. In Chapter 5, we applied WIA to study the 
effect of alterations in stenosis and microvascular resistance on aortic and 
microcirculatory contributions to locally measured coronary waves. We found that 
vasodilation markedly augmented the waves. Revascularization of the stenosis further 
increased the energy of the waves originating from the microcirculation, which are 
associated with the acceleration and deceleration of coronary blood flow in diastole. 
The increase in the size of these backward waves was related to a concomitant 
increase in hyperemic microvascular conductance after the restoration of coronary 
perfusion pressure by stenosis removal. This finding is in agreement with the notion of a 
pressure-dependent minimal coronary microvascular resistance, a concept that is 
corroborated by earlier animal experiments but challenged by some clinical studies. 
Wave intensity analysis therefore not only contributes to a better mechanistic 
understanding of waveform generation in the epicardial arteries, but has great 
potential of developing into a powerful tool for assessment of the human coronary 
microcirculation. 

The next two chapters are related to the effect of duration of diastole on coronary 
perfusion. A larger diastolic time fraction (DTF), the relative time spent in diastole, 
reduces the impediment of flow related to heart contraction. Animal studies where 
microspheres were used to measure transmural flow distribution over the heart muscle 
have shown that perfusion of the innermost (subendocardial) layer critically depends 
on the duration of diastole. 

In Chapter 6, we demonstrated that the administration of the αlpha1-receptor 
antagonist urapidil resulted in a prolongation of DTF regardless of heart rate. We 
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inferred from our data that α1-receptor blockade in our patient group augmented 
subendocardial perfusion, thereby providing an adjunct mechanism for the well-
documented beneficial effect of urapidil after percutaneous coronary intervention. 

The model study presented in Chapter 7 is based on a three-layer model of the 
myocardial wall and was developed using data from the above mentioned previously 
published animal studies. The maximal conductance of each layer was set to depend 
on DTF and on perfusion pressure as varied by stenosis severity. The results clearly 
demonstrated that especially at reduced perfusion pressures, the subendocardium 
was the first layer to experience a shortage of perfusion at low DTF values (high heart 
rate), while it was the last layer to become ischemic at high values of DTF (low heart 
rate). Furthermore, fractional flow reserve, a parameter frequently used for decision-
making in the catheterization laboratory, was also shown to depend on heart rate. 
Both findings have important clinical implications, as endocardial perfusion assessed in 
clinical stress tests with pharmacologically induced hyperemia likely overestimates 
endocardial perfusion during real exercise conditions with elevated heart rates.  

Chapter 8 discusses the work presented in this thesis. It is concluded that the pulsatile 
waveforms of intracoronary pressure and flow velocity contain valuable information 
regarding mechanisms of coronary-cardiac interaction and about coronary 
microvascular function in humans that cannot be derived from traditional beat-
averaged analysis of these signals. Microvascular dysfunction is an increasingly 
important research area in the pathogenesis of myocardial ischemia.  It is therefore to 
be expected that the exploration of pulsatile phenomena by wave intensity analysis, 
as well as dynamic indices of stenosis resistance or signal energy will ultimately support 
diagnosis and treatment assessment in clinical practice. 
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Samenvatting 
Het pulsatiele karakter van de coronaire bloedstroom is het gevolg van zowel de 
pulsaties in de aortadruk als de periodieke compressie/relaxatie die het kloppende 
hart uitoefent op de coronaire vaten die in de hartspier liggen. Daarnaast wordt het 
patroon van coronaire bloedstroom en druk ook beïnvloed door de aanwezigheid 
van een atherosclerotische vernauwing en de mate van vaatverwijding van de 
coronaire microcirculatie. Hoewel recente technologische ontwikkelingen de 
nauwkeurige meting van pulsatiele intracoronaire druk en stroomsnelheden in mensen 
mogelijk maken wordt de analyse van deze signalen voor de klinische beoordeling 
van coronair vaatlijden en microvasculaire functie beperkt tot tijdgemiddeldes van 
deze signalen. 

Onze hypothese was daarom dat informatie over de conditie van de coronaire vaten 
en de interactie tussen contraheren van het hart en de coronaire circulatie te 
extraheren valt uit het pulsatiele patroon van de coronaire bloedstroom en druk. In dit 
proefschrift hebben we diverse signaal analyse technieken ontwikkeld en toegepast 
met het doel om de processen te onderzoeken die ten grondslag liggen aan het 
pulsatiele gedrag van druk en bloedstroom in gezonde en zieke coronaire vaten van 
mensen.  

Het eerste en tweede hoofdstuk geven een algemene introductie en een uitgebreid 
overzicht van fysiologische concepten die relevant zijn voor coronaire en stenose 
hemodynamica. Hoofdstuk 2 eindigt met een beschrijving van golfvoortplanting in 
arteriën en het beoordelen ervan in de frequentie en de tijdsdomain. Vooral is naar 
de golfintensiteitsanalyse recentelijk onderzoek gedaan als een veelbelovende 
tijdsgebaseerde methode om de interactie tussen hart en coronaire vaten te 
bestuderen. De analytische achtergrond en in vivo toepassingen van deze methode 
in systemische arteriën zijn in de Appendix verder beschreven. 

De klinische studies in Hoofdstukken 3-6 van dit proefschrift zijn gebaseerd op 
simultane intracoronaire druk en stroomsnelheid metingen in patiënten die met ballon 
angioplastie en stentplaatsing werden behandeld in verband met de aanwezigheid 
van een coronaire stenose. Hemodynamische metingen werden verricht met behulp 
van een 0.3-mm dunne voerdraad uitgerust met zowel een sensor voor druk- als 
stroomsnelheid. Gegevens werden verkregen bij rust en gedurende adenosine 
geïnduceerde maximale coronaire vasodilatatie in angiografisch normale epicardiale 
arteriën en in zieke vaten zowel voor als na behandeling. Deze resultaten worden 
hieronder in het kort samengevat. 

In Hoofdstuk 3 hebben we determinanten van coronaire bloedstroom pulsaties 
onderzocht in het kader van coronair-hart interactie. Gebaseerd op de klassieke 
definitie van energie van een signaal werden nieuwe indices voor de mate van 
pulsaties in druk en bloedstroomsnelheid gedefinieerd. We konden op deze wijze 
aantonen dat de pulsatiliteit van de coronaire bloedstroom snelheid afhangt van de 
microvasculaire conductantie, wat overeenkomt met het concept van het 
intramyocardiale pompmodel. Volgens dat model worden de systolische en 
diastolische variaties in de coronaire bloedstroom veroorzaakt door veranderingen in 
het intravasculaire intramurale volume, hetgeen weer wordt veroorzaakt door de 
hartspiercontractie en -relaxatie. Daarentegen was de pulsatiliteit van coronaire 
bloedstroomsnelheid niet afhankelijk van coronaire perfusiedruk, wat een van de 
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observaties verwerpt waarop het elastantie model is gebaseerd. Dit laatst genoemde 
model is een ander veel gebruikt model voor de interactie tussen de hartspier en de 
coronaire bloedstroom.  

Gebruikmakend van deze pulsatiliteit indices van coronaire druk en stroomsnelheid, 
hebben wij ook een index gedefinieerd welke de dynamische stenoseweerstand 
beschrijft, PRI. De baseline waarde van PRI correleert sterk met de hyperemische 
stenose weerstand berekend van tijdsgemiddeldes, een klinisch gevalideerde index 
van reversibele ischemie. Dit is een belangrijke klinische vondst, omdat deze nieuwe 
dynamische stenose index onafhankelijk is van drift in het druksignaal, wat een 
bekend probleem is in klinische metingen verkregen met voerdraden die voorzien zijn 
van een sensor. Daarnaast zal mogelijk door het gebruik van PRI de noodzaak van 
farmacologisch geïnduceerde vasodilatatie vermeden kunnen worden, wat een 
erkende bron van variatie is in de klinische beoordeling van de functionele ernst van 
een stenose. 

Doordat de golfsnelheid voor bloedstroom en druk pulsaties afhangt van de 
elasticiteit van de vaatwand is dit een belangrijke fysiologische parameter. De 
bijzondere anatomie van de coronaire circulatie heeft verhinderd dat de golfsnelheid 
in coronaire vaten met gebruikelijke methoden bepaald kan worden. In Hoofdstuk 4 
hebben wij de toepasbaarheid onderzocht van een recentelijk voorgestelde nieuwe 
techniek om de golfsnelheid in humane epicardiale vaten te meten. Deze techniek is 
gebaseerd op simultane druk en snelheidsmetingen op dezelfde locatie in het vat en 
maakt gebruik van instantane veranderingen in deze signalen tussen opeenvolgende 
sampling intervallen in complete hartcycli. De op deze wijze verkregen golfsnelheid 
bleek afhankelijk te zijn van de microvasculaire weerstand en de aanwezigheid van 
een stenose terwijl dit niet zou worden verwacht. De toepasbaarheid van deze 
parameter voor onderzoek naar locale epicardiale vaatwand eigenschappen lijkt 
daardoor gelimiteerd voor omstandigheden die in de klinische praktijk gangbaar zijn. 
Ondanks deze tekortkoming kan de berekende parameter nog steeds gebruikt 
worden voor de zogenaamde Wave Intensity Analysis, WIA, aangezien dat wij vonden 
dat dit type analyse relatief ongevoelig is voor veranderingen in de golfsnelheid. 

Wave Intensity Analysis, WIA, is een analyse in het tijdsdomein waarbij kleine 
veranderingen in druk en snelheidssignalen geïnterpreteerd worden als de lokale som 
van de energie van incidentele vooruit en teruglopende golven. WIA is bij uitstek 
geschikt om de coronaire circulatie te bestuderen omdat het de voorwaarts reizende 
golven die het gevolg zijn van variaties in de aorta druk kan onderscheiden van de 
teruggaande golven voortkomend uit de compressie van de microcirculatie door de 
contractie van de hartspier. In Hoofdstuk 5 hebben we WIA gebruikt om het effect 
van veranderingen in stenose en microcirculatie weerstand op de contributie van 
aorta druk en microcirculatie op lokale golfintensiteit te bepalen. We hebben kunnen 
vastleggen dat vasodilatatie de golven vergroot. Revascularisatie van de epicardiale 
stenose verhoogde nog eens de energie van de golven afkomstig uit de 
microcirculatie, die worden geassocieerd met acceleratie en deceleratie van de 
coronaire bloedstroom in diastole. De toename in de grootte van deze golven bleek 
gerelateerd aan een gelijktijdige afname van de microvasculaire weerstand tijdens 
hyperemie na een toename in de coronaire perfusiedruk door verwijdering van de 
stenose. Deze bevinding komt overeen met de aanname van een druk-afhankelijke 
minimale coronaire microvasculaire weerstand, een concept dat eerdere 
dierexperimenten aangetoond was, maar door enkele klinische studies wordt 
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aangevochten. WIA draagt dus niet enkel bij aan een beter inzicht in de 
mechanismen betrokken bij het ontstaan van de golfvorm in de epicardiale arteriën, 
maar heeft ook de potentie om zich te ontwikkelen tot een belangrijke 
onderzoekstechniek voor de humane coronaire microcirculatie.  

De volgende twee hoofdstukken hebben betrekking op de rol van diastole in de 
doorbloeding van de hartspier. Hoe langer de diastolische tijdsfractie (DTF), de 
relatieve duur van diastole in een hartslag, hoe minder het belemmerende effect is 
van hartcontractie op de bloedstroom. In dierexperimenten waarin microspheres 
werden gebruikt om de transmurale flow distributie over de hartspier te bestuderen, 
werd aangetoond dat met name de doorbloeding van het subendocardium, de 
binnenste laag van de hartspier, kritisch afhankelijk is van DTF.  

In Hoofdstuk 6 hebben wij aangetoond dat de alhpa1-antagonist urapidil resulteert in 
een toename van de diastolische tijdsfractie ongeacht de hartfrequentie. Na 
aanleiding van deze resultaten hebben wij geconcludeerd alpha1-receptor blokkade 
in onze patiëntengroep de subendocardiale perfusie verbeterde, en onze studie een 
mechanistische verklaring biedt voor het bekende positieve effect van urapidil na 
percutane coronaire interventie.  

De modelstudie in Hoofdstuk 7 is gebaseerd op een drie-laags model van de 
myocardiale wand en is ontwikkeld met behulp van data van bovengenoemde reeds 
gepubliceerde dierexperimenten. De maximale conductantie van elke laag werd 
afhankelijk gesteld van DTF en van de perfusiedruk, wisselend met de ernst van de 
stenose. De afhankelijkheid van de perfusie van de subendocardiale laag op DTF en 
stenosegraad, kon duidelijk worden aangetoond. Hierbij was het subendocardium de 
eerste laag met een tekort aan perfusie wanneer de DTF laag was (hoge 
hartfrequentie) maar juist de laatste laag bij een hoge waarde van DTF (lage 
hartfrequentie). Bovendien was de fractionele flow reserve, een vaak gebruikte 
parameter voor klinische beslissingen in het hartcatheterisatie lab over wel of niet 
behandelen van een stenose, ook afhankelijk van de hartfrequentie en daarmee van 
DTF. Deze bevindingen hebben belangrijke klinische implicaties, omdat de 
endocardiale perfusie, zoals gemeten tijdens klinische stress test middels 
farmacologisch geïnduceerde hyperemie, hoger kan zijn dan de endocardiale 
perfusie gedurende echte fysieke inspanning die gepaard gaat met een verhoging 
van de hartfrequentie. 

Hoofdstuk 8 is een afsluitende discussie van het werk dat gepresenteerd is in dit 
proefschrift. Op basis van onze resultaten kan worden geconcludeerd dat de 
pulsatiele karakteristieken van de coronaire druk en bloedstroomsnelheid signalen 
waardevolle informatie bevatten over de interactie tussen contractie en coronaire 
bloedstroom en de coronaire microvasculaire functie in mensen. Deze informatie is 
niet af te leiden uit de gemiddelde waarden van deze signalen. Microvasculaire 
dysfunctie is een vooraanstaand onderzoeksgebied in de pathogenese van 
myocardiale ischemie. Het valt daarom te verwachten dat de exploratie van 
pulserende signalen, bijv. door Wave Intensity Analysis, dynamische indices voor de 
ernst van de stenose en het concept van signaalenergie, zoals in dit proefschrift zijn 
ontwikkeld, uiteindelijk de diagnose en evaluatie van behandeling in de klinische 
praktijk zullen ondersteunen. 
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